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Resumen de la tesis

El 4 de Julio del ano 2012, las colaboraciones experimentales ATLAS y CMS del gran
acelerador de hadrones (LHC, por sus siglas en inglés) han descubierto un nuevo bosén en
la naturaleza con una masa cercana a 126 GeV, unas ciento veintiseis veces mas pesado
que un atomo de hidrégeno. Esta nueva particula no fue encontrada por azar, por el
contrario, es el resultado de una larga busqueda para entender el origen de la masa de
las particulas elementales. La masa de las particulas elementales estd intrinsicamente
relacionada a la interaccion electrodébil, la cual, junto con la gravedad y la interaccién
fuerte constituyen las fuerzas fundamentales conocidas en la Naturaleza.

La teoria de la interaccion electrodébil describe fenémenos tan dispares como la
desintegracién radiactiva de ciertos nicleos, la estabilidad de los a&tomos y moléculas, las
ondas electromagnéticas, la desintegracion del muoén, entre una infinidad mas. De alguna
manera, el tratar de entender la fisica fundamental subyacente en estos fenémenos nos ha
llevado hasta el descubrimiento del 4 de Julio de 2012. La interaccién electrodébil estd
determinada de forma elegante por el principio de la simetria de gauge. Sin embargo,
el hecho de que las particulas tienen masa solo se puede explicar si la simetria de gauge
estd rota de manera espontanea. La manera mas sencilla de explicar dicha ruptura es
asumiendo la existencia de un sector escalar en la Naturaleza cuyo estado en el vacio
rompe la simetria electrodébil, dando lugar a un bosén neutro masivo de espin cero y tres
bosones de Goldstone que proveen masa a los bosones W+, Z. El modelo estandar de la
interaccién electrodébil es la teoria cientifica que se ha probado experimentalmente con
mayor precisién. Sin embargo, a pesar de la gran cantidad de mediciones experimentales

que comprueban la teoria, no se habia podido encontrar dicho bosén neutro de espin cero.
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El bosén recién descubierto en el LHC, podria ser entonces la primera evidencia directa
que tenemos del mecanismo que causa la ruptura de la simetria de gauge electrodébil y,
por ende, del origen de la masa de las particulas elementales.

En esta tesis se analiza la posibilidad de que el boson recién descubierto pertenezca
a un sector escalar extendido conocido como modelo de dos dobletes de Higgs, teniendo
en cuenta experimentos en la frontera de intensidad (factorfas de mesones B) y de energia
(LHC). Hay varias razones para estudiar la fenomenologia de sectores escalares extendidos.
Por un lado, ningtn principio fundamental de la teoria electrodébil explica la ruptura
espontanea de la simetria de gauge electrodébil, uno mas bien tiene que asumir que este
fenémeno ocurre. Muchos modelos o teorias que tratan de explicar el rompimiento de
la simetria electrodébil involucran sectores escalares mas complejos que el del modelo
estandar. Sectores escalares extendidos son una interesante posibilidad también dado
que pueden proporcionar: nuevas fuentes de violacién de CP, necesarias para entender
la asimetria entre la materia y la antimateria en el Universo; candidatos para explicar la

materia oscura en el Universo, entre otras.
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Chapter

Introduction

Particle physics as a branch of physics is interested in a very simple question: What are
the elementary building blocks of matter and how these interact? The word “atom” was
coined by the Greek philosopher Democritus around the year 465BC and literally means
“uncuttable” or “indivisible”. Currently, we know that the atoms which form all the basis
of Chemistry (Hydrogen, Helium, Oxygen, ...) are not elementary or fundamental but are
composed of smaller constituents. Our present understanding of the elementary particles
that build up the matter around us and the fundamental interactions in Nature is encoded
in what we know as the Standard Model of elementary particle physics, see figure [I.1]
Gravity is not included in this framework and in the rest of this manuscript we will not
discuss effects related to this force. It is however worth stressing that gravitational effects
have in general no impact at the energy scales and experiments we will be interested.
Apart from Gravity, we know of the electromagnetic interaction which unifies electric and
magnetic forces, the weak interaction which is behind the radioactive decay of certain
nuclei, and, the strong force responsible for the formation of hadrons like the proton
and the neutron. The electromagnetic and weak forces are nowadays seen as different
manifestations of the electroweak interaction, see figure The different elementary
particles can be classified according to their spin as fermions (spin 1/2) and bosons (spin
0 or 1). Forces associated with a symmetry of the Lagrangian are mediated by the

exchange of spin one bosons (v, W*, Z, g).



15 Introduction

THE STANDARD MODEL

syJenp

SJa1JED 99104

suoydan

]
3
m
S

*Yet to be confirmed Source: AAAS

Figure 1.1: Interactions among the elementary particles discovered in Nature so far are well
described by the Standard Model of elementary particle physics. The particles are divided in this
table as spin 1/2 fermions (leptons and quarks) and spin 1 bosons (force carriers). We now have

strong evidence that the spin 0 Higgs boson has been discovered, having a mass around 126 GeV.

One of the most mysterious aspects of the Standard Model is that the gauge symmetry
which describes particle interactions with such great success cannot explain elementary
particle masses, in other words, the vacuum state breaks the electroweak gauge symmetry.
By enlarging the particle content of the theory to include a SU(2), doublet complex
scalar, one can account for the breaking of the electroweak symmetry if the vacuum
expectation value of the scalar field is non-vanishing. This can be regarded as a minimal
and simple way to account for the breaking of the electroweak gauge symmetry. It is
however unsatisfactory from the point of view that it really does not explain why the
electroweak symmetry is broken, one can say that it just parametrizes the phenomenon.
In any case, this hypothesis leads to a very clear and testable prediction: the existence
of a spin zero boson in Nature whose properties are completely specified once its mass

is known. The mass of such particle is a free parameter of the theory and searches for
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such particle were carried over the years covering a large mass range, having no clue
where could it lie. On July 4 of 2012, the ATLAS and CMS collaborations at the Large
Hadron Collider (LHC) have discovered a new boson in Nature with characteristics so far
in remarkable agreement with those predicted by the Standard Model. Even though the
data are still in early stages and experimental uncertainties on many measurements of
the properties of this boson are large, it seems that the simple Standard Model picture
of electroweak symmetry breaking is on the right path. The discovery of such boson is
a milestone in our understanding of Nature, a new era in particle physics has started
with the objective of achieving a better understanding of the phenomenon of electroweak

symmetry breaking.

Gravity

Electromagnetic

Strong

Figure 1.2:  The known fundamental interactions in Nature. The electromagnetic and weak
interactions are understood nowadays as manifestations of the same force, “the electroweak in-

- 2”
teTaCtZO’rL . Figure taken from www.particleadventure.org.

Our hope is that by understanding at a deeper level the mechanism of electroweak
symmetry breaking we will also obtain answers to many of the remaining big questions of
particle physics as: Why are there 3 generations of fermions and why their masses are so
hierarchical? What is the origin of the Baryon Asymmetry of the Universe? What forms
the observed Dark Matter content of the Universe? Is there some unknown dynamics

behind the Strong CP-problem? Many extensions of the electroweak sector of the Stan-
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dard Model addressing these questions often lead one to consider richer scalar sectors that
involve several Higgs bosons. Searching for additional scalar bosons in Nature is there-
fore one of the main tasks of the particle physics community in the following years. In
this thesis we perform a phenomenological analysis of a simple extension of the Standard
Model in which the scalar sector contains two complex scalar doublets instead of just one.

The thesis is divided as follows: In chapter [2] we discuss the basic features of the
Standard Model of electroweak interactions. In chapter |3| we present the two-Higgs-
doublet model. The different papers constituting the bulk of the thesis are introduced
in chapter [4] and are presented afterwards in separate chapters [B], [0 [7] and [§l General

conclusions are given in chapter [9



Chapter 2

The standard model of electroweak

Interactions

2.1 The gauge symmetry principle

Our modern understanding of the fundamental interactions in Nature, with the exception
of Gravity, is based on the gauge symmetry principle. The simplest example of a gauge
theory that we know in Nature is that of quantum electrodynamics. Consider a free Dirac

field .. The Lagrangian for a free Dirac fermion is given by

L = (i7", — me )b, . (2.1)

Here 1), is the conjugate field. This Lagrangian posses an invariance under a global phase

transformation of the fermion fields
Ye = Y, =P, e = Py, = e, . (2.2)

This just reflects the fact that absolute phases are not observable in Quantum Mechanics.
The parameter () is going to be later identified with the electric charge while 0 is an
arbitrary real number. The principle of gauge invariance promotes the invariance of the
Lagrangian under phase transformations of the fermions fields to a local symmetry, that
is, the parameter 6 is allowed to vary in every point of space § — 6(x). The most general

gauge invariant Lagrangian that can be built from operators of dimension d < 4 is given
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in this case by
1 =
L= _ZFWFW + Ye(iY" D), — me) e (2.3)

where we have introduced the covariant derivative D, = (au—kieQAu)che vector field A,,,
and, the field strength tensor F,, = 90,4, — 0,A,. The vector field A, transforms under
a gauge transformation as A, — A, — (1/e)d,0 and is introduced so that the electron
kinetic term is gauge invariant. Note that a mass term for the field A, is forbidden by

the gauge symmetry. By using the equations of motion one arrives to

0 F" = eQ(@Z_)evl’@/Je) , (2.4)

which are precisely the Maxwell equations describing the dynamics of a point-like particle
with charge e@ in the presence of an electromagnetic field.

The standard model of electroweak interactions due to Weinberg, Salam and Glashow
[1-3] is a renormalizable quantum field theory based on the principles of unitarity, causal-
ity, locality, Lorentz invariance and local gauge invariance under SU(2), ® U(1),.. Strong
interactions are described by the non-abelian gauge group SU(3), and together with the
electroweak sector form the standard model (SM) of elementary particle physics. Gauge
interactions are mediated by bosons also known as gauge bosons, just like the photon in
the previous example of quantum electrodynamics. The gauge bosons associated with the
electroweak gauge symmetry SU(2), @ U(1), are the photon together with the W* and
Z bosons. In this sense, the electroweak theory unifies the electromagnetic interactions
and the weak interactions. The strong force described by the non-abelian gauge group
SU(3). on the other hand is mediated by bosons called gluons.

The matter content of the theory can be classified according to its transformation
properties under the gauge group SU(3), ® SU(2), ® U(1), and the Lorentz group. All
the fermion fields are represented by Weyl fields of definite chirality,

'We have written @ in terms of the electric charge “e”.
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Li(1,2,-1/2) = (?L

L

) ) lR<1717_1)7

ur

QL(3,2,+1/6) = (d > , ugr(3,1,+42/3), dgr(3,1,—1/3).

(2.5)

There are three known families of fermions with the same quantum numbers and dif-
ferent masses, we say that each type of fermion comes in three flavours. These are (u, ¢, t)
and (d, s, b) for the up and down quarks respectively, and (e, p, 7) and their corresponding
neutrino flavours for the leptons. A pedagogical introduction to the formulation of the

SM as a gauge theory can be found in ref. [4].

2.2 The Brout-Englert-Higgs mechanism

The principle of gauge invariance forbids mass terms for the elementary particles so that
the EW gauge symmetry must be spontaneously broken in Nature. This is achieved in
the SM through the Brout-Englert-Higgs mechanism [5,/6]. A complex SU(2),-doublet
®(1,2,41/2) transforming as a singlet under Lorentz transformations is introduced into
the theory. The electroweak symmetry then gets spontaneously broken to the electro-
magnetic U(1), group due to a non-vanishing vacuum expectation value of the scalar
doublet. Lectures about the phenomenon of spontaneous symmetry breaking of a global
symmetry and how the situation changes in the presence of a local gauge symmetry can
be found in refs. [79].

The complex scalar doublet ® can be parametrized in terms of four real fields ¢;(z)

(1=1,2,3) and H(x) as
0 ] | (2.6)

- [4]-ooftran s b

where & = (01, 09, 03) denote the usual Pauli matrices. The most general renormalizable

scalar Lagrangian can be written as

2\ 2 A
Lo = (D,®) D' — A (|<I>|2 — %) + Zv4. (2.7)
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Here (0]®°|0) = v/+/2 is the vacuum expectation value (vev) for the neutral component
of ®, which is responsible for the electroweak symmetry breaking (EWSB). The covariant

derivative acting on the scalar field is given byE|
i . 1
D — |on + z’g%Wf n zg’y¢B“] O, ye=Qo-Th=3. (2.8)

In the unitary gauge, @(x) = 0, one can expand the kinetic term as

1 g° g°
D, ®)(D'® —9,Ho"H H?Zwiwr s+ —2 7 z¢ 2.
(Du®)'( )—>28u O"H+ (v+ H) {4WMW +860829W I 3 (2.9)

where v = (v/2Gr)1/? ~ 246 GeV fixes the value of the W* and Z masses through the
relation .

My, = cos Oy Mz = Jv9- (2.10)

Of the original four real degrees of freedom contained in ®, three have become the longitu-
dinal polarization components of the W=, Z bosons while the remaining degree of freedom
is the physical scalar field H(x). The would-be Goldstone bosons J correspond to exci-
tations along the bottom of the scalar potential while the physical scalar corresponds to
radial excitations, see figure [2.1, The photon remain massless since it is associated with

the unbroken gauge symmetry U(1)qy,. The classical value of the Higgs mass is given by
M3 = 203\, (2.11)

Tree level self-interactions of the Higgs boson H are determined uniquely in terms of the
vev and the quartic coupling .

The Higgs boson plays a very important role in the SM regarding the ultraviolet
behaviour (UV) of the theory [11,/12]. Consider the scattering of longitudinally po-
larized gauge bosons in the SM at high center of mass energies, W, (p1)W, (pa) —
W (ki)W (kg). The diagrams contributing to this process at tree-level in the SM are
shown in figure 2.2, Diagrams (a-c) involve pure gauge couplings while diagrams (d-e)
involve the coupling of the Higgs boson with the longitudinal component of the massive

vector boson W=, In the center of mass frame of the incoming W (p;)W; (p2) bosons,

2See ref. 4] for details about the conventions used here.
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Figure 2.1: The SM scalar potential. The Goldstone boson ¢ and Higgs field (H ) parametrize

fluctuations of the scalar field along the directions shown by the arrows. Figure taken from

B

C

'vvvv}/vv\/\,
'\/\/\/\/'\/Ii/vw (d) %_“}ﬁ:

Figure 2.2:  Diagrams contributing to WTW = scattering at tree-level in the SM.

we can express the longitudinal polarization vectors of the incoming bosons (at leading
order in My /E) as

I
P
6Z(zf)l)=M—1W— s ) = g - (2.12)

The longitudinal polarization vectors for the outgoing vector bosons are given by similar
expressions. Here we define the Mandelstam variables as usual s = (p; +p2)? = (k1 +k9)?,
u = (p1 —ky)? and t = 4ME, — s —u. Assuming that s > M%, M2, one gets that diagrams
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(a), (b) and (c) contribute to the amplitude as

: 2
IMEE — M MO My~ — Ty (2.13)

4My,
Here we have neglected sub-leading terms which do not grow with the energy. Weak
interactions cannot remain perturbative up to very high energies in the absence of the
Higgs boson or else unitarity would be violated [11,]12]. The Higgs mediated diagrams

(d) and (e) give rise to
;2
. iggs tg
imHiees ~ e u, (2.14)

so that the Higgs boson has the role of curing the bad high-energy behavior of the total

amplitude for W, W, scattering, one obtains up to O(Myy,/E) corrections that

iMMIEES A8~ () (2.15)

2.3 The flavour structure of the standard model

Gauge interactions corresponding to unbroken symmetries do not distinguish between the
different fermion families. All the flavour dynamics in the SM, i.e. interactions that
distinguish between different flavours, is then generated by the electroweak sector. In the
SM electroweak theory, fermions also acquire their masses from their interaction with the
Higgs field after EWSB. In the case of neutrinos, however, it is possible that the Brout-
Englert-Higgs mechanism is not entirely responsible for the generation of their observed
masses. The most general renormalizable Lagrangian containing the interactions of the

Higgs field with SM fermions (without right-handed neutrinos) is given by

- - Z { 'y, d;) [cﬁ)@dm + Dl

j,k=1

+ (V305), R Olg b + he, (2.16)

where the parameters Cgfk) (f = u,d,l) are arbitrary complex numbers and D = ioyd*.

The fermionic fields have been expressed as three-dimensional vectors in flavour space and

carry a prime as an upper index to emphasize that these are not physical fields at this
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point. One is free to perform unitary transformations of the fermion fields under which
the Lagrangian remains invariant [13]. After EWSB, the Yukawa Lagrangian Ly can
be diagonalized giving rise to fermion masses and fermionic interactions for the physical

scalar H,

H _ _
Here

M, = diag(my, me,my) ,
M, = diag(mg, ms, mp) ,

M, = diag(me, m,, m.). (2.18)

In the fermion mass basis, the charged weak current is not diagonal and can be written

'CCC = {

where V' is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [14}/15],

as

Zuz (1 —75)Vijd; +ZV17 (1—15)1

—l—h.c.} . (2.19)

‘/;,Ld Vus Vub
V= | Vi Vie Vi |- (2.20)
Vie Vis Vi

The CKM matrix is unitary VVT = VIV =1 [13] and its elements have to be determined
experimentally. The following parametrization of the CKM matrix is used by the Particle
Data Group (PDG) [16]

—i5
C12 C13 812 C13 S13€” 13

_ i1 i
V = | —s12Ca3 — 12523 513€""3 (12 Cog — S12 Sa3 S13 €13 823 C13 . (2.21)

i513

is
S12 S23 — C12 C23 S13 € —C12 S23 — S12C23 S13 €713 (a3 C13

Here ¢;; = cosb;;, s;; =sinb;; (i,j = 1,2,3). By an appropriate redefinition of the quark

fields, one can restrict the real angles 0,5, 623 and 613 to lie in the first quadrant so that
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A A p 7
CKMfitter | 0.22543%0:90059 0.81270:055 | 0.145 4 0.027 | 0.343 +0.015
UTfit 0.22535 £ 0.00065 | 0.827 £ 0.013 | 0.132 £ 0.021 | 0.350 £ 0.014

Table 2.1: CKMfitter (18-20] and UTfit [21,22] results for the CKM parameters in the Wolfen-
stein parametrization from a global fit of the SM. We have used (p,7) = (1 — \2/2)(p, ).

¢;ij > 0 and s;; > 0. The CP-violating phase 4,3 lies in the range 0 < d;3 < 27. Another

useful parametrization of the CKM matrix is due to Wolfenstein [17],

)\2

1— 5 A AN(p—in)
2
vV = Y 1 % A2 + O (M), (2.22)
I AN(1 —p—in) —AN? 1 |

which exploits the strong hierarchy between the CKM matrix elements and performs a
perturbative expansion in terms of A = s15 >~ 0.22. Both parametrizations are related by

the following relations:

S12 = A= |Vus|/ |vud|2+ |Vus|2a
523 = A>\2 - )\H/cb/vus| )
si3¢” = AXp+in) =V, (2.23)

The current values for the Wolfenstein parameters, as obtained by a global fit to flavour
observables within the SM by the CKMfitter [18-20] and UTfit [21,22] groups, are given
in table 211

The unitarity of the CKM matrix implies the following identities

D VuVi=6du, Y Vi Vi =du,
i J

which can be represented as triangles in the complex plane. The area of these triangles

(2.24)

is independent of the phase conventions for the fermion fields, it is equal to half of the
Jarlskog invariant [23], 7, defined by

3
Im [sz‘/ﬁi‘/m‘/ﬂ =J Z €ilmEjkn -

mn=1

(2.25)
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Figure 2.3: State-of-the-Art constraints on the (p,7) plane from the CKMfitter [1520)].

The Jarlskog invariant is explicitly given by
J = c9 C23 6%3 S12 So3 S13 Sin (513 ~ A2)\677 < 10_4 s (226)

and it measures the strength of CP violation in the SM [23]. The unitarity relations in
eq. (2.24)) give rise to the identities

V;dvus + ‘/Cti‘/cs + ‘/;2‘/155 = 07
ViV + VoV + ViV = 0,
Vi Vud + Vi Vea + VigVia = 0. (2.27)

The first two of these relations describe triangles for which one side is much shorter than
the others. The relations between the sides of the triangle described by the first and second
lines are A : A : A% and A* : A2 : A2 respectively. The last identity in eq. describes
a triangle with all sides of a similar size ~ \*>. Normalizing the last line of eq. by
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+Veq one arrives to a triangle with sides of length {1, [V,.aVh /(VeaVi)l, [ViaVis/ (VeaVii) |}
and with internal angles {«, 8, v} given by:

b Ve Vi Vi
o= —arg (%) , B = —arg (#) , v = —arg (%) . (2.28)
ua ¥ yb tb ca ¥ ch

It is common to display the determination of the CKM matrix elements from experimental
data in the (p,7) plane as shown in figure 2.3, where (p,77) = (1 — A\?/2)(p, ).

2.4 The discovery of a new boson

Despite the remarkable success of the SM model of EW interactions, the Brout-Englert-
Higgs (BEH) mechanism of EWSB predicted a neutral scalar boson which had not been
observed experimentally. The properties of the Higgs boson are completely specified once
its mass is known but in the SM the Higgs mass is a free parameter. The Large Hadron
Collider (LHC) was built with the purpose of discovering the Higgs boson, or alternatively,
the mechanism responsible for restoring unitarity in WW scattering.

At the LHC, the dominant Higgs production mechanisms involve the Higgs coupling
with massive gauge bosons or with the top quark. Gluon fusion (pp — H) which occurs
at the loop level due to intermediate heavy quarks has the largest cross section, followed
by vector boson fusion (pp — qqH ), Higgs-strahlung (pp — V H), and top-quark fusion
(pp — ttH), see figure . The decay modes of the Higgs on the other hand depend
considerably on the Higgs boson mass. For a light Higgs boson the decay width is domi-
nated by the Higgs decaying into a bb pair, though many other decay modes have relevant
branching fractions also. A heavy Higgs on the other hand would decay dominantly into
massive gauge bosons as shown in figure [2.5]

The LEP experiment was able to exclude the SM Higgs boson up to ~ 114 GeV. It
took only a small amount of time for the LHC to rule out the SM Higgs up to masses
of ~ 600 GeV [25], leaving only a very small window around 125 GeV where a light SM
Higgs could still be hiding. These were very exciting times, the possibility of a light Higgs
boson within the SM was very close to be excluded once and for all after many years of
experimental efforts. Things however were going to change drastically.

On the 4th of July 2012, the ATLAS and CMS collaborations at the LHC announced

the discovery of a new boson with mass close to 126 GeV which properties so far compat-
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Figure 2.4:  Feynman diagrams contributing to the dominant Higgs production modes at the
LHC.

ible with those of the SM Higgs boson [26,27]. The masses of the new boson measured
by ATLAS (125.5 4+ 0.2 702 GeV) [28] and CMS (125.7 & 0.3 & 0.3 GeV) [27] are well
compatible with each other and agree nicely with fits to electroweak precision data, see
figure [2.6] For such value of the Higgs mass the quartic scalar coupling is determined to
be A ~ 0.13 and weak interactions among all particles in the SM are perturbative up to
very high energy [11}/12].

A first insight into the properties of the new boson can be obtained from the Higgs
signal strengths measured by the ATLAS and CMS collaborations in different channels.

Higgs signal strengths are defined as Higgs cross sections normalized by the SM prediction

_ opp—~ H—F)
M op > H— Fysu
The most accessible final states at the LHC for a 126 GeV Higgs are vy, WHW =", ZZ*,
bb and 7t7~. Measurements of the Higgs signal strengths by the ATLAS and CMS

collaborations in different channels are shown in figure and are well compatible with

(2.29)

a SM Higgs. It is also important to note that the sensitivity is still very low in many
channels and sizable deviations from the SM predictions are still possible in principle.

To get an idea of how SM-like the discovered new boson is, lets consider a simple fit
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Figure 2.5:  Left: Production cross section for the Higgs boson at the LHC in the dominant

modes as a function of the Higgs mass. Right: Branching fractions for the Higgs boson as a

function of the Higgs mass. See ref. [24] for details.

of the Higgs couplings to current data. We assume that the Higgs couplings scale with

respect with the SM as (k5 = gurr/95es)
Ko =a, ki =c. (2.30)

Here a and ¢ are real parameters to be determined from experimental data; V = W, Z
while f denotes any fermion. The SM corresponds to (a,c) = (1,1) by definition. The
relevant production cross-sections and partial decay widths will scale as functions of a and
¢, for example I'(H — bb) = 2T'(H — bb)5™ at leading order. By fitting the Higgs signal
strengths to the experimental measurements one can then extract the free parameters. A

fit of current experimental data done by J. Ellis and T. You gives [31]
a=103=x0.06, c=084+0.15. (2.31)

Fits of Higgs data performed by other groups obtain similar values. This results suggest
that the observed boson is remarkably close to what we expected from the Brout-Englert-

Higgs mechanism of electroweak symmetry breaking in the SM.
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Chapter

The two-Higgs-doublet model

3.1 Introduction

Extensions of the SM scalar sector have been extensively studied in the past [1,2]. From
the theoretical point of view, there are many motivations to enlarge the scalar sector of
the standard model electroweak sector. Solutions to the hierarchy problem like super-
symmetry [3], explaining the Dark Matter in the Universe [4,[5], theories of spontaneous
CP-violation [6], the strong CP problem [7,§], the baryon asymmetry of the Universe
(BAU) and electroweak Baryogenesis [9-16]; often require extending the scalar sector of
the SM. Having observed a neutral boson around 126 GeV with properties so far com-
patible with the SM Higgs, one of the main tasks in particle physics will be to address
whether this particle pertains to a richer scalar sector.

Of all the types of scalar multiplets that can be part of the electroweak symmetry
breaking sector, scalar singlets and doublets under SU(2), are particularly interesting be-
cause they do not spoil the relation My, = cos by My at the classical level [1,|13]. While
adding additional scalar singlets to the SM scalar sector does not introduce modifications
in the flavour structure of the theory (scalar singlets do not couple to fermions due to
gauge invariance), adding additional doublets gives rise to a completely different flavour
structure. We are interested in this thesis in the two-Higgs-doublet model (2HDM), a min-
imal extension of the SM scalar sector with an additional scalar doublet. In section [3.2]
we describe the Lagrangian of the 2HDM. In section we explain the phenomenologi-

cal complications that arise due to tree-level flavour-changing neutral currents (FCNCs)
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present in the model and discuss different ways to suppress these dangerous terms. In sec-
tion we provide a brief description of the different constraints that have to be imposed

on the scalar potential in order to have a viable model.

3.2 The two-Higgs-doublet model Lagrangian

The scalar sector of the two-Higgs-doublet model contains two complex scalar doublets
¢a(2) (@ =1,2) under SU(2),; with hypercharge Y =1/2,

+
Pa
¢a -
o

(3.1)

The corresponding charged conjugated fields gga = i09¢) are also SU(2); doublets with
hypercharge Y = —1/2. In general, both scalar doublets can acquire vacuum expec-
tation values that break spontaneously the electroweak gauge symmetry, (0|¢l(z)]0) =
\%(0, vee), while preserving invariance under U(1)_ . Through an appropriate U(1),
transformation we can enforce 6; = 0 without loss of generality, only the relative phase
6 = 6, —0, is observable. The 2HDM is then described by the most general renormalizable
and gauge invariant Lagrangian that can be built with the same gauge symmetry than in
the SM,

Lonipm = Lscalar T Lgange—kinetic + Lar + Ly . (3.2)

The scalar part of the Lagrangian can be written as

2

»Cscalar - Z Caa(DMQba)T(DuQsa) + [012(DH¢1>T(DH¢2> + hC] - V(¢17 ¢2) . (33>
a=1
Here ¢q; and cq9 are arbitrary real parameters while c¢;5 can be complex. The covariant
derivative associated with the SU(2); x U(1), gauge symmetry is the same than in the
SM and is given by

D, =0, +ieQA, +i Z,(Ts — Qsin® Oy ) + ig [T W] + T_W,] . (3.4)

g
cos Oy

The weak mixing angle 0y is defined through the relation gsinfy = ¢’ cosfy = e and

the operators T}, = \%(Tl +iT3) and T3 can be expressed in terms of the Pauli matrices
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by T; = %. The hermitian scalar potential V' contains all possible quadratic and quartic
couplings among the scalar doublets compatible with the electroweak gauge symmetry.

The scalar Lagrangian retains its form (is invariant) after an arbitrary non-singular
complex transformation in the scalar space, ¢, — ¢, = Tapp, where the complex matrix
T is parametrized by eight real parameters [17-20]. Four degrees of freedom in Ty, can
be used to bring the scalar sector into canonical form (c;; = ¢ = 1 and ¢jp = O)EI
The most general redefinition of the scalar fields, which leaves invariant the form of the
canonical kinetic term, corresponds then to a global U(2) transformation, ¢, — ¢, =
Uy, parametrized by four real parameters [17]. A U(2) transformation in the scalar
space is nothing more than a change of basis. Any physical prediction within the general
2HDM should be independent of the chosen scalar basis, in the same way than physical
predictions within the SM are independent of weak-basis transformations of the fermions
fields.

Working in a scalar basis in which only one of the scalar doublets acquires a vev
is particularly useful, one can always arrive to such basis from a generic one (¢1, ¢2) by

means of a U(2) transformation

(4)-[mml(s) e
—d, sinf3 —cosf e "oy

with tan § = wva/vy, (®9) = —5/vf +v3) and (®3) = 0. The basis (®1, Py) is known
as the Higgs basis and is closely related to physical quantities (invariants under basis
transformations) [17-20]. The Higgs basis however is not unique, an overall rephasing
transformation ®; — eX®, does not alter the fact that (®9) = 0.

3.2.1 The scalar potential

In general one can parametrize the scalar doublets in the Higgs basis as

G+
o, =

75 (v+ 81 +iG°)

H+

: Dy = ,
2 SQ + 133)

] . (3.6)

1
5

"When a theory contains several fields with the same quantum numbers one can always write the
kinetic part of the Lagrangian in the canonical form as shown in refs. [21}[22] within the context of lepton

flavour violating u to e transitions.
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with v = /v +v3. The fields {Gy, Si, Sz, S3} are hermitian Klein-Gordon fields, while
GT and H' are complex Klein-Gordon fields. In the Higgs basis the Goldstone bosons
G%* and the physical charged scalar H* appear explicitly. The scalar potential in the
Higgs basis takes the form

Vo= g 00+ g 01 + [ @@y + p5 0l
2 2
+ N (cb{cbl> + A (@5%) + A3 (qf{«pl) (@ch?) + N (q>1q>2> (cbgcbl)
+ [(A5 Bidy + N BID, + Ay c1>§<1>2> (@I%) + h.c.] . (3.7)

The Hermiticity of the potential requires all parameters to be real except us, A5, A\g and

A7. The tree-level potential stationary conditions read

OV (Dq, Ps)

S =0, fori=1,2. (3.8)

(@)=v/v2

These conditions give rise to the following relations among the scalar potential parameters

1
M1 = —>\1U2 y M3 = —5)\67}2 . (39)

Note that u; can be used to fix the value of the vev from the first of these relations.
After imposing the potential stationary conditions in the Higgs basis, there are twelve
free real parameters in the scalar potential {1, p2, A1, ..., A7}. Since the Higgs basis is
not unique, only the relative phases of the complex parameters {5, A\g, A7} are physical,
leaving a total of eleven physical degrees of freedom [23].

The scalar potential can be decomposed into a quadratic term plus cubic and quartic

interactions )
VZ—Z/\1124+V2+V3+VZL- (3.10)
The mass terms take the form
1 51
Vo = MpoHTH + 3 (S1,8,,83) M | S,
S

1 1 1
= Mje H"H™ + §M5 h + §M§ H? + §M§A2, (3.11)
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where the charged Higgs mass is given by

1
M2e = po+ 5 V2. (3.12)
The neutral scalar mass matrix M reads
2\ 02 v A} —v? A}
M = | A MEL+0? (3 + AR —v? AL : (3.13)
—v? A\ —v? AL Mz, 40 (3 = AR

where A} = Re(\;) and Al = Im()\;). The physical states ¢? = {h, H, A} are obtained by
means of an orthogonal transformation ) = R;;S; that diagonalizes the mass matrix M.
Assuming that the CP-violating terms in the scalar potential are very small, the mixing

matrix can be written conveniently as

h cosx sina €3 S1
H | = —sin@ cosa €3 Sy |- (3.14)
A €31 €32 1 S3

At first order in the CP-violating terms \j g, the elements ¢;; are found to be

U2

€13 = —(]\7[2 — MQ) (sind)\é —i—coso?)\é) ,
A h
v? <1 NPV
A H
1
€31 = o2 (a??/\£+2a2A/\é) )
1
€39 = —2—1}2 (2 @14 )\é +Oé§4 )\é) s (315)
where
2 1 2 1 2 2 2 A R
Mhzﬁ(E_A)7 MHZE(E+A)7 MA:MHi+U ?_)‘5 ;
(3.16)
and
2 2 A R
X = MH:{:—F’U 2)\14—74—)\5 R (317)

A 2
A = \/{M,%,i + v? (—2 A1+ 74 + A?)] + vt (A2, (3.18)
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The mixing angle & is determined through

M}% — 2/\1?)2

1
B (3.19)

tana =

The physical scalar masses can be written, at leading order in the CP-violating parameters
)\56, as
_ 0 0 0
M2 = M2 +ai" (\)? +ag" (A)* + a3 (A5Xg), (3.20)

where ng are given in (3.16]) and

v <J\7[jg — 2/\12;2)

0

Yi
H#z’ <M§§ N Mi?)

o vt (20?4 N2 - M - 22)

0521 — — — 5
2 2
[T (Mso? B M<P?>
205 A2

ol = Y % . (3.21)

[ (V22 - 212

In the CP conserving limit, )‘é,ﬁi = 0, the physical states ¢? = {h, H, A} have definite
CP quantum numbers. The matrix R becomes block-diagonal (¢;; = 0) and the physical
masses reduce to Mo = ]\7[30?. Cubic and quartic Higgs self interactions are described in
chapter [7]

3.2.2 Scalar couplings with gauge bosons

The scalar coupling with gauge bosons are determined by the kinetic term for the scalar
fields and the gauge fixing Lagrangian. The scalar kinetic term can be decomposed

according to the number of scalar (¢) and vector (V) fields as,

2
Z(Duq)a)T(D,uq)a) - Ev2 —|— £¢2 + ‘C¢V + ‘C(i)QV + ‘C¢V2 —|— £¢2v2 . (322)

a=1

The term Ly~ is given by

1 1 1 ,
Ly: = —3 (9,A")? — 5 (8,2") + 3 M} Z,2" — (0"W]) (0,W") + Mj, WiW* | (3.23)
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with My = gv/2 and Mz = My, / cos @y. The vev of @ is then fixed to v = (v2Gp)™/? ~
246 GeV in order to accommodate the gauge boson masses. It is convenient to adopt the

Feynman-'t Hooft Re gauge (¢ = 1) for the gauge fixing Lagrangian Lgp, given by

1 1
Lor = —5 (0,A") =5 (92" + MG — ("W + iMwG™) (O,W" — iMwG™) |
(3.24)
where the specific choice of gauge has been done to cancel exactly all terms in L4y, which

mix gauge and Goldstone bosons. The part of the Lagrangian L2 takes the form
1
Lgp = 5 [0,hO"h + 0,H O"H + 0, A" Al + 0,H O"H~
1 1
+ 3 9,G° "G — 3 M (G°)? +0,GT "G~ — My, GTG™. (3.25)
The cubic interactions terms between the scalar and gauge bosons in L2 are given by:

2 . [1
£¢>V2 - ; Sl §M% ZHZH‘FM‘%V WJW“
+ (eMy A* — gMysin® Oy Z%) (GTW, + G~ W) . (3.26)

In the CP-conserving limit, the scaling of the lightest CP-even Higgs coupling with a

gauge boson pair is then given by
Kl = cosa, Ky = —sina, Ky =0, (3.27)

0
with /@ii = goovv/ g, V = W,Z. The rest of cubic and quartic interaction terms

i

between the scalar fields and the gauge vector bosons are discussed in chapter [7}

3.2.3 Yukawa interactions

The interactions of the Higgs fields with fermions are contained in the Yukawa Lagrangian,
which includes all renormalizable and gauge invariant interaction terms between the scalar

fields and the fermions. In the Higgs basis, the Yukawa Lagrangian is given by,

2 (.
Ly = — \/T_{L/L (My @1 411, @) Ly

Q) (M® + 0, @) d + Qp (M &y +10,85) upp +he,  (3.28)
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where the mass M} and Yukawa matrices IT}; are arbitrary complex matrices in flavour
space at this point, the primes indicate that we are in a generic weak basis. After EWSB,
the mass terms can be diagonalized as in the SM by means of a bi-unitary transformation

in flavour space, one arrives then at

Ly = — > @fYPaf
K, f=u,d,¢
V2
w
Here V represents the CKM matrix, P g = (1 F 5)/2 are the usual chirality projectors

HY {a[VIy Py —1ILV P, d + 011, P ¢ } + hec.. (3.29)

and

v Ydfgk = MarRi1 +ap (Rika + i Ris)
VY PP = M, Riy + Iy (Ria — i Ras) (3.30)

where ¢ = Ri;Sj, My—y a; being diagonal fermion mass matrices and Iy, 4; remaining
arbitrary complex matrices in flavour space. Since the two matrices M ]’c and H} are in
general independent, it is not possible to diagonalize both of them simultaneously with
the same bi-unitary transformation. The non-diagonal matrices II;—, 4; lead to tree-level
flavour-changing neutral currents (FCNCs) in the Higgs sector as well as to new sources
of CP violation beyond the SM.

3.3 Avoiding large flavour-changing neutral currents

New sources of CP violation and tree-level flavour changing neutral currents are strongly
constrained by experimental data [22,[24]. If it is the case that Nature posses an scalar
sector composed of two complex Higgs doublets, the discovery of a Higgs boson around
126 GeV implies that some mechanism should be operating suppressing these phenomeno-
logically dangerous terms to acceptable levels [25,26]. One possibility is that the 2HDM
is near the decoupling limit, leaving an SM-like Higgs at the electroweak scale while the
other scalars are very heavy and quasi-degenerate. The non-diagonal couplings of the
light Higgs boson are suppressed by the heavy mass scale in this case, see section [3.3.1]
Another possibility is that the flavour structure of the 2HDM is determined by some un-
derlying symmetry or an unknown flavour dynamics associated with an UV completion
of the model, this will be discussed in section |3.3.2}
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3.3.1 The decoupling limit of the 2HDM

In a special limit of the 2HDM, two disparate mass scales arise in the scalar sector.
The lightest CP-even Higgs boson remains around the electroweak scale while the other
scalars H, A, H* become very heavy and quasi-degenerate, this is called the large-mass
decoupling limit [27,28]. In the Higgs basis, the large-mass decoupling limit occurs for
1o > v%, where o is the coefficient of the quadratic @Q% term in the scalar potential,
while keeping perturbative quartic scalar couplings |\;/4w| < 1. The scalar masses are
given in this limit by

4

M} ~ 2\ + O ( U2 ) : Mz ~ M3 ~ M} = pa + O(v?). (3.31)
M.

The mixing between the two Higgs doublets approaches zero, tanda ~ O(v?/M3.), and

as a consequence, the couplings of the lightest CP-even Higgs boson with vector bosons

and fermions approach the SM values

~ 2 N—1/2 v n My v’
cos@ = (1 + tan® @) _1+(’)<M4 ), Yf_—+(9<M2 ) (3.32)
H* H*
In the large-mass decoupling limit of the 2HDM, dangerous contributions due to tree-level
FCNCs and new sources of CP-violation are naturally suppressed by the heavy mass scale
M%[i >~ pg > 7.

An SM-like CP-even Higgs can also arise when ps3, A\¢ — 0; i.e., for vanishing (IDICIDQ
and (IDI(I)lq)ICI)g terms [27]. This is known as the weak-coupling decoupling limit. For a
recent discussion see also refs. [28-32]. In this limit the scalar mass matrix M becomes
diagonal and there is no mixing between the CP-even fields. The masses of the CP-even

Higgs bosons take a simple form in this limit

A
M7P ~ 2)\ 07, M3 ~ M?. + v <74 + )\5) : (3.33)
while the masses of the CP-odd Higgs and the charged Higgs remain the same than in
the general 2HDM. Unlike for the large-mass decoupling scenario, the SM-like scalar field
Sp in this case can correspond to either the lightest CP-even Higgs h or the heaviest one
H. The two kinds of decoupling of the 2HDM are depicted in figure |3.1
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77)& dedoap/ Illg / I.M;Z
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v ~ 246 GeV

Figure 3.1: Decoupling limits of the 2HDM, denoted as weak-coupling and large-mass decoupling
after ref. [28].

3.3.2 Yukawa alignment and natural flavour conservation

In the aligned two-Higgs doublet model (A2HDM) one assumes that due to some unknown
dynamics of flavour, probably related with an UV completion of the model, the Yukawa
matrices for each type of fermion are aligned in flavour space. Explicit models that can
lead to a low energy A2HDM structure have been discussed in refs. [33-35]. The Yukawa
alignment hypothesis [36}37] eliminates tree-level FCNCs while allowing for new sources
of CP-violation beyond the CKM-phase at the same time. In the Higgs basis this implies
that one can write the matrices Il; in eq. as

gy = <cauMay , II, =q,M,, (3.34)

where the flavour universal alignment parameters ¢y, 4; are arbitrary complex numbers.
Another approach that can be found in the literature, is to assume that the flavour sector
is governed by a minimal flavour violating principle which then suppresses non-diagonal

couplings by fermion masses and small elements of the CKM matrix [38-42].
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Model d Su 9]
Type 1 cotf |cotf | cotp
Type Il | —tanf | cot | —tanf
Type X | cotf |cotf | —tanp
Type Y | —tanf | cot | cotf
Inert 0 0 0

Table 3.1: CP-conserving 2HDMs with natural flavour conservation.

In the CP-conserving limit of the A2HDM, the fermionic couplings of the neutral
scalar fields are then given, in units of the SM Higgs couplings, by

y;ﬁ:cosd—l—gfsino?, yﬁlzi%,z,

y? = —sina +¢ycosa, y{? = —lSy - (3.35)

Loop corrections introduce misalignment between the Yukawa matrices at the quantum
level, giving rise to FCNCs with the following structure [37,/43-45]

C(u)

423

> ) {(Ria+iRa) (4 =) [do VIMMEVM, di) -

Lrone (1+¢rs,)

— (Riz — i Rig) (s — <) [aL VM, M VM, uR]} + he
(3.36)

where C'(u) = C(po) — log (11/110). However, the generated non-diagonal terms are sup-
pressed by quark masses and quark-mixing factors in such a way that the stringent bounds
from light-quark systems can be avoided. The loop generated FCNCs in eq. vanish
exactly in special limits corresponding to the different versions of the 2HDM with natural
flavour conservation (NFC) [37,|43H45], see table

The NFC hypothesis was formulated independently in refs. |[46,/47] were it was noted
that if only one Higgs doublet couples to each type of fermion, the couplings of the
neutral scalars are flavour diagonal in the fermion mass basis. It is possible to arrive to

such a Yukawa structure by imposing a discrete Z; symmetry in the Lagrangian. The Z,
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Y gu’
(;d g l '
Type I

Figure 3.2:  Ewvolution of the 2HDM Yukawa structure under the renormalization group equa-
tions (RGE) in the CP-conserving A2HDM. 2HDMs with NFC appear as stable solutions to the

RGE (the Yukawa structure remains flavour diagonal).

symmetry can be imposed in a generic scalar basis , were both doublets acquire a
vev. Defining the following charge assignments for the scalar fields ¢; — ¢1, o — —¢o
and the left-handed fermion doublets ), — @, L;, — L, four different versions of
2HDM with NFC appear according to how the right handed fermions transform:

Type I: fr — —fr (f =u,d,l).

Type II: ugp — —ugr, dg — dg, lg — lg.

Type X (lepton-specific): ugr — —ugr, dg — —dg, lr — lg.
Type Y (flipped): ug — —ug, dg — dgr, lr = —Ig.

Terms with an odd number of ¢ fields in the scalar potential are be forbidden in this
case by the Z5 symmetry in all of these models. For the type II model, for example, the

Yukawa Lagrangian in a generic scalar basis takes the form

Ly = —Q)ANydouy— QLT ¢1dy— Ly 1T ¢yl + hic. (3.37)
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Notice that each type of fermion couples only with one Higgs doublet and as a result there
are no tree-level FCNCs.

The Z; symmetry can also be imposed in the Higgs basis so that all SM fields and ®,
are even under this symmetry while &3 — —®5, this is the Inert 2HDM. Terms with an
odd number of ®, fields in the scalar potential are forbidden in this case (us = A¢7 = 0),

therefore there is no mixing between the CP-even neutral Higgs bosons h and H.

3.4 Constraints on the scalar potential

The 2HDM posses a large freedom in the scalar sector, coming from the many free pa-
rameters of the scalar potential. There are certain theoretical restrictions on the scalar
potential that have to be imposed in order to obtain a viable model. In general one is
interested in the 2HDM as a weakly coupled theory so that one needs to impose pertur-
bativity and perturbative unitarity bounds. One needs to ensure also that the vacuum of
the theory is not unstable. Oblique corrections to gauge boson two-point functions will
restrict the mass-splitting between the physical scalars of the theory. Furthermore, LHC
data for the 126 GeV boson put direct constraints on the structure of the scalar sector.

Lets describe briefly these constraints:

Vacuum stability: For the vacuum configuration to be stable, the Higgs potential must
be positive in all field space directions for asymptotically large values of the fields [48-
52|. Following ref. [52] and references therein we parametrize the Higgs doublets as

(we work in the Higgs basis)
Dy = |By|Dy, Dy = |Dy|Ds. (3.38)

Here |®, | represents the norm of ®; and ®; is a unit spinor. Due to SU(2), invariance

only four combinations of fields are relevant,

Ol = |02,  BlDy = |Dyf?, DL, = |By||®)|D)- D, DD, = [DLD,]".
(3.39)
We parametrize the norms of the Higgs fields and the product Cf)g .y as
2t g oid, i0

Dy =1 cosvy, Dyl =7 sinvy, B by = 21 = pe?. 3.40
’ 1’ Y ‘ 2‘ Y 2 1 |(I)1H(I)2‘ p ( )
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Here v € [0,7/2], 7 > 0, p € [0,1] and 6 € [0,27). The scalar potential in eq. ([3.7))

can then be decomposed as
V:T’2V2+T4V4, (341)

where we have factored out the common factor r. The quartic part of the potential

V), is given by

YV, = )\ cos v+ A2 sin? v + A3 cos? ysin? v + \y p2 cos? v sin? v

+ 2)5 p? cos(26) cos® v sin® v + 2\ p cos 6 cos® v sin y + 2\ pcos f cos ysin® |
(3.42)

For the stability condition to be satisfied we require that the quartic part must
be positive V; > 0 for all allowed values of {7, p,0}. Some special points give

particularly simple conditions
Vi(y=0) =\, Vily =m/2) = A, (3.43)
so that our first two stability conditions are
A1 >0, Ao > 0. (3.44)

Another point is p = 0 for which

Vi(p = 0) = A cos® v + Agsin® v + A3 cos® ysin® . (3.45)

This implies that
A3 > — Aot : 3.46
o> = (2 + dutans) (3.40)

The right-hand side takes its minimum value at tan?~ = /A1 /), so that our third

stability condition arises
)\3 > =2/ A1 Ay (347)

Similarly, setting § = w/2 and p = 1 we get an additional condition

/\3 + N — /\5 > —24/ AL . (348)
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We can get another necessary condition by considering p = 1, cosf# = +1 and

v = m/4, giving
2|)\6+)\7| < )\1+)\2+)\3+/\4+2)\5 (349)

In summary, necessary conditions for the stability of the scalar potential are given
in egs. (3.44), (3.47), (3.48) and (3.49)). Sufficient conditions for the stability of the
CP-conserving 2HDM potential have been derived in refs. [53,54] but these do not

take a simple form.

Perturbativity: A usual requirement on the quartic coefficients of the scalar potential

is that these are small |\;| < O(1), to avoid that the Higgs sector becomes strongly
coupled and perturbation theory is no longer valid. Though the exact upper bound
imposed on |);| is somewhat arbitrary, we attach to 47 being a common choice in

the literature,
Al < 4, (3.50)

fore=1,...,7.

Perturbative unitarity: Arguments about the perturbative unitarity in W, W, —

W W, elastic scattering within the SM as derived in ref. [11}/12], can also be ex-
tended to the 2HDM. The scalar-scalar scattering matrix at high energies contains
only s-wave amplitudes which are described by the quartic part of the Higgs poten-
tial, tree-level unitarity constraints put an upper bound on the eigenvalues of the
scattering matrix. The full scattering matrix Sy, in the 2HDM have been worked
out in refs. [55H59], see for example eqs. (7a)-(7d) of ref. [58]. The perturbative

unitarity bound on the eigenvalues A; of the matrices 87 Sy, read

1
A < — 3.01
| ]|<87T ( )

Analytical expressions for the A; in terms of the quartic-couplings A; can be found

when a Z; symmetry is imposed in the Lagrangian [58].

Oblique Parameters: The S, T and U parameters, introduced in refs. |60} 61], are

ultraviolet-finite combinations of radiative corrections to gauge bosons two-point

functions also known as oblique corrections. The oblique parameters are expressed
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in terms of the transverse part of the gauge boson two-point functions as

Iy (0)  1(0)

al = ,
M, M3
oo M) - 1)
4s5%¢2, M2
(B OB meon)
Cw Sw M2 Mz
=~ new M2 — TImew (0 Ao TT2SW (VS TT2ew ( Af
_20é_2 (S+U) = WW( VV)2 WW( ) o E_W Zy (2 W> T (2 W) (352)
4s3,c5, Mg, Sw Mg, My,

Here 5y = sin Oy (My), ey = cos Oy (M), and & = §%5%/(4n) are defined in the MS
scheme and are evaluated at Mz. The IIjfY, denote the new physics contributions to
the one-loop V, — V,, vacuum polarization functions. The new physics contributions
are defined relative to the SM with a particular choice for the Higgs mass, so that
S =T = U = 0 corresponds to the SM with the reference Higgs mass. The
2HDM contributions to the oblique parameters S, T" and U have been calculated
in refs. [62]. Constraints from the oblique parameters bound the mass splitting
between the physical Higgs bosons, which then translate into constraints on the

scalar potential parameters [63].

A 126 GeV SM-like Higgs boson: The fact that we have discovered a Higgs boson

around 126 GeV with a coupling to massive vector bosons that is well compatible
with the SM prediction puts strong constraints on the 2HDM scalar sector. To ac-
commodate the 126 GeV boson data within the 2HDM, at least one of the neutral
bosons of the model should have a mass around 126 GeV. A pure CP-odd Higgs is
excluded as the 126 GeV boson since it does not couple to massive vector bosons at
tree-level, it is possible though that the 126 GeV Higgs contains some CP-odd ad-
mixture. Neglecting the exotic possibility of quasi-degenerate Higgs bosons around
126 GeV, we therefore know that the 126 GeV state must me mostly CP-even. The
simplest way to accommodate the data is then is to assume a CP-conserving scalar
sector where the Higgs-like boson corresponds to one of the CP-even states, h or
H. To obtain a Higgs coupling to vector bosons similar in magnitude to the SM,
the scalar sector is pushed towards one of the decoupling limits: weak-coupling or
large-mass. If one assumes that the lightest CP-even state h is the 126 GeV boson
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then both types of decoupling limits are possible. If on the other hand one assumes
that the 126 GeV state corresponds to the heavy CP-even Higgs H, then only the
weak-coupling decoupling limit is possible and all the scalars lie at the electroweak

scale.
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Chapter

Preliminaries and motivations

This thesis consists of a phenomenological analysis of the two-Higgs-doublet model in
three different areas. One part of the work focuses on the possibility to observe indirectly
the effects of a charged Higgs boson in low-energy flavour experiments involving B and
D meson decays. Semileptonic and leptonic meson decays which are mediated by the
charged weak current at tree-level can also receive contributions from a charged scalar at
the same level. If there is a light charged scalar which couples to fermions, it would give
rise to modifications of the decay rates and angular correlations for this kind of meson
decays.

Another part of the thesis, focuses on a phenomenological analysis of possible Higgs
mediated lepton flavour violating (LFV) transitions among charged leptons. In the general
2HDM, unsuppressed FCNCs can appear both in the quark and lepton sectors. Flavour
changing couplings of the Higgs boson with quarks are currently strongly constrained
while there is still room for sizable LF'V Higgs couplings with the heaviest leptons. We
explore the complementarity between low energy flavour experiments and searches at the
LHC to probe possible LFV effects associated with the Higgs sector.

The third part of this thesis discusses the constraints that can be extracted on the
2HDM parameter space from LHC and Tevatron data for the 126 GeV boson, consider-
ing also the most relevant constraints from low energy flavour experiments, electroweak
precision data and searches for additional scalars at colliders.

The calculations/programming in the different works have been done by me and my

collaborators in an independent manner and sometimes using different strategies. The
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main idea behind paper II was borne from discussions with Vincenzo Cirigliano and
Emilie Passemar during a short research stay I did on the Theory Division of Los Alamos
National Laboratory. I have not carried out the determination of the hadronic form factors
via dispersive methods for paper I, this was done by Emilie Passemar. 1 however carried a
comparison of the results found by E. Passemar for the form factors with previous results
in the literature, finding a reasonably good agreement. In the following subsections I will

describe in more detail the motivations behind the different works that form this thesis.

4.1 Paperl

One of the distinctive features of the 2HDM is the appearance of a charged Higgs boson
in the particle spectrum. A charged Higgs can induce a violation of lepton flavour univer-
sality (LFU) in semileptonic and leptonic meson decays where it enters at the same level
than the SM contribution, see figure . Decays of the B or D(,) meson into a final state
with a 7 lepton are particularly sensitive to charged scalar contributions in models where
the couplings of such particle are proportional to fermion masses. The BaBar collabo-
ration has reported an excess in b — c7v, exclusive semileptonic transitions [1},2] which
could be pointing to such scenario, see figure [£.2 The measured quantity by BaBar is a
ratio between the B — D™ 71 decay mode and that with light leptons in the final state.

Br(B — D77 0;) BaBar
Br(B — Di-1))

avg

0.440 £ 0.058 £0.042 = 0.438 £ 0.056,

R(D)

BI“(B — D*TfﬁT) BaBar avg
_ =" 0.33240.024 +0.018 =¥ 0.354 + 0.026
Br(B — D*(~ 1) ’

R(D*)
(4.1)

which are larger than the corresponding SM prediction for these quantities [3-6]. By
taking this ratio, some important sources of uncertainty as |V,| cancel allowing to make
a more precise theory prediction. The main source of uncertainty in the theoretical
prediction comes then from our ability to estimate the relevant hadronic from factors in
all the kinematical regime. Our determination of the form factors relies on Heavy Quark
Effective Theory [7-9] , Lattice QCD [10-12] and experimental data for B — D™ uv [13].
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Figure 4.1:  Semileptonic and leptonic B meson decays mediated by the weak charged current
at tree-level. Left: diagram contributing to B — D™ 1v decays. Right: Diagram contributing to
B~ — 77 v decay.

A charged Higgs contributing to B — D®7v decays is also expected to enter in
leptonic B~ — 77, decays as well as in Dy, leptonic decays. The SM prediction
(0.733 % 0¢73) x 107* [14] (taking the modulus of the CKM matrix element |V,| from
a global CKM fit) is well compatible with the current experimental average Br(B~ —
77 1;) = (1.15£0.23) x 107*, the same occurs for leptonic Dy decays. We are interested
then in trying to explain an excess on B — D™ v decays while at the same having SM-
like rates for the leptonic B and D) decays within the framework of 2HDMs. We will
show how using the hypothesis of Yukawa alignment one is able to derive generic conclu-
sions about the possibility to explain such excess as due to charged Higgs contributions.
We also explore different observables that can be built based on the rich kinematical struc-
ture of the three-body decays B — D™ 7v. Some of these observables are particularly
sensitive to charged scalar contributions and their measurement could provide a powerful

way to discriminate among the different NP candidates for such excess in the future.
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Figure 4.2:  Excess observed by the Babar collaboration in the measurement of R(D) and
R(D*) [1,|2]. The white cross denotes the mean value observed experimentally while the black

cross corresponds to the SM prediction.

4.2 Paper 11

It has been pointed out recently that flavour constraints still allow for large decay rates
of the 126 GeV Higgs into H — 7{ (with ¢ = e, 1) [15,[16]. Branching ratios for H — 7¢
as large as ten percent are in principle allowed by the constraints coming from radiative
7 — (v and leptonic 7 — 3¢ decays ,. It is important to note however that these
results were known well before the Higgs discovery, see for example refs. [17,[18]. The
main motivation to carry out this analysis was to study the role of LF'V semileptonic
decays (1 — ¢xm, T — (") to constrain possible LEV Higgs couplings of the 126 GeV
Higgs, which was not being discussed in the literature. The main obstacle or problem we
encountered in this analysis was that previous treatments of the relevant hadronic matrix
elements in the literature were far from adequate.

Previous treatments about Higgs mediated 7 — ¢ decays were only taking into
account the hadronic matrix element for (7m|m,iu + mydd|0) within leading order chiral
perturbation theory (LO-ChPT), see for example refs. [19,20]. A description of 7 — {7
decays within the language of effective field theory was also done recently in ref.
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considering also LO-ChPT predictions for the hadronic matrix elements. This treatment
of the hadronic matrix elements has two serious problems. First, Higgs interactions with
hadronic systems at low energy are expected to be dominated by the effective Higgs-
gluon interaction as was realized many years ago in ref. [22], the coupling of the Higgs
with strange quarks is also expected to provide important contributions as is well known
from studies of i to e conversion in nuclei [23]24]. The other important point is that for
T — {nm decays the momentum transfer to the pion pair can be as large as ~ 1 GeV, it is
well known that ChPT is only valid at energies below the p mass. Recently, it was shown
in ref. [25] that a proper treatment of the scalar form factors in 7 — ¢7wm decays lead to
significant modifications of the decay rate and thus on the bounds extracted.

In the late eighties and nineties, physicists were looking for a SM Higgs boson with
a mass around 1 GeV, see ref. [26] for a review. One of the theoretical challenges at
that time was to calculate the decay rate H — wm which was expected to be one of
the dominant decay channels for such low mass Higgs, together with H — utp~. A
full calculation of the H — mm decay rate was obtained in ref. [27]. The use of chiral
perturbation theory together with dispersive methods allowed a robust determination of

the relevant hadronic matrix elements [27],

(7" (p) 7" (p)]04]0) = 0(s) 6™,
(7t (p)* (p') | mutivs + mgdd|0) = T (s) 6%,

(7' (p)7* (1) [m55]0) = Ar(s) 6™ . (4.2)
Here we have expressed the matrix element of the gluonic operator G, GL” via the trace
anomaly relation of the energy momentum tensor
aS a v —
O = =90 GLGi + > myaq . (4.3)

q:u7d78

In the case of the on-shell Higgs decay, the invariant mass of the pion pair is given by

s = M?% while for 7 — {7 decays we have
4m?2 < s < (my —my)?, s = (par +pr-)%. (4.4)

For this project, the required form factors in eq. (4.2)) were determined by Emilie Passemar

following the methods developed in ref. [27] and using the latest experimental data. I
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verified that the form factors obtained by E. Passemar were in good agreement with the
results of ref. [27]. It is instructive to review the determination of the relevant form
factors within ChPT as we will discuss later the impact of a proper determination of
the form factors. The leading order chiral Lagrangian in the formulation of Gasser and

Leutwyler [28,29] can be written in terms of the following building blocks
o u, =i{u'(9, —ir,)u—u(d, —il,)u'}

o x+ =ulyul +uxlu

where
X = 2B(s +ip),
b= 70 \/§ﬂ.+
B \/57'('7 —7T0 ’
u=e"?" 14 (ig)2F) + %(z‘¢/2F)2 + %(z’¢/2F)3 o (4.5)

The fields s, p,l,,r, are external hermitian matrix fields. The notation used for the basic
building blocks is the one used in refs. [30,31]. The mass term is introduced via the

external field s, which in the isospin limit is equal to

(10
S:m<0 1). (4.6)

The other external fields are not needed in the following and are set to zero I, = r, =
p = 0. The leading order chiral Lagrangian is given by
F2
L8 = () + (x2),
where (A) stands for the trace of A. The low energy constant F' corresponds to the pion
decay constant F' = f,/v/2 ~ 93 MeV and can be determined from the 7+ — p*v, decay

rate. Expanding the chiral Lagrangian in the pion fields one obtains

1 1
L£® = 3 Lm0 T + OOt T — Mt — §M2(7T0)2 SRR (4.7)

s

To lowest order the pion mass is then given by m2 = M? = 2Bm. Matching the light-

quark scalar current to the effective Lagrangian,

- F? 1
(mytiu + medd)™ = _I<X+> = §mfr(7ro)2 +miataT 4 (4.8)
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so that within LO-ChPT we obtain
[, =m2+0(p"). (4.9)
One also gets for the form factor associated with the energy-momentum tensor
0:(s) = s+ 2m2 + O(p). (4.10)

This result was obtained for the first time by Voloshin [32]. The determination of the

remaining scalar form factor A, (s) within ChPT has been discussed in ref. [27].

4.3 Paper 111

In this paper we assume that the discovered 126 GeV boson is one of the neutral scalars of
the 2HDM and analyze the implications of Tevatron and LHC data within this framework.
We analyze the CP-conserving limit as well as the more general CP-violating scenario.
Different possibilities for the scalar spectrum are also considered, including: the 126 GeV
boson as the lightest or the heaviest CP-even Higgs boson, and, the 126 GeV observed
resonance as a result of two quasi degenerate neutral Higgs bosons. By the time our work
was made public, a large number of analyses of LHC data within 2HDMs had already
been done by other authors. Two main aspects distinguished our work from previous

analyses:

e We work in the Higgs basis and express bounds in terms of quantities that are

invariant under scalar basis transformations.

e We assume a general Yukawa structure without FCNCs as provided by the hypoth-
esis of Yukawa alignment. The different models with NFC can be recovered as

particular limits of the parametrization we use.

These two points are closely related. Indeed, in the A2HDM there is no special choice
of basis since one does not impose any Z, discrete symmetry. By performing a basis
transformation in the scalar space one can always arrive to the Higgs basis, where only
one doublet has a non-vanishing vev. Working in the Higgs basis has the advantage that

the parameters of the scalar sector are closely related to physical quantities (invariants
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under basis transformations). Before our work appeared, there were already previous
works which were using general parametrizations analogous to that of the A2HDM to
analyze the data. These analyses however were performed in a generic scalar basis in
which the unphysical parameter tan 3 appears explicitly.

By performing the analysis of experimental data within the A2HDM, one allows
experiments to determine whether there is a 2HDM with NFC realized in Nature, see
figure [£.3] On the other hand, by using a general Yukawa structure the analysis involves
more free parameters and one is less predictive. In the next paper we showed how unitarity
sum-rules among the scalar couplings of the 2HDM provide a powerful way to analyze
LHC data for the 126 GeV Higgs and searches for additional scalars while at the same
time keeping a generic Yukawa structure as provided by the A2HDM.

[ Experimenta) data ]

2DM ?

Yekaroa 4/::9)7/42/12‘ or MFV ?

Nateeral Flavoer
Conservation 7

ya
IZ XY Iner?

Figure 4.3: Scheme for the determination of the 2HDM Yukawa structure.

4.4 Paper 1V

In this paper we put forward a general and powerful way to analyze LHC data within the

framework of 2HDMs which exploits the use of tree-level unitarity sum-rules governing the
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scalar couplings. Such tree-level unitarity sum-rules had been discussed in several works
prior to the Higgs discovery and also mentioned in some analyses of LHC Higgs data.
The full power of these sum-rules to analyze LHC data however was not being exploited
and this work can be considered a first step along this direction. We know already from
LHC data that the 126 GeV Higgs has a coupling with massive vector bosons that is
close to the SM value in magnitude and that it is a spin zero boson. The 126 GeV boson
should therefore be playing a major role in the restoration of perturbative unitarity in
longitudinal WW boson scattering. If there is an extended scalar sector in Nature which
remains perturbative up to very high energies, perturbative unitarity conditions give rise
to specific sum-rules among the couplings of the different physical scalar fields. These
sum-rules provide a very compact way to frame our studies of LHC and Tevatron data
for the 126 GeV boson as well as searches for additional scalars within the framework of
2HDMs.

Another advantage of the use of unitarity sum-rules when analyzing the data comes
from the more practical task of comparing results from different groups. Currently, there
is a large amount of works analyzing LHC data within 2HDMs and one can find many
different parametrizations or conventions being used for the scalar couplings, this makes
it very difficult to perform even a simple comparison of the constraints extracted from the
same data. Since the unitarity sum-rules are expressed in terms of physical quantities, they
provide a common setting to compare analyses by different groups in a straightforward
way. Independently of which parametrization one prefers for the scalar couplings of the
2HDM or the choice of scalar basis, one can always express the results in terms of the
unitarity sum-rules and provide a concise result that can be interpreted by other groups
without problems.

There is still room for improvement in the analyses we have performed and points
that should be treated more carefully in future studies. First, one would like to perform
a full scan of the 2HDM parameter space, in particular of the CP-conserving A2HDM
where the number of free parameters reduces somewhat but is still more general than
the 2HDMs with NFC. Studies along this direction within the A2HDM performed by
different groups have assumed that the scalar potential has a softly-broken Z5 symmetry
in a generic scalar basis, this simplifies some expressions like for example the perturbative
unitarity bounds. This however is not the best way to carry such analysis since within the

A2HDM there is no reason to impose such condition a priori. On the other hand, state of
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the art calculations of the Higgs production cross section and Higgs decay widths within
the 2HDM have been summarized recently in ref. [33]. With the advent of more data and
the reduction of statistical errors, phenomenological studies of the 2HDM at the LHC will
have to incorporate these developments in order to have meaningful results (taking into
account properly the theoretical uncertainties). It is important to note also that we have
not included in our analysis the Higgs production through b-quark fusion. This production
channel becomes important to estimate the production cross-section of the missing neutral
Higgs bosons for large values of the alignment parameter ¢;. Assuming for example that h
is the 126 GeV Higgs boson, we know that [y ~ 1 while |y} ~ |s4| (], is bounded to
be close to the SM limit) so that the b-quark fusion production mechanism can be greatly
enhanced for H or A.
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We analyze the recent experimental evidence for an excess of 7-lepton production in several
exclusive semileptonic B-meson decays in the context of two-Higgs-doublet models. These decay
modes are sensitive to the exchange of charged scalars and constrain strongly their Yukawa
interactions. While the usual Type-II scenario cannot accommodate the recent BaBar data, this
is possible within more general models in which the charged-scalar couplings to up-type quarks
are not as suppressed. Both the B — D™ v and the B — 7v; data can be fitted within the
framework of the Aligned Two-Higgs-Doublet Model, but the resulting parameter ranges are
in conflict with the constraints from leptonic charm decays. This could indicate a departure
from the family universality of the Yukawa couplings, beyond their characteristic fermion mass
dependence. We discuss several new observables that are sensitive to a hypothetical charged-

scalar contribution, demonstrating that they are well suited to distinguish between different
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scenarios of new physics in the scalar sector, and also between this group and models with
different Dirac structures; their experimental study would therefore shed light on the relevance

of scalar exchanges in semileptonic b — c¢7~ v, transitions.
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5.1 Introduction

The BaBar collaboration has recently reported an excess of events in two semileptonic
transitions of the type b — ¢ 7~ 7,. More specifically, they have measured the ratios [1]
Br(B — DT77;) BaBar avg
R(D) = — =" 0.440 + 0.058 £ 0.042 = 0.438 + 0.056
(D) Br(B — Dl~1y) ’

BI‘(B — D*TfﬂT) BaBar avg
_ =" 0.332+0.024 £0.018 = 0.354 £0.026, (5.1
Br(B — D*(~1,) - (5:1)

=
3
I

which are normalized to the corresponding decays into light leptons ¢ = e, u. The sec-
ond value given in each line is the average with the previous measurements by the Belle
collaboration [2,3], which also yield central values corresponding to an excess, but not
significantly so. These relative rates can be predicted with a rather high accuracy, be-
cause many hadronic uncertainties cancel to a large extent. The Standard Model (SM)
expectations [4-7] are significantly lower than the BaBar measurements. If confirmed,
this could signal new physics (NP) contributions violating lepton-flavour universality.

A sizable deviation with respect to the SM prediction was previously observed in the
leptonic decay B~ — 7~ 1;, when combining the data by BaBar [8,9] and Belle [10]. The
world average Br(B~ — 77 1,) = (1.65+0.34) x 10~* [11] used to be 2.50 higher than the
SM prediction (0.7337J225) x 10~ [12] (taking the modulus of the Cabibbo-Kobayashi-
Maskawa (CKM) [13] matrix element |V,;| from a global CKM fit). However, a value
closer to the SM expectation has been just reported by Belle [14], leading to the new
Belle combination Br(B~ — 777, )ene = (0.96 + 0.22 + 0.13) x 10~*, which we average
with the combined BaBar result [9] to obtain Br(B~ — 77 1,;) = (1.15 4+ 0.23) x 10~*.

While more experimental studies are clearly needed, these measurements are intrigu-
ing enough to trigger the theoretical interest [4-7,/15-20]. This kind of non-universal
enhancement of the 7 production in semileptonic B-meson decays could be generated
by NP contributions with couplings proportional to fermion masses. In particular, it
could be associated with the exchange of a charged scalar within two-Higgs-doublet mod-
els (2HDMs), with the expected contribution to the transition amplitude being propor-
tional to m,my/M7.. This approach offers (obviously) a solution when considering scalar
NP contributions model-independently; even in this general case, however, non-trivial

predictions for other observables in these decays can be obtained. More specific models
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generally have difficulties in describing all the data. For example, the BaBar data on
B — D7 v, and B — D*7~ i, cannot be explained simultaneously within the usually
adopted Type-II scenario [1,14,/15]. Tt is also observed that none of the four types of
2HDMs with natural flavour conservation (i.e., Type-I, Type-II, “lepton specific’ and
“flipped”) [21] can simultancously account for the B — 7 data [4]. We shall show, how-
ever, that they can be accommodated by the more general framework of the Aligned
Two-Higgs-Doublet Model (A2HDM) [22], albeit creating a tension when including them
in a global fit.

Other suggested interpretations of the observed excess within different NP scenarios
include the 2HDM of Type-III, equipped with a MSSM-like Higgs potential and flavour-
violation in the up-quark sector [15], a leptoquark model with renormalizable interac-
tions to third-generation SM fermions [4], composite Higgs models where the heavier SM
fermions are expected to be partially or mostly composite [4], the exchange of right-handed
down-type squarks within the R-parity violating MSSM [19], as well as a non-universal
left-right model where only the third generation couples to the Wx [23].

Generic multi-Higgs-doublet models give rise to unwanted flavour-changing neu-
tral current (FCNC) interactions through non-diagonal couplings of neutral scalars to
fermions [21]. The tree-level FCNCs can be eliminated by requiring the alignment in
flavour space of the Yukawa matrices coupling to a given right-handed fermion [24]. This
results in a very specific structure, with all fermion-scalar interactions being propor-
tional to the corresponding fermion masses, and implies an interesting hierarchy of FCNC
effects, suppressing them in light-quark systems while allowing potentially relevant sig-
nals in heavy-quark transitions. The A2HDM leads to a rich and viable phenomenol-
ogy [22,124-27]; it constitutes a very general framework which includes, for particular
values of its parameters, all previously considered 2HDMs without tree-level FCNCs [21],
and at the same time incorporates additional new sources of CP violation beyond the SM.

In the following, we shall consider the phenomenology of b — ¢7 7, (¢ = u,c)
transitions within a framework with additional scalar operators, assumed to be generated
by the exchange of a charged scalar. Starting from the most general parametrization of
such effects, we then specialize to various more specific models to examine their capability
to describe the data and the possibility to distinguish between them.

Our paper is organized as follows: In section [5.2] we briefly describe the theoreti-

cal framework adopted in our analysis. In section [5.3] we present our numerical results



73 Sensitivity to charged scalars in B — D®7u,. and B — T, decays

and show the parameter ranges needed to explain the present data. We proceed in sec-
tion by analyzing various additional observables sensitive to scalar contributions, both
integrated and differential, before concluding in section [5.5] The appendices include a dis-
cussion of the relevant input parameters and details on the calculation for the semileptonic
B-meson decays.

5.2 Theoretical framework

We are going to assume that, in addition to the SM W-exchange amplitude, the quark-
level transitions b — ¢ [~ receive tree-level contributions from the exchange of a charged

scalar. The effective low-energy Lagrangian describing these transitions takes then the

form
_ 4Gr _ - _( qbl bl =
Leg = Y SV Yo @ P [Pun] + | (g8 Pr+ gk Pr)b| [[PLu] ¢
q=u,c l=e,u,T
(5.2)
where Pr = H:;"‘ are the chirality projectors, and the effective couplings are, in the

majority of 2HDMs, proportional to the fermion masses, g%“qdl ~ mg,my/M? ., g%qdl ~

mg,my/M7.. These explicit fermion mass factors imply negligible effects in decays into
light leptons (e, ,u)EI while decays involving the 7 receive potentially large contributions.
Owing to the m, suppression, the coupling g%bl does not play any relevant role in b —
uT~ U, transitions, but it can give sizeable corrections to b — c77 ;.

We present next the key relations for including scalar NP contributions in the decays
in question. When considering specific models, the main focus lies on the A2HDM,
of which we give a short review. For the relevant kinematical variables, notation and

derivation of the double differential decay rates, we refer the reader to the appendices.

521 b— q7 v, (@ = u,c) decays

Due to the helicity suppression of the SM amplitude, the leptonic decay B~ — 77,

is particularly sensitive to the charged scalar exchange. The total decay width is given

! The obvious exception are leptonic meson decays, where the SM contribution is already suppressed

by the light lepton masses, yielding a large relative contribution from the charged scalar.
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by [25,28]

2

2
m m
(B~ =7 1) = GZm2f2|Va|? —8; (1 — mg) (1+ dem) [1 = AL (5:3)
B

where de,, denotes the electromagnetic radiative contributions, and the new-physics infor-

mation is encoded in the correction?

bl bl w
AL 0L = 9R)mE ez gr'mi (5.4)
T my(my + ) my

absorbing in addition mass factors from the hadronic matrix elements.

Semileptonic decays receive contributions from a charged scalar as well, but in this
case the leading SM amplitude is not helicity suppressed; therefore, the relative influence
is smaller. In addition, they involve momentum-dependent form factors. The B — DIy,
decay amplitude is characterized by two form factors, f,(¢?) and fo(q?), associated with
the P-wave and S-wave projections of the crossed-channel matrix element (0|ey*b|BD).
The scalar-exchange amplitude only contributes to the scalar form factor; it amounts to

a multiplicative correction [25]

fol@®) = fold®) = fole®) |1+8 —— |, (5.5)
(mp —mp)
with
(92" + g&") (mp — mp)?
my (T — )

I— (5.6)

The sensitivity to the scalar contribution can only be achieved in semileptonic decays
into heavier leptons. The decays involving light leptons can, therefore, be used to extract
information on the vector form factor, reducing the necessary theory input to information
on the scalar form factor. Since the observables are usually normalized to the decays into
light leptons, the relevant input quantity is not the scalar form factor itself, but the ratio
of scalar to vector form factors, fo(¢?)/f1(¢?); an important constraint on the latter is
its normalization to unity at ¢ = 0. These features lead us to parametrize the different

CP-conserving observables that we are going to consider in the following form:

O = ¢y + c1Re(87) + e |03, (5.7)

2Here and in the following we suppress in the notation the scale dependence of e.g. the quark masses

and scalar couplings.
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implying a discrete symmetry Im (67,) — —Im (7). The coefficients ¢;, which contain
the dependence on the strong-interaction dynamics, are parametrized in turn in terms
of the vector form-factor slope p? and the scalar density A(vg - vp) [29,130]. For the
former we use the value extracted from B — Dlv ({ = e,u) decays. The function
A(vp - vp) < fo(q®)/f+(q*) has been studied on the lattice, in the range vg - vp = 1-
1.2, and found to be consistent with a constant value A = 0.46 4+ 0.02, very close to its
static-limit approximation (mp — mp)/(mp + mp) [7,/17,31]. This value is furthermore
in agreement with QCD sum rule estimates [32,33].

The decay B — D*I~ 1 has a much richer dynamical structure, due to the vector na-
ture of the final D* meson. The differential decay distribution is described in terms of four
helicity amplitudes, Hi., Hyog and Hy;, where the first subindex denotes the D* helicity
(£,0) and the second the lepton-pair helicity (4, 0,¢) in the B-meson rest frame [34}35].
In addition to the three polarizations orthogonal to its total four-momentum ¢*, the lep-
tonic system has a spin-zero time component (¢) that is proportional to ¢* and can only
contribute to the semileptonic decays for non-zero charged-lepton masses (it involves a
positive helicity for the [7). The corresponding Hy, amplitude is the only one receiving

contributions from the scalar exchange [5|:

2
Ho(q®) = Hy'(%) <1 — A, q—2> - (5.8)
mp
The observables are then given in an expansion analogous to eq. , with 97, replaced
by A7, and the coefficients depend on the different form-factor normalizations R;(1) (i =
0,1,2,3) and the slope p?, see Appendix for details. Here, again, we use inputs
extracted from the decays involving light leptons where possible, while for the remaining
form-factor normalization R3(1) we adopt a value calculated in the framework of Heavy
Quark Effective Theory (HQET) [36].
A summary of the different form-factor parameters is given in table in the ap-
pendix.

5.2.2 Overview of the A2HDM

The 2HDMs extend the SM Higgs sector by a second scalar doublet of hypercharge Y = %

Thus, in addition to the three Goldstone bosons, they contain five physical scalars: two
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charged fields H* and three neutral ones ¢? = {h, H, A}. The most generic Yukawa
Lagrangian with the SM fermionic content gives rise to tree-level FCNCs, because the
Yukawa couplings of the two scalar doublets to fermions cannot be simultaneously di-
agonalized in flavour space. The non-diagonal neutral couplings can be eliminated by
requiring the alignment in flavour space of the Yukawa matrices [22[; i.e., the two Yukawa
matrices coupling to a given type of right-handed fermions are assumed to be proportional
to each other and can, therefore, be diagonalized simultaneously. The three proportional-
ity parameters are arbitrary complex numbers and introduce new sources of CP violation.

In terms of the fermion mass-eigenstate fields, the Yukawa interactions of the charged
scalar in the A2HDM read [22]

V2

+
o L
(Y

H+ {I_L [§d VMdPR — GQu MUVPL] d + g EMZ,PRZ} + h.c. s (59)

where ¢y (f = u,d,[) are the proportionality parameters in the so-called “Higgs basis” in
which only one scalar doublet acquires a non-zero vacuum expectation value. The CKM
quark mixing matrix V' |13| remains the only source of flavour-changing interactions. All
possible freedom allowed by the alignment conditions is determined by the three family-
universal complex parameters ¢, which provide new sources of CP violation without
tree-level FCNCs [22]. Comparing eqgs. and , one obtains the following relations
between the A2HDM and the general scalar NP parameters:

Mg, M
Mz,

gt = —guqr Sl (5.10)

quqal __ — _gdl
2
Mz,

gt = o9

The usual models with natural flavour conservation (NFC), based on discrete Z5 symme-
tries, are recovered for particular (real) values of the couplings <f; especially ¢4 = ¢ =
—1/¢, = —tan g and ¢, = ¢4 = ¢, = cot 8 correspond to the Type-II and Type-I models,
respectively.

Limits on the charged-scalar mass from flavour observables and direct searches depend
strongly on the assumed Yukawa structure. The latest bound on the Type-II 2HDM
charged Higgs from B — X,y gives Mpy+ > 380 GeV at 95% confidence level (CL) [37].
Within the A2HDM on the other hand it is still possible to have a light charged Higgs |25,
26]. Assuming that the charged scalar H" only decays into fermions uicij and [Ty, LEP
established the limit My= > 78.6 GeV (95% CL) |38], which is independent of the Yukawa

structure. A charged Higgs produced via top-quark decays has also been searched for
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at the Tevatron [39,/40] and the LHC [41},|42]; these searches are, however, not readily
translatable into constraints for the model parameters considered here. It should be
noted that the charged-scalar mass enters only in combination with the other couplings

and, therefore, its size does not affect directly our results at this level.

5.3 Results and discussions

In table we summarize our predictions within the SM for the various semileptonic and
leptonic decays considered in this work, using the hadronic inputs quoted in table |5.3
(parameters that do not appear in this table are taken from [11]). The rates for leptonic
D, K and 7 decays are obtained from eq. with appropriate replacements, while the
ratio of 7 — K/mv, decay widths is given by [25]

F(T%KV) _ 1_m%(/m3' ? ? fK ? TK2/TT
remg = (s ) () e

One can see that, apart from R(D) and R(D*), all the observables are in agreement with

2

Vus
Vud

1— Ay
1—Au

(5.11)

their SM predictions. While for the decays involving only Dy, K, and m mesons no large
effect could be expected because of the relatively small quark masses involved, this is
equally true for the influence of g¢". Contrary to that expectation, however, the data on
R(D) and R(D*) indicate a large value for this coupling. This not only renders especially
models with NFC incompatible with the data, but also poses a problem in more general
models.

We start by analyzing the constraints on the A2HDM parameters from the decays
listed in table [5.1F] In contrast to the models with NFC, the observables involving B-

meson decays (R(D), R(D*) and Br(B — 7v)) can be consistently explained in the

3We do not take into account the experimental correlation between the measured values of R(D) and
R(D*) given in |1]. It is reduced to —19% when averaging with the Belle data and does not affect our
results significantly. Moreover, the BaBar fit is sensitive to the assumed kinematical distribution, which
is modified by the scalar contribution. While BaBar has already performed an explicit analysis within the
Type-11 2HDM, it would be useful to analyze the experimental data in terms of the more general complex
parameters Aéb and 5&), to make the inclusion of this effect possible in the future. This modification is,
however, only relevant for large values of the scalar couplings, which are excluded in the scenarios 2 and

3 discussed below.
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Table 5.1:  Predictions within the SM for the various semileptonic and leptonic decays discussed
in this work, together with their corresponding experimental values. The first uncertainty given

always corresponds to the statistical uncertainty, and the second, when present, to the theoretical

one.

Observable SM Prediction Exp. Value Comment
R(D) 0.296 70098 +0.015 0.438 + 0.056 our average [1-3]
R(D*) 0.252 + 0.002 + 0.003 0.354 + 0.026 our average |1-3]
Br(B — Tv,) (0.7915:05 £0.08) x 1074 (1.15+0.23) x 10™*  our average [9,14]
Br(Ds — Tv;) (5.18 £0.08 £ 0.17) x 1072 (5.54 £ 0.24) x 1072 our average |11,143]
Br(Ds — uv) (5.31 £0.09 £0.17) x 1072 (5.54 £0.24) x 1072 our average [11,143]
Br(D — uv) (4111508 £0.27) x 107%  (3.76 £ 0.18) x 10~* [44]

(K — pv)/T(r = pv) 1.333 4+ 0.004 + 0.026 1.337 +0.003 1]

(1 — Kv,)/T(1 — 7v,)  (6.56 4 0.02 4 0.15) x 1072 (6.46 +0.10) x 1072 [11]

A2HDM. However, the resulting parameter region excludes the one selected by the leptonic

D(s-meson decays. More generally speaking, models fulfilling the relations

(@) g™ /gi " = mym/(mgmy) and(6) g™ gy = mo,m/ (mym)
(5.12)
are in conflict with the data. Removing R(D*) from the fit leads to a consistent picture
in the A2HDM; in this case, however, the SM is also globally consistent with the data,
as the tension in R(D) is “distributed” over the remaining observables. Models with
NFC remain disfavoured compared to the SM. These observations lead us to consider the

following scenarios:

e Scenario 1 (Sc.1) is a model-independent approach where all couplings g%f]q%dl are

assumed to be independent. One possible realization is the 2HDM of Type III. This
implies that the effective couplings §', and Al, in the two semileptonic processes can
be regarded as independent. Therefore, predictions for the additional observables
in B — D(D*)1v follow in this case only from R(D) (R(D*)).

e In scenario 2 we assume the relations in eq. (5.12)) to hold for ¢4 = b, while pro-

cesses involving only the first two generations are regarded as independent. When
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considering only the constraints from R(D), R(D*) and Br(B — 7v), the couplings
in the A2HDM fulfill this condition; we will assume this form in the following for

definiteness.

e For scenario 3 we discard the measurement of R(D*) as being due to a statistical
fluctuation and/or an underestimated systematic effect, leaving us with a viable
A2HDM. From a global fit to all the other measurements we then obtain predictions
for the new observables in B — D®7v as well as R(D*).

The ratios in eq. might of course also be changed for [ = 7 or | = . However, be-
cause of the smallness of m,,, this would not be visible in any of the observables considered
here. A way to test this option is to consider the ratio Br(B~ — 77 ;)/Br(B~ — p~v,),
which is independent of NP in the scalar sector if eq. is fulfilled.

In figure we first show the allowed regions in the R(D)-R(D*) plane for the
different scenarios. Scenario 1 is just reflecting the experimental information, while the
additional constraint from B — 7v already excludes part of that area in scenario 2.
For the third scenario, the tension with the measurement of R(D*) is clearly visible; the
allowed range includes the SM range and values even further away from the measurement,
thereby predicting this effect to vanish completely in the future if this scenario is realized.
The value implied by the fit reads R(D*)g..3 = 0.241 £ 0.003 £ 0.007.

In the second and third plot in this figure we show the corresponding allowed pa-
rameter regions in the complex ¢!, (left) and A!, (right) planes at 95% CL. Here the
strong influence of the leptonic decays becomes visible again, excluding most of the pa-
rameter space of R(D) in the &', plane, and driving the fit far away from the region
indicated by the R(D*) measurement in the Al, plane. To examine this effect further,
we plot the individual constraints in the ¢, 4 /Méi planes in figure Here it is seen
explicitly that the conflict lies mainly between the leptonic charm decays and R(D*).
It is also noted that, in order to accommodate the data in scenarios 1 and 2, a large
value for |¢,¢f|/Mz+ ~ O(107") GeV~2 is needed. This is not a direct problem in these
scenarios, as the different couplings are not related. It would however point to a very
strong hierarchy between the charm and the top couplings or a very large value of the lep-
tonic coupling, as the constraints from observables involving loops like Br(Z — bb) imply
|su| S 1 for the top coupling [25]. In the A2HDM, the combined constraints from leptonic

7 decays and these processes require a small value for [g,¢| /M7 under the assumptions
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Figure 5.1:  Allowed regions in the R(D)-R(D*) (left), complex &', (center) and A, (right)
planes at 95% CL, corresponding to the three different scenarios. See text for details.

that |4 < 50 and the charged-scalar effects dominate the NP contributions to Z — bb,
lus| /M 7+ < 0.005 GeV~? was obtained in . Similar bounds also arise from consid-
ering the CP-violating parameter ex in K% K° mixing and the mass difference Ampo in
B B° mixing . This is however compatible with our results above, see figure As
the focus in this article lies on tree-level contributions, and loop induced quantities have
a higher UV sensitivity, we refrain from including these constraints explicitly here.
Having in mind the above scenarios, our main concern is whether they can be dif-
ferentiated with forthcoming data. In addition, the basic assumption of only scalar NP
contributions in these decays can be questioned. We identify several combinations of

observables which will signal the presence of additional contributions. In the following
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Figure 5.2:  Constraints in the complex <4<) /M 4+ (left) and sy /M7, (right) planes, in units
of GeV =2, from the various semileptonic and leptonic decays. Allowed regions are shown at
95% CL for different combinations of the observables.

section we discuss how future measurements of additional observables in B — D® 7 de-

cays, especially their differential distributions, will provide useful information to address
these questions.

5.4 Observables sensitive to scalar contributions

We now proceed to analyze the additional observables in B — D®)7v, decays that provide
an enhanced sensitivity to scalar NP contributions. Apart from the differential rates, these
are the forward-backward and 7-spin asymmetries in the considered decays, and for B —
D*rv additionally the longitudinal polarization fraction of the D*. These observables
have been considered in the past by various authors [5}[6} (16,34} 35,[45H49], addressing
their sensitivity to NP contributions.

Experimentally, while one expects more information on B — D™ 7. decays in the
near future from Belle, BaBar, and also LHCb, most of these observables will be accessible
only at a Super-Flavour factory (SFF) , as their study requires more statistics than
the branching ratios and the inclusion of the information from the correlated B meson.

The precise sensitivity of future experiments to the different observables has, however,
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Table 5.2:  Predictions for the ¢*-integrated observables both within the SM and in the different
scenarios. The observables have been integrated from q2,;, = m2 t0 q2u = (Mp — Mpe)?. The
first error given corresponds to the statistical uncertainty, and the second, when given, to the

theoretical one.

Observable SM Prediction Scenario 1 Scenario 2 Scenario 3

R (D) 0.115 £ 0.001 4 0.003 0.217+£0.026  0.22375033 +0.006 0.10415:005 4 0.003
A\(D) —0.304 £ 0.001 + 0.035 —0.557084 —0.55700 —0.5570:0% + 0.01
A\(D¥) 0.50210-05% +0.017 0.0610 0 0.047033 +£0.01  0.577505 £ 0.02
Ay(D) 0.360210 0000 £0.0022  0.03700, £0.30  —0.2170 33 £ 0.06 0.360011
Ag(D*)  —0.066 + 0.006 £ 0.009 —0.136+9-912 + 0.222 0.08179:0% + 0.009 —0.14619-932 + 0.021

T Note that the lower tail is rather long, due to a suppressed local maximum.

not yet been determined.

For simplicity, we discuss below these additional observables without considering the
subsequent decays of the final 7 and D*. While studying the ¢? spectra of the observables
has the advantage in identifying potential NP contributions and their Dirac structure,
this generally requires very high statistics, which might not be available even in the early
stages of a SFF. Therefore, we shall analyze both the ¢? spectra and the ¢*-integrated
observables. Our predictions for the latter are given in table [5.2] both within the SM
and in the three different scenarios defined before. Note that we do not consider isospin
breaking; the observables shown are always isospin-averaged. Note furthermore that

model-independent analyses similar to our scenario 1 have been performed in refs. [5,6,/16].
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5.4.1 The differential decay rates

First, we obtain the singly differential rates by summing in egs. (5.36) and ({5.43)) over the

7 helicities, \, = £1/2, and performing the integration over cos 0:

dU(B = Dr~,)  G%|Va|?|Bl¢® m2\* [ m2\ = 3m?2
( T ) _ Gl ’E’q L= =) ([Hol* (1455 )+ 5 [H[| |
dq? 96m3my q> I 2¢? 2q?
(5.13)
dU(B — D*t7v.)  GZ|V4|*Plg? m2\? [ 2 2 2 m:
= 1-—= H H__ H 14+ —=
dq2 967T3m23 q2 -(’ ++| + | | + | 00| ) + 2q2
3m?2 2
Again, normalizing to the decays with light leptons reduces the theoretical error:
dU(B — DW7~1,)/dq?
Rpw(g?) = ( )/da (5.15)

dT'(B — D@1 /dg?

Note that in order to obtain the expression for R ) from this, numerator and denominator
have to be integrated separately. This should be kept in mind as well for the other
quantities.

Our predictions for these observables, within the SM and in the three different sce-
narios, are shown in figure . For Rp(q*), we show in addition the binned distribution
in five equidistant ¢? bins, as the ratio does diverge at the endpoint, where however both

rates vanish. From these plots, we make the following observations:

e As expected, the uncertainty due to the hadronic form factors (the grey shaded
band) in Rp (¢?) is significantly reduced compared to that in the differential

branching ratio.

e In scenario 2, relatively large deviations from the SM are predicted for almost the full
range in Rp-(q*) and for high ¢* in Rp(q?). The predicted ¢* spectra in scenario 3
are close to those of the SM, especially for the D* decay mode. However, there is
still room for differences, especially in Rp(q?), and furthermore in this scenario the
distribution in Rp-(¢?) lies preferably below the SM one, which should differentiate

this scenario clearly from the first two.
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Figure 5.3: The ¢* dependence of the differential branching ratios (left) and Ry (q?) (right),
both within the SM (grey) as well as in scenario 1 (red), scenario 2 (orange), and scenario 3 (yel-

low). The binned distribution for Rp(q?) is also shown.

e Compared to the SM prediction, the peak of the differential branching ratio in the

NP scenarios (especially in scenario 2) is shifted to higher and lower values in ¢?
for the D and the D* decay mode, respectively. This is characteristic of scalar NP
contributions and should allow for a separation from models with different Dirac
structure. The reason for that is the following: while both of them are explicitly
proportional to ¢* (see egs. and ), the charged-scalar contribution to
Rp+(¢?) is in addition proportional to the D* momentum |p|, which vanishes at
the endpoint ¢2,. = (mp — mp+)?, rendering its relative contribution maximal
for intermediate values of ¢?, while the one to Rp(g*) continuously increases with
¢*>. The relative suppression of the terms proportional to the 7 mass by the D*
momentum furthermore renders Rp«(¢?) finite everywhere, while Rp(q?) diverges
at the endpointﬁ However, as both the rates for the 7 and the light lepton modes

vanish there, this does not influence the experimental extraction: when calculating

“In fact, this behavior is an artifact of setting my = 0. The actual value is ~ m2/m3.
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the contributions to different bins, all integrals remain finite. These characteristic

features are illustrated by the right two plots.

As the charged scalar only contributes to the helicity amplitude Hy; in B — D*7v,
decays, an increased sensitivity is expected by studying the case with a longitudinally
polarized D* meson in the final state, where the transverse helicity amplitudes are no

longer relevant. For this purpose, we define a singly differential longitudinal decay rate [5]:

dUtL GZ|V,||P|g? m2\’ m? 3m?
T = - 1——= Hool? (1 T T\ Hul?]| . 5.16
dq? 9673m3, < q? > D ool ( + 26]2) * 2¢? [Hol ] ( )

In analogy to Rp-(¢?), it is again advantageous to consider the ratio with the 7 mode

normalized to the light lepton mode:

_ drz/dg’

Ri(¢*) = A (5.17)

It is important, however, to note that within our NP framework this is not an independent

observable. As long as we consider only additional scalar operators, the difference
Xi(¢*) = Rp-(¢*) — Rp(¢%) (5.18)

is independent of NP effects. A measurement of this observable serves, therefore, as a
cross-check for the effect in Rp« and gives us information on whether scalar NP operators
are sufficient to describe the data. This observation is reflected in table [5.2] and in fig-
ure where we show the predictions for Ry (D*) and R} (¢*) both within the SM and in
the three different scenarios; the results are analogous to the ones for R(D*) and Rp-(¢?)

discussed above, but clearly exhibit an increased sensitivity to the scalar NP effect.

5.4.2 The 7 spin asymmetry

Information on the 7 spin in semileptonic B-meson decays can be inferred from its dis-
tinctive decay patterns [5,/16}45,/49]. Therefore, we consider here the 7 spin asymmetry

defined in the 7-7, center-of-mass frame:

_dTPYN, = —1/2]/dg® — dTPV [\, = +1/2]/dg?
AP\, = —1/2]/dg? 4+ dTPY [\, = +1/2]/dg?’

A)[\)(*)(QQ) (5.19)
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Figure 5.4:  Predictions for R} (q*) both within the SM and in the three different scenarios.
The other captions are the same as in figure [5.3

where the polarized differential decay rates are obtained after integration over cos f of the
doubly-differential ones given by eqs. (5.36)) and (5.43). Using the formulae presented in
appendices and we obtain explicitly

m2 m2
Hof? (1 ) - S

2q2

- 2 2 )
[Hol? (1+ 53) + S | Hil?

2q2

AL (%)

m2 m2
AP () = (IHoo* + [Hit |? + [H--?) (1 = 55) — 32q5 | Hoq|? (5.20)
A - m o . .
([Hool? + | Hyy |2 + [H__|?) (1 + %) + 32 | Hoy|?

Again, these two observables have the same dependence on scalar NP contributions as

the differential rates; this observation follows from the combinations
XP(¢*) = Rp(¢®) (AR (¢*) +1) and XP (¢*) = Rp-(¢*) (AP (¢*) + 1) (5.21)

being independent of §7, and A],, respectively. However, because of the different nor-
malization and systematics in this case, a future measurement would give important
information on the size and nature of NP in B — D®7v decays: like for X1(q?), any
deviation from the SM value of these combinations would indicate non-scalar NP. Our
predictions for the two asymmetries when integrated over ¢? are given again in table
the predicted ranges for the differential distributions are shown in figure [5.5. The corre-
lation between A, (D*) and Ry (D*), following from egs. and (5.21)), is furthermore
illustrated in figure |5.6, where we show the predicted values for the two observables for
the SM and the three scenarios, yielding in every case a very small band, corresponding

to the hadronic uncertainties.
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Figure 5.5: The ¢* dependence of the T spin asymmetries AR (¢%) (left) and AY" (¢?) (right).
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Figure 5.6: Predictions for Ax(D*) vs. Rr(D*) both within the SM (grey) and in the three sce-
narios ((1)-red, (2)-orange, (3)-yellow), from a global fit including the appropriate observables.

The integrated asymmetries span a rather large range. For A,(D), due to the com-
mon input, a differentiation between the different scenarios seems very difficult, while for
A,\(D*) at least the separation of the SM and scenario 3 on the one hand and scenarios 1
and 2 on the other hand is very clear. Importantly, the predictions for A,(D) in all sce-
narios are clearly negative, providing another option to potentially exclude the SM and
only scalar NP at the same time. Also largely negative values for A, (D*) are excluded in
all scenarios.

The separation of the different models improves, once differential distributions are
considered: from figure |5.5( we observe very distinct patterns for the different scenarios,
especially for scenario 2. This scenario will be clearly distinguishable from the SM and
scenario 3, once the necessary experimental precision is reached. Scenario 1, on the other

hand, has again possibly very large effects, but might be close to any of the other scenarios,
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including the SM. A characteristic feature of this observable is the zero-crossing point:
for AP(g?), it is absent for the SM and scenario 3, while it appears likely for scenario 2
to have one, and also scenario 1 has that option. Within the SM, the observable AY"(¢?)
crosses the zero at ¢> = 3.66 £ 0.04 GeV?; compared to the SM case, the zero-crossing
point occurs at significantly higher values of ¢? for scenario 2, while most likely at lower
values of ¢ for scenario 3. This indicates that measuring the zero-crossing point of the
T spin asymmetries can be a useful probe of the flavour structure of the charged scalar

interaction.

5.4.3 The forward-backward asymmetries

Finally, we discuss the forward-backward asymmetries defined as the relative difference
between the partial decay rates where the angle 6 between the D™ and 7 three-momenta

in the 7-U, center-of-mass frame is greater or smaller than 7/2:

fi)l dcos 0 (T2 /dq2d cos 0) — fol dcos 0 (2P /dg*d cos 0)

AP (¢ 5.22
0 (q ) drqp(*)/dQQ ( )
Using eqgs. (5.36) and (5.43)), we arrive at the following explicit expressions:
m2 m2 )
20 [Hol? (1 + 25) + 525 [H, P
. Ho |2 — |H__|? + 27 Re(Ho H?.
Ag) (qg) _ 3 ’ ++| | ’ q? ( 00 Ot) (523>

4 (|Hyi ]2+ [HoZ]2 + | Hool?) (1 + 25) + 228 | Horf2

In terms of a model-independent determination of NP parameters, i.e. scenario 1, this
is the key observable to determine A7, and ¢7,. The reason, as mentioned before, is that
the observables R% (q%), Rpe (q%) and AP (¢?) do not give independent information, see
eqs. and . The forward-backward asymmetry AP (*)(q2) is therefore the only
independent constraint in the complex 07, (A7) plane. Our predictions for this observable
are given in table[5.2 and shown in figure[5.7 Furthermore, its correlation with the 7 spin
asymmetry for the two modes is shown in the first two panels in figure 5.8 It is clearly
seen that the correlation is much weaker in this case, especially in scenario 1, where the

only influence stems from the restriction on |§7| and |A7,|. However, the pattern of a
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more SM-like A2HDM prediction and strongly shifted predictions from scenarios 1 and
2 is repeated. Regarding the differential distributions, within the SM, the observable
AP (¢*) does not cross zero, while this becomes possible for scenarios 1 and 2. A" (¢?)
has a zero-crossing point at ¢> = 5.67 +0.02 GeV? in the SM, for which again large shifts
are possible with NP, and it might even vanish in scenario 3. Large deviations from the

SM expectations, especially in scenario 2, are therefore still possible for this observable.

P o s 10
q2[GeV?] q%[GeV?]

Figure 5.7  The ¢* dependence of the forward-backward asymmetries AY(q?) (left) and
AGD*(qQ) (right). The other captions are the same as in figure .

In order to illustrate the impact of a possible future measurement of this observable,
we exemplarily show in the right panel in figure the resulting constraint in the A7,
plane, together with the one from R(D*) as measured at the moment. The Ay(D*)
constraints drawn in lighter colours correspond to an uncertainty of 10%. For the darker
constraints, an improvement by a factor of 2 has been assumed compared to the lighter
ones. Furthermore, an index ‘SM’ indicates the measurement chosen to be compatible
with the SM, while the index ‘NP’ corresponds to measurements excluding the SM, but
compatible with scenario 1. As can be seen, such a measurement would allow to exclude a
large part of the parameter space in the model-independent scenario 1, as well as constrain
the other scenarios further. Furthermore, as mentioned before, the two constraints could
also miss each other in that plane, indicating NP with a different Dirac structure. This
possibility exists of course also for the other observables discussed above.

Additional information on A7, could obviously be obtained from a measurement of
the B, — 77, rate. With the NP influence being determined by A7, this rate is clearly
predicted to be different from the SM in scenarios 1 and 2, while close to the SM in

scenario 3. However, this mode is extremely hard to be measured experimentally.
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Figure 5.8:  Prediction for Ag(D™) vs. Ay(D™) for the SM (grey), and the three scenarios
((1)-red, (2)-orange, (3)-yellow), from a global fit including all appropriate observables. The

right plot shows the possible impact of future measurements on the complex Al plane (see text).

5.5 Summary

In this paper, motivated by the recent experimental evidence for an excess of 7-lepton
production in exclusive semileptonic B-meson decays, we have performed a detailed phe-
nomenological analysis of b — ¢77 7, (¢ = u,c) transitions within a framework with
additional scalar operators, assumed to be generated by the exchange of a charged scalar
in the context of 2HDMs.

While the usual Type-II scenario cannot accommodate the recent BaBar data on
B — D® 71~ 5. decays, this is possible within more general models, in which the charged-
scalar couplings to up-type quarks are not as suppressed. An explicit example is given
by the A2HDM, in which the B — D®7 1, as well as the B~ — 71, data can be
fitted. However, the resulting parameter ranges are in conflict with the constraints from
leptonic charm decays, which could indicate a departure from the family universality of
the Yukawa couplings ¢¢ (f = u,d, ).

These observations led us to define three scenarios for scalar NP, in which we incor-
porated information from R(D™) (Sc.1), B decays (Sc.2), and all available data from
leptonic and semileptonic decays apart from R(D*) (Sc.3). We showed that these scenar-
ios can be differentiated by coming data, using information e.g. from differential decay
rates and/or spin and angular asymmetries. These observables therefore allow to verify

this hint for NP in semileptonic decays, and gather additional information on its precise
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nature. Furthermore we pointed out several combinations of observables independent of
this kind of NP, as well as common characteristics, which will allow additionally to test
for the presence of NP with other Dirac structures. The coming experimental analyses

for these modes will therefore be an important step in our quest for NP.
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Appendix

5.A Input parameters and statistical treatment

Bounds on the parameter space are obtained using the statistical treatment based on
frequentist statistics and Rfit for the theoretical uncertainties [52], which has been imple-
mented in the CKMfitter package |12]. To fix the values of the relevant CKM entries, we
only use determinations that are not sensitive to the scalar NP contributions [12,53-55].
Explicitly, we use the V,, value extracted from super-allowed nuclear 5 decays and the
CKM unitarity to determine Vs = A. The values of |V,;| and |V,| are determined from
exclusive and inclusive b — ufv, and b — cly, transitions, respectively. Relevant hadronic
input parameters are collected in table [5.3] while quark and meson masses as well as any

other relevant parameters that do not appear in this table are taken from [11].
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Table 5.3:  Input values for the hadronic parameters, obtained as described in the text. The
first error denotes the statistical uncertainty, and the second the systematic/theoretical. T This

value includes the correction to the isospin limit usually assumed in lattice calculations [56,69).

Parameter Value Comment
IB. (0.228 4 0.001 £ 0.006) GeV [57H59]
fB./ 1B, 1.198 + 0.009 + 0.025 [57.[58,160]
fp. (0.249 4 0.001 £ 0.004) GeV [57,58,(60,61]
fo./fp, 1.169 + 0.006 + 0.02 [57./58.160-62]
fr/ fr 1.1908 4 0.0016 + 0.0104T [62-{64]
i/ miz —0.0069 % 0.0017 [651-69]
SrK2/rm2 0.0005 + 0.0053 [701-72]

A 0.2254 + 0.0010 73]

[Vis| (3.51 £0.11 £0.02) x 1073 [55]

Voo (40.9+1.1) x 1073 [55]

03 1.186 £ 0.036 + 0.041 [55]
G1(1)|Vep| (42.64 £1.53) x 1073 [55]

Al D 0.46 + 0.02 [7,17,31]
hoa, (1)| V| (35.90 4 0.45) x 1073 [55]
Ri(1) 1.403 +0.033 [55]
Ry(1) 0.854 4 0.020 [55]
R3(1) 0.97 £0.10 [36]

0> 1.207 £ 0.026 [55]

The plots for the differential observables are obtained using the allowed NP parameter
ranges from a different fit. As the latter already include uncertainties from the hadronic

input parameters, we do not vary them again additionally.
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5.B Kinematics for semileptonic decays

Within the SM, the squared matrix element for the decay B(pg) — D™ (ppey, Ape (ki ) o (k)
can be written as [34}35]

IM(B — DWIp)|* = (DWIp|Leg| B)|? = L, H™ (5.24)

where the leptonic (L,,) and hadronic (H*") tensors are built from the respective tensor
products of the lepton and hadron currents. Using the completeness relation for the
virtual W* polarization vectors €,(=, 0,t), one can further express eq. (5.24)) as

IM(B — DWin)|? = Z L(im,n)H(m',n) gmm'Grn’ » (5.25)
where g, = diag(+1, =1, =1, =1), L(m,n) = L" €,(m)€;(n) and H(m,n) = H" & (m)e,(n).
The two quantities L(m,n) and H(m,n) are Lorentz invariant and can, therefore, be eval-
uated in different reference frames. For convenience, the hadronic part H(m,n) is usually
evaluated in the B-meson rest frame with the z axis along the D™ trajectory, and L(m,n)
in the [- center-of-mass frame (i.e. in the virtual W* rest frame) [34}35].
In the B-meson rest frame with the z axis along the D™) trajectory, a suitable basis

for the virtual W* polarization vectors €,(=+, 0, ) can be chosen as [34]

. _ 1.
(0,41, —4,0),  &,(0) = (1B],0,0,—q0),

V&

€ut) = —= (20,0,0, —[p), (5.26)

where go = (m% —m2 ., + ¢*)/2mp and |B| = A/2(m%,m2.),¢%)/2mp are the energy
and momentum of the virtual W*, with ¢*> = (pg — pp)? being the momentum transfer
squared, bounded at m? < ¢*> < (mp—mpe)?, and A(a, b, c) = a>+b*+c*—2(ab+bc+ca).

Similarly, a convenient basis for the D* polarization vectors is

1 1
€a() = F—=1(0,1,44,0), €a(0) = pl,0,0, Ep+), 5.27
(£) \/5( ) (0) mD*(Ipl p-) (5.27)
where Epe = (m% +m?., — ¢*)/2mp is the D™ energy in the B-meson rest frame.
In the [-7 center-of-mass frame, which can be obtained by a simple boost from the

B-meson rest frame, the lepton and antineutrino four-momenta are given, respectively, as
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kl = (Elapl Singa Oapl COoS 9) ) kﬂ = (pl7 —Pi Sin87 07 —P1 COS 6) ) (528>

where B, = (¢ + m?)/2\/¢%, i = (¢* — m?)/2+/q?, and 6 is the angle between the D)
and [ three-momenta in this frame. The virtual W* polarization vectors €, (=, 0, t) reduce
to [34135]
1
E#(Zt) — E(O,il,—l,()), Eﬂ(()) — (0,0, 0,—].)7
_ 1
eult) = ﬁqu = (

With the above specified kinematics, the explicit expression for L,, H"” in terms

1,0,0,0). (5.29)

of the ¢* dependent helicity amplitudes can be found in refs. [5,34]. Using the equa-
tions of motion, the hadronic and leptonic amplitudes of the scalar and the pseudoscalar
current can be related to those of the vector and the axial-vector current, respectively.
Therefore, the scalar NP contributions can be considered together with the spin-zero

component (A~ = t) of the virtual W* exchange.

5.C Formulae for B — Dlv

In the presence of NP of the form ([5.2)), the non-zero hadronic matrix elements of the

B — D transition can be parametrized as
2 2 2 2

(Do) E#81B(on)) = Je") |0 +po)* = 2P| 4 olg?) P
(5.30)
(Dpo)leblB(pn)) = —— (D(po)|ey"tB(ps)) = Z2—P fold?),  (5:31)

where T, are the running quark masses and the two QCD form factors f(¢*) and fo(q?)
encode the strong-interaction dynamics. Contracting the above matrix elements with
the virtual W* polarization vectors in the B-meson rest frame, we obtain the two
non-vanishing helicity amplitudes [5,34]:

i) = 2Pl g2y

2 2 2

2y |1 4 ¢ q
fO(q ) + 5cb (mB - mD)2

&

m

Hg®) = %ml’ , (5.32)
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where 8!, defined by eq. (5.6)), accounts for the contribution from the charged scalar.
It is customary to relate the QCD form factors f,(¢*) and fy(¢?) to the quantities
G1(w) and A(w) in the HQET [36]

Gl (w)

f+(d?) = Ry fo(¢®) = Rp

(14 w) 1+r
2 Gl(w)l—r

Aw), (5.33)

where Ry = 2/mpmpe/(mp + mpe), 7 = mpe /mp, and the new kinematical
variable w is defined as

2 2 2
mp + My — 4

: (5.34)

W = VB " VUpx = 2mm()
BITtpD(*

with v and vpe being the four-velocities of the B and D™ mesons, respectively. We
approximate the scalar density A(w) by a constant value A(w) = 0.46 &+ 0.02 [7,[17,31]

and G(w) is parametrized in terms of the normalization G1(1) and the slope p} as [74]
Gi(w) = G1(1) [1 —8p} z(w) + (51p; — 10) z(w)* — (252p7 — 84) z(w)*] ,  (5.35)

with z(w) = (Vw + 1 — V2)/(vVw + 1+ V/2).
Equipped with the above information, the double differential decay rates for B —
Div, with [ in a given helicity state (A\; = £1/2), can be written as

PTPIN = —1/2] G2 |V |2 m? 2 A
dq?d cos 0 - 128m3m2, (1 - ?) 1B| |Ho(q”)|" sin“ 8,
TP\ = +1/2]

GElVal*¢? mi\* o m}
= —— (1—— p| —~ | Ho(q*) cos @ — Hy(¢*)|* (5.36
dg?d cos 8 128713m?% q? i q? [Holg") (@) )
from which the total decay rate and the various ¢>-dependent observables can be obtained
via summation over )\; and/or integration over cos . Owing to its lepton-mass suppression,

the A\; = +1/2 helicity amplitude is only relevant for the 7 decay mode.
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5.D Formulae for B — D*lv

For the B — D* transition, the hadronic matrix elements of the vector and axial-vector
currents are described by four QCD form factors V' (¢?) and Ag12(¢%) via
2V (¢?) w

(D*(pp=, €")|ey,b|B(ps)) = e ——— PEDD.

* - 5 € -q . g
(D*(pp~, €)|e7,75b| B(pg)) = 2mp~ Ao(q?) e g + (mp +mp-) Ay (q?) (eu — qu)

€ -q m% — m.
N Ny _ MB~mp-
2<Q)m3+mD* (pB +pD )u 7 qu| »

(5.37)

from which one can show that, using the equations of motion, the B — D* matrix element

for the scalar current vanishes while the pseudoscalar one reduces to

(D*(pp-, €")|cysb| B(pg)) = _mbg—l:mc (D" (pp-, €)ler" 1501 B (ps))
2mp«
_ MDY 4 ) e g 5.38
T o(@”) € - q (5.38)

Contracting the above matrix elements with the W* and D* polarization vectors in
egs. (5.26) and (5.27), we obtain the four non-vanishing helicity amplitudes [5},34]:

2m .
Hea(@') = (ms+mp) Ae) F = 18] V(@)
1 4m%|p|?
H 2:—{m2—m2*—2m+m*A2—B;A2,
00(q”) S (mig —mip —q7) (mp +mp-) Ai(q) = =70 Aa(d)
2mp|p| 2 s
Ho(q") = Ao(q®) (1-8p—5 |, (5.39)
Ve " mi,

where Al,, defined by eq. (5.4)), accounts for the contribution from the charged scalar.
In the heavy-quark limit for the b and ¢ quarks, the four QCD form factors V' (¢?)



97 Sensitivity to charged scalars in B — D®7v, and B — 7v, decays

and Ag;2(q?) are related to the universal HQET form factor ha, (w) via [74]

Vi) = S h ),

Ao(q®) = };(ﬂ#;f)h&(w),

A?) = Ro i, (w),

As(q) = %}f)hm(w), (5.40)

where the w dependence of hu, (w) and the three ratios Ry 1 2(w) reads [74]

ha,(w) = ha, (1)[1 = 8p*2(w) + (53p* — 15) z(w)* — (231p* — 91) 2(w)?],

Ro(w) = Ro(1) —0.11(w — 1) + 0.01(w — 1),

Ri(w) = Ry(1) —0.12(w — 1) + 0.05(w — 1),

Ry(w) = Ry(1) —0.11(w — 1) — 0.06(w — 1)%. (5.41)

The free parameters p?, Ri(1) and Ry(1) are determined from the well-measured B —

D*(v decay distributions [55] (¢ = e, u), whereas for the parameter Ry(1), that appears

only in the helicity-suppressed amplitude Hy;, we have to rely on the HQET prediction

for the linear combination [36],

Ro(1)(1 —7) + 7 [Ro(1)(1 4+ r) — 2]
(1—r)?

which includes the leading-order perturbative (in ay) and power (1/my,.) corrections to

33(1> =

= 0.9740.10, (5.42)

the heavy-quark limit, plus a conservative 10% uncertainty to account for higher-order
contributions [5].

Finally, the double differential decay rates for B — D*l, with [ in a given helicity
state (A\; = £1/2), can be written as

PIP N =-1/2) _ GRVaPIBl [, mi)’
dgd cos 0 C 256mm2 ¢
x [(1 = cos0)® [Hyy|* + (14 cos6)? |[H__|* + 2sin* 6 [Hpo|*] |
CTVN=+1/2 _ GRlVallBle® (| mi S
dg*d cos © 256mm ¢/ ¢

x [sin 6 (|Hyt|* 4+ |H-_|*) + 2 |Hos — Hop cos0]?] (5.43)
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which are the starting point for the total decay rate, as well as the additional observables

considered.
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It has been pointed out recently that current low-energy constraints still allow for sizable
flavour-changing decay rates of the 125 GeV boson into leptons, h — 7¢ (¢ = e, ). In this work
we discuss the role of hadronic tau-lepton decays in probing lepton flavour violating couplings
in the Higgs sector. At low energy, the effective Higgs coupling to gluons induced by heavy
quarks contributes to hadronic tau decays, establishing a direct connection with the relevant
process at the LHC, pp(gg) — h — 7¢. Semileptonic transitions like 7 — ¢7m are sensitive to
flavour-changing scalar couplings while decays such as 7 — 677(’ ) probe pseudoscalar couplings,
thus providing a useful low-energy handle to disentangle possible Higgs flavour violating signals
at the LHC. As part of our analysis, we provide an appropriate description of all the relevant
hadronic matrix elements needed to describe Higgs-mediated 7 — f77m transitions, improving

over previous treatments in the literature.
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6.1 Introduction

With the discovery of a new boson with mass close to 125 GeV, here referred as h(125), a
new era in the understanding of the electroweak symmetry breaking (EWSB) mechanism
has started. Current experimental data already indicate that this boson is related to the
origin of particle masses and its properties are so far in good agreement with those of the
standard model (SM) Higgs boson [1,2]. The spin-parity of the new particle are consistent
with the assignment J* = 0%, other possibilities being strongly disfavoured. Global fits
of the ATLAS, CMS and Tevatron data also find that the couplings of this boson to the
gauge vector bosons (v, g, W=, Z) and the third family of fermions (¢,b, 7) are compatible
with the SM expectation [3-6].

Searches for lepton flavour violating (LFV) Higgs decays at the LHC offer an interest-
ing possibility to test for new physics effects that could have escaped current experimental
low-energy constraints |7]. LF'V effects associated with the scalar sector have been studied
considerably in the past [8-17]. The recent discovery of the h(125) boson at the LHC has
naturally caused renewed interest in this possibility [7,/18-23]. In this work we address

several questions related to LF'V in the Higgs sector:

e How robust a connection can be made between the LFV Higgs decays and LFV 7
decays?

e What is the role of hadronic 7 decays (7 — {7, ¢n"),...) compared to other 7
decays (7 — {v,...) in probing LF'V couplings of the Higgs sector?

e What can be said about LFV phenomena within the general two-Higgs-doublet

model based on our current knowledge of the h(125) properties?

Along the way we provide an appropriate treatment of the form factors needed to study
hadronic LF'V 7 decays. These will be useful for any analysis of LE'V 7 decays, beyond the
specific framework adopted here. In this work we will not attempt to perform a study of
all the available LF'V hadronic decay modes. Indeed, just for semileptonic transitions the
experimental collaborations have considered at the moment a great variety of hadronic
final states 7 — (7w, 7K, KK,nm,nn). Instead, we focus here on 7 — {77 semileptonic
transitions for which a better control of the relevant hadronic matrix elements can be

achieved. Concerning the 7 — (P decays, we restrict the discussion to a few modes
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P = m,n,n for clarity. The richness of hadronic 7 decay modes could certainly be ex-
tremely useful in the future to corroborate any possible LF'V signal at the LHC, providing

complementary information to scrutinize its origin.

6.1.1 Motivation

Flavour violating couplings of the Higgs boson to leptons arise in many extensions of the
SM. If the new physics originates at a scale A well above the EW scale, then an effective
theory treatment is justifiable. Details of the ultraviolet completion of the SM can then
be encoded in effective operators containing only the SM degrees of freedom and which
can give rise to LFV effects [24,25]. It is however possible that the new physics (NP)
enters at a scale not much higher than the electroweak scale, so that these new degrees
of freedom cannot be integrated out. One possibility is to consider an extended Higgs
sector with several scalar fields below the TeV scale and non-diagonal Yukawa couplings
in flavour space. Indeed, it is the case that a simple extension of the SM scalar sector by
an additional Higgs doublet, a two-Higgs-doublet model (2HDM), gives rise to flavour-
changing neutral currents (FCNCs) at tree-level in the quark and lepton sectors. Usually
a symmetry principle is assumed that forbids such effects [26,27] and allows to evade the
stringent bounds coming from the Kaon and B-meson precision experiments. While such
an approach is well justified or needed for the quark sector, one can be less restrictive in
the lepton sector, while being consistent with flavour constraints.

The strongest bound on possible LE'V Higgs couplings to 7—¢ (¢ = e, ) are currently
obtained from 7 — (v decays. It was first noticed in ref. [7] that present bounds still
allow for very large LFV Higgs decay rates BR(h — 7¢) < 10%. It was later shown
in refs. [18,[19] that the LHC prospects in constraining such LFV Higgs couplings are
very promising, even with present accumulated data. Constraining LF'V couplings of the
125 GeV Higgs directly at the LHC, or finding additional low-energy handles, becomes
even more relevant when one considers the nature of the bound that can be extracted from
7 — (v decays. The effective dipole operator (¢a** Py, g7)F,, giving rise to 7 — £v decays
appears at the loop-level and is very sensitive to details of the high energy dynamics. Due
to the strong chirality suppression of the one-loop diagrams, the dominant contribution
to the 7 — ¢+ decay amplitude arises from two-loop diagrams of the Barr-Zee type [28].
Additional scalars or heavy degrees of freedom belonging to the UV completion of the
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theory can cause sizable interfering contributions, making it impossible to extract a model
independent bound on the scalar LF'V couplings. This issue is circumvented at the LHC
by searching directly for LF'V Higgs decays, the Higgs being produced via its coupling
to VV = W*W~, ZZ in vector-boson fusion and in associated Higgs production with a
vector boson [18], or, relying on its loop-induced coupling to gluons in the gluon fusion
mode [19].

At low energy, semileptonic 7 decays like 7 — {77 (77 = 777, 7°7Y) offer a unique
opportunity to extract a bound on the LFV Higgs couplings which is much less sensitive
to details of the high energy dynamics, thus establishing a model-independent connection
with the search for LF'V Higgs decays at the LHC. The same effective coupling of the Higgs
to gluons that would give rise to pp(gg) — h — 7, also enters in the 7 — f77m mode
though at a much lower energy scale where non-perturbative QCD effects play a major
role, see figure Similarly, the semileptonic decays 7 — ¢P (where P is a pseudoscalar
meson) establish a connection with the search for LFV decays of a CP-odd Higgs at the
LHC.

Figure 6.1: Relation between the LHC process pp(gg) — h — T (left figure) and the semilep-
tonic decay T — prnw (right figure): the effective Higgs coupling to gluons enters in both processes.

Calculations of 7 — ¢mm mediated by a Higgs boson with LF'V couplings in the lit-
erature have mostly considered the scalar-current associated with the Higgs coupling to
light quarks, thus neglecting the effective coupling of the Higgs to gluons due to interme-
diate heavy quarks (with the exception of ref. [29], in which a more general EFT analysis
including gluon operators is presented). Moreover, a description of the scalar-current
hadronic matrix elements based on leading order predictions of Chiral-Perturbation The-
ory (ChPT) has been used in these works [9,/12,/14.129]. Such treatment of the hadronic
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matrix elements is not adequate to deal with 7 decays, for which the 77 invariant mass
can be as large as m, — my. It was pointed out recently in ref. [30], within the context
of R-parity violating supersymmetry, that by using a more appropriate description of the
hadronic matrix elements of the scalar and vector currents, the bounds obtained on the

R-parity-violating couplings improve considerably.

6.1.2 Overview of results

In this work we provide for the first time a complete description of the 7 — ¢ mode in
the presence of a Higgs boson with LFV couplings. A detailed discussion of the hadronic
matrix elements involved is given. When relevant we also compare the form factors we
obtain with those of previous work. With these tools in hand, we extract from 7 — {77
robust model-independent bounds on LFV couplings of the Higgs. The LFV decays
T — (P and the relevant hadronic matrix elements in this case are also discussed, leading
to bounds on LFV couplings of a CP-odd neutral scalar.

In the context of an extended Higgs sector, we also point out the importance of
performing searches for additional Higgs bosons in the LFV decay modes 7 — o and 7 — e
at the LHC. Present data constrain the h(125) coupling to vector bosons to be very close
to the SM value gnyv =~ gony, [143]. In general two-Higgs-doublet models, any possible
LFV coupling of the 125 GeV Higgs boson at the end turns out to be suppressed by an
accompanying small or vanishing mixing factor (1 — (gnvv/ g,%l\v/lv)z)lm. Additional Higgs
bosons which would play a minor role in the restoration of perturbative unitarity on the
other hand, do not receive this suppression of their LFV couplings. The search for LF'V
decays associated to the scalar sector should therefore not be restricted to the 125 GeV
boson.

Our paper is organized as follows: In section we describe our framework. In
section [6.3| we provide a detailed discussion of the hadronic form factors relevant for the
description of 7 — pmm decays. In section [6.4] we describe the framework used in this
work to motivate the discussion of possible LFV effects due to both CP-even and CP-odd
Higgs bosons. We then consider the semileptonic LEV decay 7 — prm (77 = 77—, m07Y)
mediated by a CP-even Higgs boson, we discuss the relevance of this process in connection
to other LF'V transitions accessible at B-factories (7 — py,3u, .. .) as well as for the LHC
(h — 7). The phenomenology of a CP-odd Higgs boson is also discussed along the same
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lines. We give our conclusions in section (6.5}

6.2 Framework

We will consider the following phenomenological Lagrangian that describes the fermionic

interactions of a generic extended scalar sector,

L=—my [ f§— Z foR) ¢ +hec., (6.1)

where ¢ runs over the light neutral scalars of the theory, the Yukawa couplings can be
complex in principle and the various physical scalar fields do not need to be CP eigenstates.
A similar Lagrangian has been considered very recently in refs. [7,/18] to analyze possible
flavour violating effects of a CP-even Higgs of mass 125 GeV. In the SM there is only one
physical CP-even scalar field, h, with Yukawa couplings given by Yh = (m;/v)d;;. We
will parametrize the deviations from the SM diagonal couplings as Yh =yl (m;/v) for
convenience in the following. Since here we are not interested in CP-violating effects we
will assume that CP is a good symmetry of the scalar interactions. Physical scalars are
then CP-eigenstates and the couplings Y“" are real for a CP-even Higgs, ¢ = h, or pure
imaginary for a CP-odd Higgs, ¢ = A.

In section we will discuss how the non-standard Higgs fermion couplings of
eq. (6.1) arise within the framework of the general 2HDM, or from higher dimensional
gauge invariant operators. There we will also discuss in detail the phenomenological
impact of LE'V couplings of the CP-even and CP-odd scalars. Here, we outline in general
terms the low-energy effects of the non-standard couplings of eq. and motivate the
analysis of hadronic matrix elements to be discussed in section [6.3]

At low energy, where the Higgs fields can be integrated out, the fermion couplings of
eq. (6.1]) generate a set of LE'V operators, as depicted by representative diagrams in fig-
ure . The diagram to the left generates at one-loop the dipole operator (ZJWPL, RrT)EL
Additional two-loop contributions to this operator are not shown in figure but will be
included in the calculation. The tree-level diagram in the middle generates a four-fermion
operator with scalar or pseudoscalar couplings to the light quarks, £(1 4 v5)7 - {1, Vs }q.
Finally, the diagram to the right, through heavy-quarks in the loop generates gluonic
operators of the type (1 +5)7 - GG and £(1 + v5)7 - GG.
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Figure 6.2:  Integrating out the Higgs field(s) generates at low-energy several LEFV operator

structures: dipole (left diagram), scalar four-fermion (center diagram), gluon (right diagram,).

When considering hadronic LFV decays such as 7 — ¢nm or 7 — (P (P = 7,n,1')
one needs the matrix elements of the quark-gluon operators in the hadronic states. In
particular, P-even operators will mediate the 7 — {77 decay and one needs to know the
relevant two-pion form factors. The dipole operator requires the vector form factor related
to (m7|gv,q|0) (photon converting in two pions). The scalar operator requires the scalar
form factors related to (wm|gq|0). The gluon operator requires (rw|GG|0), which we will
reduce to a combination of the scalar form factors and the two-pion matrix element of

the trace of the energy-momentum tensor (w7|0%|0) via the trace anomaly relation:

o1 — —9%(;3”%‘” + 3 mydg - (6.2)
q=u,d,s

We do not discuss in this work Z-mediated contributions to semileptonic 7 decays. In gen-
eral, these are expected to be much smaller than the photon-mediated contribution due to
the O(¢?/M2) suppression factor in the amplitude coming from the Z-propagator, where
¢ is the invariant mass squared of the 77 system. In some new physics scenarios how-
ever, the Z-mediated contribution can be relevant and should be taken into account [31].
The Z-mediated contribution to 7 — ¢nm decays would involve the vector form factor
related to (77m|qv,q|0), the same as for the photon mediated contribution described in
this work. The Z-mediated contribution to 7 — ¢P decays, on the other hand, would
involve the hadronic matrix elements for the axial current ¢v,7sq. The latter are related
to pseudoscalar ¢vsq and gluonic GG hadronic matrix elements due to the axial anomaly
relation of QCD.

To impose robust bounds on LFV Higgs couplings from 7 — ¢nm, we need to know
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the hadronic matrix elements with a good accuracy. With this motivation in mind, we

now discuss in detail the derivation of the two-pion matrix elements.

6.3 Hadronic form factors for 7 — /mm decays

The dipole contribution to the 7 — ¢ decay requires the matrix element

(Tt (e )7 (Pr-)| 3 (@7 u = dy*d)|0) = Fy (8)(prt — pa-), (6.3)

with Fy(s) the pion vector form factor. As for the scalar currents and the trace of the

energy-momentum tensor 6/, the hadronic matrix elements are given by

(7F (prs )7 (prm) | mutins + mgdd|0) = Tr(s) |
<7r+(p,r+)7r_(pwf)}ms§s‘0> = A,(s),
(7F (e )7~ (pr-)]04]0) = 0:(s) , (6.4)

with T';(s) and A,(s) the pion scalar form factors and 6,(s) the form factor related to
. . : . . 2 2

0%. Here s is the invariant mass squared of the pion pair: s = (pr+ + pr-)" = (pr — pe)”

In what follows, we determine the form factors by matching a dispersive parameter-

ization (that uses experimental data) with both the low-energy form dictated by chiral

symmetry and the asymptotic behavior dictated by perturbative QCD. Numerical tables

with our results are available upon request.

6.3.1 Determination of the 77 vector form factor

The vector form factor Fy (s) has been measured both directly from ete™ — 7wt~ [32H306]
and via an isospin rotation from 7 — 7~ 7', [37,38]. It has also been determined by
several theoretical studies [39-54,56].

In the spirit of refs. [53,[57-63] we determine the vector form factor phenomenologi-
cally by fitting the invariant mass distribution of 7 — 7~ 7%, decays using a theoretically
well-motivated parametrization. To this end, we adapt the dispersive parametrizations
introduced in refs. [53/61] mimicking what has been done for K7 in refs. [58-60,64]. Note
that for our purposes, the isospin-breaking corrections can be neglected. A dispersion re-

lation with three subtractions at s = 0 is written for In(Fy (s)). This leads to the following
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representation for Fy/(s) [53,61]

/ 1 " / S 2 53 < ds’ (bV(S/)
Fv(S) = exXp AVMQ 5 ()\ )\2) (MQ) + ? /4M2 ﬁm . (65)

To fix one subtraction constant, use has been made of Fy (s = 0) = 1 required by gauge
invariance. Aj, and A{, are the two other subtraction constants corresponding to the slope
and the curvature of the form factor. They are determined from a fit to the data. ¢y (s)
represents the phase of the form factor. In the elastic region (s <1 GeVQ), according to
Watson theorem [65] the phase of the form factor ¢y (s) is equal to the P wave [ =1 7w
scattering phase shift 6] (s) which is known with an excellent precision from the solutions
of Roy-Steiner equations [55,66]. However for s > 1 GeV? other channels open (47, KK)
and ¢y (s) is not known. Taking advantage of the precise measurements of the invariant
mass distribution of 7 — 7~ 7%, decays [38], the phase of the form factor can be modeled
in terms of the three resonances found in this decay region and directly determined from
the data.

We write tangy (s) = ImFy (s)/ReFy (s) in terms of a model for the form factor Fy(s)
that includes three resonances p(770), p'(1465) and p”(1700) with two mixing parameters
o/ and o” measuring the relative weight between the resonances and ¢’ and ¢” accounting

for the corresponding interferences, see ref. [61]:

~ M2 +< et +a'e zd)") s o't s o e s
Fy(s) = — ’ SR
Mp - s+ HP(S) Re [A —|— AK S)} D(Mp/,l“p/) D(Mp//,rp//)
(6.6)
with
D(Mg,T'g) = M2 — s+ kp(s)ReAy(s) — iMgLg(s) . (6.7)

In this equation Mg and T'g are model parameters. 'y and kg are given by :

fR S

M (03(M3) +1/2 0% (13)
(6.8)

Fo(s) Tt - (738) +1/2 7 ()
Mi; (o3(M13) +1/2 o (N1})

) HR<3) =
)

O

. . s 03(s)

FR(S) = FRM_IZ%#]\Z%) s HR(S) =

fR S

— -~ 3 6-9
Mp wod(M3) (69)
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otherwise. This parametrization is guided by Resonance Chiral Theory (RChT) [67-69).
While RChT allows one to compute the decay width ' and kg for the p resonance,
eq. , taking into account the 77 and K K intermediate states [49], this is not the case
anymore for p' and p”. Hence in eq. , generic T'p and kg as expected for a vector
resonance decaying only in 77 has been assumed] [57]. In eq. (6.6), A-(s) and Ag(s) are
the 7r and KK loop functions in ChPT [49,/61] and o, and ok represents the velocity of

the two particles in the centre-of-mass frame:

on(s) = /1 —4M2/s 6 (s —4AMZ) |

\/1—4ME/s 6 (s —4My) . (6.10)

Here 6 denotes the Heaviside step function #(z) = 1 for z > 0, being zero otherwise. Note

ok (s)

that the parameter kg is defined such as irg(s) ImA,(s) = —iMgLg(s) with ImA,(s) —
Im[A.(s) + 1/2A.(s)] for p. We emphasize here that Mz and I'z are model parameters
and do not correspond to the physical resonance mass and width. To find them one has
to find the pole of each term of eq. or equivalently the zeros of their denominator
eq. (6.7) on the second Riemman sheet.

The model used to determine ¢y, eq. (6.6)), inspired by the Gounaris-Sakurai parametriza-

tion [40] is only valid in the 7 decay region and is therefore only used in eq. (6.5)
2

for s < Scut ~ m2. For the high-energy region of the dispersive integral eq. (6.5))
(s > Seut ~ m?2) the phase is unknown and following refs. [60,/64,70] we take a con-
servative interval between 0 and 27 centered at the asymptotic value of the phase of the
form factor which is 7. Indeed perturbative QCD dictates the asymptotic behavior of
the form factor: it should vanish as O(1/s) up to logarithmic corrections [71] for large
values of s implying that its phase should asymptotically reach . The use of a three-time
subtracted dispersion relation reduces the impact of our ignorance of the phase at rela-
tive high energies in eq. (6.5]). However, in order for the form factor to have the correct

asymptotic behavior two sum rules have to be satisfied:

2 e%] /
NS = %/ a5 ) (6.11)
4

T M2 g2

!The assumption that p’ and p” only decay in 77 has been made. One could improve the model by

considering other decay modes as it has been done for K in ref. [64].
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sr Qmi > ¢V<S/) sT
(N — N2) — T/ as P = a3, (6.12)
AM2

They are used to constrain the fit to the data as done for K in refs. [604/64].

Twelve parameters entering Fy(s), eq. (6.5) are therefore determined by a fit to the
data:

e )\, and \{,, the two subtraction constants

e M,andT',, M, and I',y, M, and T, the mass and decay width of p(770), p'(1465)
and p”(1700) respectively used to model the phase

e o/, " and their phases ¢, ¢" the mixing parameters between the resonances

The following quantity is minimized :

o <<|Fv<s>|2>:he° - <|Fv<s>12>§xp>2 (% A@“)Q N (u) 613)

i=1 (1 Fv(s)2)7 I Tas,

with (|Fy(s)[*)™" and its uncertainty o(jp, (s)2)exp, the modulus squared of the vector

form factor experimentally extracted from the measurement of the 7= — 7~ 7°

v, invariant
decay distribution [38] and Fy(s)* the form factor parametrized in eq. (6.5)). In addition
to the first term also minimized in previous analyses [38,61], we impose the constraints
given by the two sum rules egs. and E| to guarantee the correct asymptotic
behaviour of the form factor. This allows us to have a description for the form factor,
eq. that not only fulfills the properties of analyticity and unitarity but is also in
agreement, with perturbative QCD. This is not the case for the dispersive representations

of refs. [5361] and for the parametrization used by Belle collaboration to fit their data [3§].

The result of the fit is given in table[6.I]and shown in figure[6.3|together with the Belle
data. As can been seen from the figure and the 2, the agreement with data is excellent.
Note that we have presented here a description for the form factor that represents the

state-of-the-art, in that it relies on the fewest model assumptions and is valid on a large

20,\1‘/ = and o,y are given by the 27 band taken for the high energy phase.
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N, x 10° 36.7+0.2
PUANSTIE 3.1240.04
M,[MeV] || 833.9+0.6
', [MeV] 198 + 1
M, [MeV] 1497 + 7
T, [MeV] 785 + 51
M, [MeV] || 1685+ 30
T, [MeV] 800 + 31
o 0.173 £ 0.009
¢ —0.98 £0.11
o 0.23 4 0.01
¢ 2.20 £ 0.05
x%/d.o.f 38/52

Table 6.1:  Results for the mm wvector form factor parameters from a fit to T — wrv,
data [38]. Note that Mg and Ty are model parameters and do not correspond to the

physical resonance mass and width.

energy range. For the purposes of bounding LFV Higgs couplings, a parametrization a la
Gounaris-Sakurai that describes well the data as the one used in ref. [3§] could have been

sufficient.

6.3.2 Determination of I';(s), A,(s) and 6,(s)

The scalar form factors and 6,(s) cannot be determined so directly and unambiguously
from the data. However, they can be reconstructed from dispersive theory with a matching
at low-energy to ChPT as pioneered in ref. [72]. As we have seen, elastic unitarity only
holds at low-energy for s < 1 GeV? and in the scalar case it is very well known that the
elastic approximation breaks down for the 77 S-wave already at the K K threshold due
to the strong inelastic coupling of two S-wave pions to KK in the region of f3(980). In
order to describe the scalar form factors in the kinematical region needed for 7 — ¢z, one
has to solve a two-channel Muskhelishvili-Omnes problem following refs. [72,74] including

nm and KK scattering. As s increases, a new two-body channel opens: 7. At some
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Figure 6.3: Fit result for the modulus squared of the pion vector form factor. The data in

green are from Belle Collaboration [38]. The red line represents the result of the fit presented in

table [6.1).

point, the 4r-channel will also become important. As discussed in refs. [74,/75], below
Vs ~ 1.4 GeV the inelasticity is found to be saturated to a good approximation by a
single channel K K.

The Muskhelishvili-Omnes problem

We briefly recall below the procedure presented in ref. [72] to solve a two-channel Muskhelishvili-
Omnes (MO) problem. The form factors F(s) (Fy = 'y, Ay, or 0, and v/3/2F, = 'k, A,
or Ok ) are analytic functions everywhere in the complex plane except for a right-hand cut.
Under the assumptions discussed above, the discontinuity of the form factors along the

cut is determined by the two-channel unitarity condition:

ImF,(s) = ZT;m(s)am(s)Fm(s) : (6.14)

where T,,, represent the 7" matrix elements which describe the scattering among the

relevant channels (n = 7w, KK with £ = 0 and I = 0). The general solution to the
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condition (|6.14) that does not grow faster than a power of s at infinity can be written

as [72[73]:
F’TI’(S) B 01(8) Dl(s) PF(S)
(«%FK(S)) B (CQ(S) D2(5)> <QF(S)> ) (6.15)

where Pr(s) and Qp(s) are polynomials and the “canonical” solutions C,,(s), D,(s) gen-
eralize the Omnes factor appearing in the solution of the one-channel unitarity condi-
tion [76].

Provided that the S-matrix satisfies certain asymptotic conditions at large s (namely
that Sio — 0 and Arg(det(S)) — 4m), the solutions C,,(s) and D, (s), generically denoted
by X, (s) behave as 1/s for |s| — oco. Therefore, the X,,(s) satisfy unsubtracted dispersion
relations, which combined with the unitarity condition lead to a set of coupled
Muskhelishvili-Omnes singular integral equations [73},76]

21 [ dt
X,(s) = Z —/ Ty, () om(t) X (t) , X(s)=C(s),D(s). (6.16)

17T 4M7%t_8

m=

So in order to find a solution to the MO problem described above, we need to specify

an appropriate 7' matrix. The 7" matrix is related to the S matrix by

Srn = Ommn + 20 \/Om0n Ton (6.17)

where the kinematical factor o,,(s) represents the velocity of the two particles in the
centre-of-mass frame defined in eq. (6.10) with o1(s) = o,(s) and o9(s) = ox(s). In turn,
the ¢ =0, I = 0 projection of the S matrix is parameterized as follows

cosy e2i0x i sinvy et +0K)
s= T e , (6.18)
i sinvy e(0n oK) cosy e*oK

and therefore we need three input functions, the inelasticity nJ = cos v, the 7w S-wave
phase shift J,(s) and the KK phase shift §x(s). Up to some energy, these inputs are
determined by solving the Roy-Steiner equations for w7 [55,/66,77,78] and K7 scatter-

ing [79]. Since eq. (6.14) is a reasonable approximation to the exact discontinuity only in

2

the energy region below some cut Sc,y S m7

, we use the following strategy: for s < squ we

use the inputs for the two phase shifts d,(s) and dx(s) and the inelasticity 70(s) coming
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from a recent update of the solutions of Roy-Steiner equations |79 E]provided by B. Mous-
sallam. For s > s, we drive the 7" matrix to zero consistently with unitarity, by forcing
the three input functions to the asymptotic values 8, = 27, §r = 0, 5 = 1, which ensure
that the canonical solutions to the MO problem fall off as 1/s |72,[74,[80]. We have varied
Seus in the range (1.4 GeV)? — (1.8 GeV)?, and find that the form factors are insensitive
t0 Seut for /s < 1.4 GeV.

Following ref. [72], we generate a family of solutions {Xi(s), Xa(s)} of the unitary
condition by iteration. We start with {X{l)(s) = 0(s), XV = A QK(S)} where A is a

real parameter and Q. x(s) is the Omnes function [76]

O () = exp F /4 h @5““’5)} , (6.19)

T Jaz t (t—5)

solution of the one-channel unitary condition. We compute the iteration (N + 1) from
iteration (V) using eq. (6.14)) for the imaginary part and eq. (6.16)) for the real part. The
problem admits two independent solutions [73| that are linear combinations of the family

of solutions labelled by the parameter A we have found. They are chosen such that [72]

On(s)|810 = 57117 Dn(8)|s:0 - 5712 . (620)

Fixing the subtraction constants with chiral symmetry

The form factors F; x(s) (with F' € {I', A, 8}) are obtained from once the polyno-
mials Pr(s) and Qp(s) are given. The polynomials can be determined by matching the
form factors to their ChPT expressions at low energy [72], as summarized below.

For T'; k(s) and A, k(s), the requirement that the form factors behave as O(1/s)
for large values of s fixes the polynomials to be constants. The polynomials are then
determined by the values of the form factors at s = 0, which are related to the response of

the pseudoscalar masses to changes in the quark masses (Feynman-Hellmann theorem):

_ 9 9 2 _ 9 2
FP(O) = (muamu +mdamd) MP s AP(O) = (msam ) MP . (621)

s

3The input values M, = 139.57018 MeV and My = 495.7 MeV have been used to generate these

inputs.
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The above relations imply [72]:

2

Pr(s) = T.(0)=M?+--. (6.22)
2 1,

Qr(s) = EFK(O) = %Mﬂ + (6.23)

Pa(s) = AR(0)=0+--- (6.24)

Qsls) = —=Ax(0) = —= (Mé - ) TR (6.25)

V3

where in the second equality above we have given the leading chiral order result and
the dots represent higher order corrections. For the pion form factors, we neglect the
higher order chiral corrections expected to be of order M?2/(4nF,)?. However, for the
kaon form factors the chiral corrections are not a priori negligible. They can be cal-
culated within SU(3) ChPT in terms of low-energy constants estimated from lattice
QCD [81]. These corrections have also been recently evaluated from lattice data in
the framework of Resumed ChPT [82]. We take the ranges I'x(0) = (0.5 £ 0.1) M2,
Ak (0) = 11532 (M2 — 1/2M?) [30] that encompass the recent estimates.

For 0. x(s) requiring that Py(s) and Qg(s) be constant (to enforce 0, x ~ O(1/s)
asymptotically) is not consistent with the behavior in the chiral regime [72]. This is a
signal that the unsubtracted dispersion relation for these form factors is not saturated by
the two states considered in the analysis. Relaxing the requirement on the asymptotic

behavior and matching to ChPT expressions implies

s (s o AME
Py(s) = 2M?+ (6, —2M2C, — 7 Dy ) s (6.26)
4 9 2 . 9 9
Qo(s) = %MK + 7 (9K —V3M2C, - 2MKD2> 5, (6.27)

where f = (df /ds)(s = 0). 6, = 1 up to small chiral SU(2) corrections. At leading chiral
order fx = 1. An alternative procedure to estimate 6, taking into account chiral SU(3)
corrections, has been given in ref. |[72]. The approach is based on writing an unsubtracted
dispersion relation for fx(s) — 6, (s): this leads to §x = 1.15 — 1.18, depending on the

value of s.,; adopted. Based on this, in what follows we use the range GK =1.15+0.1.
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Figure 6.4: The form factors T'z(s), Ax(s) and 0.(s) defined in eq. as determined by
solving the two-channel unitarity condition and then by matching to ChPT, see text for details.
The black solid line represents their real part and the red dashed-dotted red line stands for
their imaginary part. This plot is generated using seus = (1.4 GeV)? and central values for the

matching coefficients.

Results

Using the two sets of solutions {C}(s),Cs(s)} and {D;(s), Da(s)} and the polynomials
determined in the last subsection we can construct the three form factors I'z(s), Az (s) and
0. (s) from eq. (6.15). They are shown in figure using Syt = (1.4GeV)? and central
values for the matching coefficients. For /s < 1.4 GeV, the form factor are relatively

insensitive to the choice of s¢,: the dependence on s.,; induces variations of the 7 — (77
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phase space integrals at the < 15% level. Likewise, varying the matching polynomials
in the ranges specified in the previous subsection leads to changes in the phase space
integrals at the level of 10%.

Note that a similar approach to describe I';(s), Az(s) to study lepton flavour vio-
lating effects within R-parity violating supersymmetry has been implemented in ref. [30]
improving the hadronic treatment used in ref. [14]. Compared to previous work, we in-
clude the effective Higgs-gluon interaction induced by the Higgs coupling to heavy quarks.
The influence of heavy quarks is not small and provides in general the dominant contri-
bution to low-energy hadronic transitions mediated by scalar bosons associated to the
mechanism of EWSB, the Higgs coupling to light quarks being mass suppressed. This
well known fact has been discussed for example within the context of Higgs-nucleons in-
teractions [83] and for the decay of a very light Higgs into two pions, H — 7m [72]. Here
we provide for the first time an adequate description of this effect for Higgs mediated

semileptonic 7 — {7 decays.

6.4 Phenomenology

Having developed the necessary form factors to describe Higgs mediated LFV 7 — f7m
decays in the previous section, we proceed to analyze the role of semileptonic 7 decays
to probe for LFV effects in the scalar sector. We discuss the robustness of the bounds
obtained compared with previous treatments in the literature that rely on LO-ChPT
predictions. We also analyze the connection between semileptonic 7 decays and other LE'V
7 decays as well as with the search for LF'V Higgs decays at the LHC. The phenomenology
of a CP-odd Higgs boson with LE'V couplings is discussed with a similar spirit. A general
two-Higgs-doublet model is introduced to motivate the discussion of LFV effects in the
scalar sector, however all the results in this section are expressed using the Lagrangian in

eq. (6.1) and can therefore be interpreted within other new physics scenarios.

6.4.1 Phenomenological analysis within the 2HDM

Two-Higgs-doublet models (2HDM) provide a specific gauge-invariant framework where
lepton flavour violating effects encoded in eq. (6.1 can occur, due to both CP-even and
CP-odd Higgs bosons at tree-level. Comparing the 2HDM Lagrangian presented in chap-
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ter [3| with the generic Lagrangian presented in eq. (6.1)) we derive the following matching

for the CP-conserving limit,

M) s )i .
vl o= ( f>]cosoz—i——( )i sina,
v v
M)y . (Hp)i -
vi = ! f>]sma+—( )i cos &,
v v
),
Y4 = 4 W)y (6.28)
v

The plus sign in the expression for Y;j‘ is for f = d, ¢ while the minus sign is for f = u. In
this limit gy, v = cosa g,SZ%\//IV, JavYy = —Ssina g,%l\v/lv and g4y = 0. We can see that certain
relations between the LFV scalar couplings arise in this case. The fermionic couplings
of the lightest CP-even Higgs are flavour conserving in the limit gnyy = ¢g5My,, and, in
general these are suppressed by the factor sin @. Flavour-changing couplings of the CP-
odd Higgs on the other hand do not receive such suppression. Considering the 2HDM
to be a low-energy effective theory, the effect of heavy degrees of freedom contained in a
UV completion will in general introduce corrections to eq. , spoiling these specific
relations. The effective Lagrangian of dimension-six for example contains the following
terms that modify the Yukawa structure of the 2HDM,

1 _
LisD ) = (CT* @i, (L lg @) +hc) + -+, (6.29)

p7,rl7‘9

where A represents the scale of new physics (beyond the 2HDM) and C}™* are arbitrary
coefficients with the role of dimensionless low-energy constants that encode the high-
energy dynamics. Corrections of the type are in general very small since these are
suppressed by inverse powers of the high energy scale A. For the LFV couplings however
these corrections can become relevant since it is possible that these couplings vanish or
are very small in the low-energy theory.

6.4.2 A CP-even Higgs with LFV couplings

The phenomenology of a CP-even Higgs at 125 GeV with LFV couplings has been analyzed
recently in refs. [7,/18,/19]. It has been noticed that large branching fractions for the decay
h — 7 are possible (BR(h — 7p) < 0.1) while being compatible with present low-energy
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constraints from 7 — py and 7 — ppp. Higgs decays into a 7 — e pair can also have large
branching fractions consistent with low-energy flavour constraints while h — ey is already
strongly bounded by p — ey [7]. In ref. [19] it has been estimated that the LHC can set
an upper bound BR(h — 7u) < 4.5 x 107 with 20 fb~! of data with Higgs production
occurring mainly through the dominant gluon fusion mode.

The strongest low-energy constraint on possible 7-¢ LF'V couplings of the 125 GeV
Higgs is obtained from the process 7 — ¢7. This decay occurs at the loop-level and
receives dominant contributions from two-loop diagrams of the Barr-Zee type since the
one-loop diagrams are chirality suppressed [2§]. The LFV radiative 7 decay however is
not directly related to the process pp(gg) — h — 7€ observable at the LHC. Indeed,
heavy degrees of freedom belonging to the UV completion of the theory or additional
scalars from an extended Higgs sector could contribute also to the effective dipole opera-

tor (EO'“VPLRT)FMV,

the simple scenario of a 2HDM, the additional neutral Higgs bosons A and H generate

making the bound extracted very model dependent. For example, in

interfering contributions through diagrams similar to the ones involving h. These effects
cannot be neglected in general [16}2§].

It is therefore important to consider processes that can give a more reliable bound on
the LF'V couplings of the 125 GeV Higgs and, also, which are more directly connected with
the observables measured at the LHC. Besides light quark exchange, the same effective
vertex of the Higgs to gluons responsible for the production of the Higgs via gluon fusion
at the LHC, would also contribute to the semileptonic decay 7 — ¢rm (77 = 7F 7, 707Y),
see figure[6.1] The energy scale of these processes however are completely different and in
opposite domains of QCD: the LHC process gg — h occurs in the perturbative domain of
QCD, while the 7 decays takes place at an intermediate scale where non-perturbative QCD
effects play a crucial role (one has to consider the matrix element (77|Gf.,,GL”[0)). At the
energy scale relevant for 7 decays, the effective Lagrangian describing the interactions of

the Higgs with light-quarks and gluons is given by [83]

h _ Oés a v
Cgfff:—; ( Z ygmqqq— Z o yZGWij) ) (6.30)

q=u,d,s q=c,b,t

Neglecting my, the differential decay width for the decay 7 — ¢nm mediated by the CP-

even Higgs h can be written in terms of the two-pion invariant mass v/s ( s = (pr+ +



125 LFV in the Higgs sector and the role of hadronic 7-lepton decays

pe-)? = (pr — po)?) as

dU(T = 07T iggs (m? — )% (s = 4m3r)1/2 Y I> + Y2
dv/s B 256 3 m3 M2
2
X ICAATF<S) -+ ’CFFW<S) + ’C@eﬂ(5> ,
dU(7 = 077" ) Higgs 1dl(r — LT T ) Higgs (6.31)
d\/s 2 d\/s ’ '
where
o 2 3 _h o muyﬁ + mdyg
IC9—27qu, Ka=yi =Ko, Kp= = 02— K. (6.32)

q=c,b,t

The form factors I';(s), Ar(s), and ,(s) parametrize the hadronic matrix elements of
the scalar-currents and the gluonic operators (see eqs. (6.2) and ([6.4))).
At the loop-level, a LFV Higgs also generates an effective dipole operator

L = ¢y QL'y + CRr QRV +h.c., (633)
with
e _
QL'V,R’y = @WT (E O'aﬁ PL,R T) Fa[g . (634)

For the evaluation of the Wilson coefficients ¢y, r we consider one-and two-loop contribu-
tions calculated in ref. [28] and recently discussed in ref. |18]. The effective dipole operator
gives rise to 7 — ¢r "7~ via photon exchange, the associated differential decay width is

given by (neglecting small lepton mass effects)
dD (7 = €777 ) photon ?(|ep|?® + [erl?) (s —4m2)3/2 (m2 — 5)2 (s + 2m2) | Fy(s))?
dv/s 76871 m., s2 ’
dU (1 = 7°7°) photon
dy/s
where Fy (s) is the pion vector form factor defined in eq. (6.3)).

The Higgs (eq. (6.31))) and photon exchange (eq. (6.35))) contributions do not interfere
so that I'iotal = T'Higgs + [photon. While the 7 — ¢n 7~ channel can be mediated by pho-

=0, (6.35)

ton exchange, the 7 — ¢7%7° mode does not receive any contributions from intermediate
photons due to the Bose statistics of the hadronic final state. The 7 — um°7° decays there-

fore do not receive any contributions from the effective dipole operator (fo** Py, RrT)F W
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Figure 6.5: 7 — prtn~ differential decay rate vs the di-pion invariant mass \/s: dipole
contribution (thick solid orange line), Higgs-mediated contribution (dashed blue line), and total

rate (thin solid red line). The diagonal couplings of the Higgs are fixed to their SM values.

and isolates the CP-even Higgs exchange contribution (a CP-odd Higgs cannot mediate
T — pnm decays due to spin-parity conservation).

In figure. we plot the 7 — pntn~ differential decay rate in the di-pion invariant
mass /S, using the benchmark input values M, = 125 GeV, y? =1, and ||+ |V ]2 =
1. The dipole contribution is characterized by the p resonance peak, while the Higgs-
mediated contribution (dominated by A,(s) and 6.(s)) is characterized by the sharp
f0(980) peak. Clearly, a measurement of the spectrum would greatly help disentangling
the underlying LF'V mechanism.

The branching fraction for 7 — pun 7~ is shown in figure [6.6| (left-panel) as a function
of the combination of LFV couplings 4 /[Y}"[* + [V |2, the mass of the Higgs is fixed at
My, = 125 GeV and the diagonal fermionic Higgs couplings are taken to be SM-like
(y’)} = 1). We use here the form factors determined in section . The short-dashed
(blue) curve shows the Higgs mediated contribution eq. while the long-dashed
(orange) curve shows the photon mediated one eq. (6.35]). The total branching fraction is
shown as a continuous (red) line. In figure (right-panel) we compare our prediction for
the Higgs mediated contribution to the one usually considered in the literature |9}|12}|14],
which is based on leading order ChPT predictions for I'(s), see sectionfor a detailed
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Figure 6.6:  Left-plot: Branching fraction for 7 — prtn™ as a function of \/|YL|? + |V} |2
for My = 125 GeV and SM-like diagonal couplings (continuous red line). The effective dipole
contribution is shown in orange (long-dashed) while the Higgs exchange contribution is shown
in blue (short-dashed). The present experimental upper bound is shown in green (horizontal
dashed line). Right-plot: Higgs mediated contribution to the branching ratio considering: (I)
our prediction for the form factors {T'z(s), Az(s),0x(s)} using ChPT and dispersion relations,
(II) estimate usually found in the literature considering only the scalar form factor T'z(s) in
LO-ChPT.

discussion.

In table we show the bounds that different LE'V 7 decays put on the combination
of LFV couplings /|Y/2 |2 + |[Y}|2, assuming SM-like diagonal Yukawa couplings (y} = 1).
Similar bounds for 7 — e transitions are shown in table [6.3 The branching fraction for
T — up is obtained by a cut on the invariant mass of the pair of charged pions (7+77),
587 MeV < /s < 962 MeV [86]. The processes 7 — py and 7 — 3u receive the
dominant contribution from two-loop diagrams of the Barr-Zee type [28]. We find our
results for these processes to be in good agreement with those of ref. [1§]. Even though
the experimental limits for 7 — pvy and 7 — 3u are very similar, the extracted bound
from 7 — 3p is weaker by an order of magnitude mainly due to the additional factor of
Olem -

The 90% CL current upper bounds on BR(7 — ¢7t77) set by the Belle collaboration
are at the 1078 level using 854 fb™! of collected data [87]. While weaker by one order
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Process | (BR x 10®) 90% CL \/| h|2+4 Y Operator(s)
T = pry < 4.4 [89 < 0.016 Dipole
T —> JLpf < 2.1 [90] < 0.24 Dipole
T — purtT < 2.1 [87] < 0.13 Scalar, Gluon, Dipole
T = up < 1.2 [86] < 0.13 Scalar, Gluon, Dipole
7= ur’n® | < 1.4x10° [8§ <6.3 Scalar, Gluon

Table 6.2: Current experimental upper bounds on the different processes considered as well as
the bounds obtained on \/|YA |2+ [V |2 for a CP-even Higgs at 125 GeV and SM-like diagonal

couplings y? = 1. The last column indicates the dominant operators contributing to each process.

of magnitude compared to 7 — ¢v, the bounds from 7 — {77 are quite less sensitive
to the UV detail of the theory, and thus allow one to probe more directly the Higgs
LFV couplings. We observe that the Belle and BaBar collaborations have not presented
results for the 7 — ¢7°7° mode. The current upper limit in this channel was set by the
CLEO collaboration with 4.68 fb~! of collected data, BR(7 — un’7?) < 1.4 x 107° and
BR(7 — er7%) < 6.5 x 107 at 90% CL [8§].

Note from figure[6.6]that the Higgs and photon mediated contributions to 7 — pr 7~
are of similar size. One can then infer that if the mode 7 — u7w°7® had been updated by
the Belle or BaBar collaborations, it would be possible to set a limit on ,/[Y/|> 4 [V |2
at the 107! level from this process. This is reinforced by the fact that the upper-limit
set by the CLEO collaboration on the mode 7 — pnt7™ is very similar to that for
7 — um’7® [88]. The process 7 — pm’7® has the advantage compared to 7 — pum~ 7™,
that it cannot be mediated by the photon and is therefore not affected by possible NP
effects entering into the effective dipole operator. The decay 7 — um7m® establishes the
most direct connection between searches for LF'V 7 decays at B-factories and the search
for LF'V Higgs decays at the LHC: pp(gg) — h — 7u. Similar arguments apply for
7 — en'7%. If LFV Higgs decays are observed at some point, this would imply lower
bounds on the 7 — ¢7%7% BR. We therefore encourage the experimental collaborations to

provide limits for this channel in the future.
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Process | (BR x 10%) 90% CL Y22+ (Y2 Operator(s)

T ey <3.3 [89] <0.014 Dipole

T — eee < 2.7 [90] <0.12 Dipole
T—entn” <23 [87] < 0.14 Scalar, Gluon, Dipole

T —ep < 1.8 [86] < 0.16 Scalar, Gluon, Dipole
7 — en'7° < 6.5 x 102 i88] <4.3 Scalar, Gluon

Table 6.3: Current experimental upper bounds on the different processes considered as well as
the bounds obtained on \/|Y/.|? + |Y|2 for a CP-even Higgs at 125 GeV and SM-like diagonal

couplings y;} = 1. The last column indicates the dominant operators contributing to each process.

The impact of hadronic matrix elements

In figure (right-panel) we show the branching ratio for 7 — pur* 7~ considering only
the LO-ChPT prediction for the form factor I';(s)"*-®""T = m?2 (while neglecting A,(s)
and 6,(s)) as done in refs. [9,/12,/14]. Our prediction considering the three form factors
{Tx(s), Ar(s),0(s)}, estimated using ChPT together with dispersion relations, is ob-
served to be significantly larger. It is important to clarify some points regarding such
comparison between our results and those that have been considered previously by other
authors using LO-ChPT. First, a proper treatment of the decay 7 — pun ™7~ would require
taking into account not only I';(s) as is usually done, but also 6,(s) and A,(s) which
actually provide the dominant contributions to the decay rate. The LO-ChPT prediction
for these form factors is [72]

O0(5) 0T = s+ 2m2 | [ (8)- T = m2 | A (8) T = dps+dpm?2 . (6.36)

Here drp = 0.09 while dp ~ 0, and we refer the reader to ref. [72] for the respective
NLO-ChPT predictions. The range of validity of the ChPT form factors is about /sy ~
0.3 GeV (LO-ChPT) or /5, ~ 0.5 GeV (NLO-ChPT), see figures . The LO-ChPT
form factors are always real. The absorptive contribution starts at NLO in ChPT due
to the appearance of re-scattering one-loop diagrams generated by interaction terms of
the leading chiral Lagrangian [72]. Above /s ~ 0.5 GeV, even the NLO-ChPT is not

reliable anymore and significant departures can be observed compared with the form
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factors obtained using dispersion relations, that take into account large w7 rescattering
effects beyond one-loop.
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00 02 04 08 08 10 0o —=%2 04 08 08 10
s [GeV?] s [GeV?]

Figure 6.7: Real (left) and imaginary (right) part of the form factor associated with the trace of
the QCD energy-momentum tensor, 0.(s), using different treatments: LO-ChPT (short-dashed
orange), NLO-ChPT (long-dashed red), and our prediction based on ChPT and dispersion rela-

tions (continuous blue).

In order to asses the impact of the hadronic matrix elements for the calculation of

the 7 — ¢nm decay rate, we consider the ratio

R f::in ds [dT' (T — ;MT*W*)Higgs/ds]Lo_ChPT

fsi::x ds [dF(T — M7T+7T_)Higgs/dS]ChPT + DR

~33x107°. (6.37)

Here the numerator stands for the decay width calculated using the LO-ChPT predictions
for the hadronic form factors (using the expressions in eq. ), integrated up to a cut-
off \/5y ~ 0.3 GeV that specifies the range of validity of the LO-ChPT treatment. The
denominator represents the decay width calculated using the form factors obtained in
this work using dispersion relations (DR) to extend the range of validity of the hadronic
matrix elements to higher energies. The smallness of R ~ 3.3 x 10~ shows the importance
of a proper treatment of the hadronic matrix elements. One may argue that by cutting
the phase space integral at /s, = 0.3 GeV one is throwing away most of the effect,
some authors for example use the LO-ChPT estimates of the form factors over the full

parameter space. If we set s, = Spmax in eq. (6.37)) we get instead the much larger value
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Figure 6.8: Real (left) and imaginary (right) part for the scalar form factors (U'r(s), Az(s)),
using different treatments: LO-ChPT (short-dashed orange), NLO-ChPT (long-dashed red), and

our prediction based on ChPT and dispersion relations (continuous blue).

R = 0.45. This however is a very misleading result, based on using LO-ChPT form factors

in a kinematical regime where they no longer describe properly the hadronic dynamics. E]

4 The authors of ref. [29], working within an effective theory framework, set bounds on LFV gluonic
operators from 7 — ¢r7 using the LO-ChPT result in the chiral limit, namely 0,(s) = s. The claim that
large departures from the LO-ChPT predictions are not to be expected [29] misses the fact that even in
the chiral limit (m, = mgq = ms = 0) ChPT is inadequate to describe the hadronic dynamics for large

invariant masses of the w7 system /s ~ 1 GeV.
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6.4.3 A CP-odd Higgs with LFV couplings

The Higgs boson at 125 GeV cannot be a pure pseudoscalar state, the experimental
data already constrain its coupling to vector bosons to be very close to the SM value
and analyses of the angular distributions in the Higgs decay final states also disfavor
this possibility [1,2]. Assuming that the h(125) boson is the lightest CP-even state of a
general 2HDM, current LHC and Tevatron measurements of the h(125) properties imply
that gnyv ~ givn [85,91193]. Lepton flavour violating Yukawa couplings of i would take
the form: (II;);;/vsind (see eq. (6.28))) and are therefore suppressed by the small factor
|sina| = (1= (gnvv/ g,%%\//lv)Q)l/ . The LFV Yukawa couplings of the heavier CP-even
state H and the CP-odd Higgs A on the other hand do not receive this suppression. It is
therefore interesting not only to consider searches for LFV decays of the 125 GeV boson at
the LHC, but also of possible additional Higgs bosons. The question of which observables
measurable at flavour factories could be related to the process pp(gg) — A — 7u relevant
at the LHC then arises naturally. We argue in this section that the semileptonic decays of
T into a pseudoscalar meson P, 7 — (P, provide a direct connection with the search for
a CP-odd Higgs with LF'V couplings at the LHC. In this section we focus on the CP-odd
boson A, which implies a somewhat different phenomenology of 7 LFV decays compared
to the CP-even state already analyzed in the previous section and in refs. [7,[18,[19].
We do not consider the effect of interfering contributions of the different scalars ¢, =
{h,H, A} in T — ¢~ or the phenomenology of the charged Higgs, these have been discussed
elsewhere [12,16,28].

At the relevant energy scale for 7 decays, the heavy-quarks can be integrated out
from the theory, the effective Lagrangian describing the interactions of the CP-odd Higgs
with the light quarks is then given by [83]

A o ~
A A —- A H's a a
L= - < Z Yy Mg QY5 q — Z Yo g G, Guv) : (6.38)
q=u,d,s q=c,b,t
with real couplings y;' related to those of eq. |D by ImY,} = (mg/v)y; and the dual
tensor of the gluon field strength defined by CNJ‘;Z, = 3 €ovap G5 (with €123 = 1). Contrary
to a CP-even Higgs boson, a CP-odd Higgs with LFV couplings can mediate at tree-level
the semileptonic decays 7 — (P, where P = 7, 1,1/, stands for a pseudoscalar meson.

Semileptonic 7 decays into a pseudoscalar meson cannot be mediated by the photon either,
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so that this mode isolates the CP-odd Higgs exchange. The decays 7 — (P therefore
establish a direct connection with the search for CP-odd Higgs decays into LF'V channels
at the LHC, with the Higgs being produced via gluon fusion. The relevant hadronic matrix
elements can be obtained following the FKS mixing scheme [94},95], those involving the

Higgs coupling to light-quarks are parametrized by

2

(m°(p)|a 5 u|0) = 2\/— s (n°|d 75 d|0) = — (" (p)lays ul0),  (6.39)

" (0)|g s al0) = —m hf,ma (" (p)|575 510) = T om. )

S

while those related to the loop-induced effective operator AGY, G“ are given by
(" (p >| = GG I0) = a0 (6.40)

Numerical values for the different parameters appearing in eqs. D are given in
table The contributions from the effective operator AG}, G“ to the decay 7 — (7

vanishes in the isospin limit m,, = my [96] and we do not consider it here. The total decay

’ Parameter ‘ Value
fr 130.41 £ 0.20 MeV
hl 0.001 % 0.003 GeV?
hf], 0.001 & 0.002 GeV?
hy, —0.055 4 0.003 GeV?
hy, 0.068 & 0.005 GeV?3
ay, 0.022 % 0.002 GeV?
Ay 0.056 & 0.002 GeV?

Table 6.4: Numerical values for the hadronic matrixz elements relevant for v — (P (P = m,n,1n')
obtained in the FKS mizing scheme [94,(95].

width for 7 — ¢7°, neglecting small lepton and pion mass effects, reads

fg mfr ms 2
I(r —(r°) = 9567 M1 (VAP +IYAP) (v —vd)™ (6.41)
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the amplitude for 7 — p® vanishes exactly in the limit y7! = y7 since the 7° only selects
the isovector component of the amplitude. The decay width for 7 — ¢ can be written
using the definitions of eqs. (6.396.40) as (neglecting small lepton mass effects)

B2 — m2) (VAP + VAP)
256 ™ M4 v2m,

2
(7 — fn) = [+ y s+ Vaylhy —V2a, 3 |

q=c,b,t

(6.42)
with 3 = (1 — 2(m2 + mg)/m2 + (mj — m%)Q/mﬁ)l/Q. A simple replacement of n — 1’ in
eq. (6.42)) gives the expression for I'(T — ¢n').

A CP-odd Higgs boson would also give rise to an effective dipole operator at the loop-
level 28], contributing then to 7 — ¢~, and photon-mediated 7 — ¢7 7~ 3¢ decays. Note
that while 7 — 3/ is also mediated at tree-level by the CP-odd Higgs, the semileptonic
decay 7 — {mm are not due to spin-parity conservation. The CP-odd Higgs exchange
contribution to 7 — 3u is however sub-leading compared to that coming from the two-
loop diagrams of the Barr-Zee type due to the small Yukawa coupling to the muons, see
the recent discussion in ref. [18]. In tables and we summarize the bounds on

VA2 + [Y4]? from the different 7 decays considered fixing the diagonal couplings to
|ny‘| = 1. The scaling of the semileptonic 7 — (P decay rates with the CP-odd Higgs
mass is very simple, o M;l? while that for processes mediated by the photon is non-trivial
due to loop-functions entering in the calculation of the transition dipole moment. The
stringent bound coming from 7 — ¢~ is sensitive to possible interference effects from other
scalars or heavy particles from a UV completion of the theory. The semileptonic decays
T — (P on the other hand are mediated at tree-level by the CP-odd Higgs exchange and
provide then a more reliable bound in this respect.

In case any LFV signal pp — 7¢ + X is observed at the LHC, it will be crucial
to determine the properties of the mediator. The complementarity between low-energy
searches for LF'V 7 decays and the energy frontier is very important for this purpose. A
CP-even Higgs with LF'V couplings for example would give rise to 7 — fv decays via
loop contributions while it cannot mediate semileptonic 7 — ¢P decays. If the 125 GeV
Higgs turns out to have sizable LF'V couplings and h — 7¢ decays are observed at some
point at the LHC, specific patterns between all the possible LFV 7 decays would then
be predicted and any departure from these could be an indication of additional particles

with LE'V couplings for example.
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Process | (BR x 10%) 90% CL | M4 = 200 GeV | M4 = 500 GeV | M4 = 700 GeV
T =y < 4.4 [89 7 < 0.018 7 < 0.040 7 < 0.055
T = (Ll < 2.1 [90] 7 <0.28 Z < 0.60 Z < 0.85
) 7 — um <11 [97] 7 <41 7 < 257 7 <503
7 — un < 6.5 [97] 7Z < 0.52 7 <33 7 < 6.4
) 7 — <13 [97] Z <11 7 <72 Z < 14.1
T — urtm” < 2.1 [87] 7 <0.25 7 < 0.54 Z <0.75
T — up < 1.2 [86] 7 <0.20 7 < 0.44 7 < 0.62

Table 6.5: Current experimental upper bounds on the different processes considered as well as

the bounds obtained on Z =

Y AP +IYA? for different values of the CP-odd Higgs mass and

SM-like diagonal couplings \y?\ = 1. Neither the effective dipole operator nor the CP-even Higgs

exchange contribute to the processes marked with ).

Process (BR x 10®) 90% CL | M4 = 200 GeV | M4 = 500 GeV | M4 = 700 GeV
T — ey < 3.3 [89 7 < 0.016 7 <0.034 Z < 0.05
T — eee < 2.7 [90] Z <0.14 7 < 0.30 Z < 0.42
S <8 197 7 <35 7Z < 219 7 < 430
) 7 = en <9.2 [97] 7 < 0.6 7 <39 7 <16
&) 7 — en <16 [97] Z <13 7 <8 7 < 15.6
T —entn” <23 [87] 7 < 0.26 7 < 0.56 7 < 0.80
T —ep < 1.8 [86] 7 <0.25 7 < 0.54 7 < 0.76

Table 6.6: Current experimental upper bounds on the different processes considered as well as
the bounds obtained on Z = \/|Y 2|2 + |YA|? for different values of the CP-odd Higgs mass and
SM-like diagonal couplings \y}’?\ = 1. Neither the effective dipole operator nor the CP-even Higgs

exchange contribute to the processes marked with *).

In view of the possibility to make a dedicated search for heavy scalars decaying to

a T — p pair, similar to the flavour conserving searches [98,/99], we estimate the total

cross-section for o(pp — A — 7u) at the LHC. The inclusive Higgs production cross-
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Figure 6.9: Left-plot: Inclusive cross-section o(pp — A — ) at /s =8 TeV as a function
of Z = 1/|Y};‘;]2 + ]YTﬁ\Q for SM-like diagonal couplings ]y?[ = 1, taking different values of the
CP-odd Higgs mass M. Right-plot: Inclusive cross-section o(pp — A — 1) at /s =8 TeV as
a function of the CP-odd Higgs mass M 4 for Z = 0.1 (squares), 0.01 (triangles), 0.001 (circles).
The continuous green line shows the upper bound at 95% CL on the cross-section o(pp — A —
TT) using the full 2011 4+ 2012 data set by the CMS collaboration [98].
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section o(pp — A) was obtained using the SusHi code [100,|/101], considering only the
dominant gluon fusion production mode. Higgs partial decay widths were obtained using
the 2HDMC' code [102]. For a CP-odd Higgs we have (neglecting small lepton mass
corrections)

M (Y77 + Y2 17)

FTA—=7ru +7pu")=T(A— 1) = -

(6.43)

We assume that besides A — 7, only SM decay channels are significant (4 — gg, éc, bb, 77, . . .

and we fix the diagonal Yukawa couplings at |yj‘ﬁ‘| = 1. Large branching ratios for the
fermionic decays of a CP-odd Higgs and in particular for the A — 7 mode, can be ob-
tained since the CP-odd Higgs does not couples to VV = WTW ™, ZZ at tree-level. Here
we focus on the 7 —  mode but an analogous analysis can be carried for 7 — e.

In figure we show the total cross-section o(pp — A — 7u) as a function of
\/|Yﬁ|2 + [Y]? for /s = 8 TeV. A large drop in the total cross section can be observed

when M,y 2 2m; since A — it decays become kinematically open and suppress the

branching ratio BR(A — 7u). The total cross-section o(pp — A — 7u) can be as large
as ~ 1 pb for a CP-odd Higgs with M4 ~ 200 GeV and \/|Y/f;|2 + [VAI? ~ 1072, which
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is allowed in principle by low-energy constraints, see table [6.5l Current upper bounds
for the flavour conserving cross-section o(pp — A — 77) by the CMS collaboration,
using the full 2011 + 2012 data set [98], are also shown in figure The bound on
olpp - A — 77) is already at the ~ 1 pb level. One can therefore expect that the
sensitivity of the LHC to a plausible heavy Higgs with LF'V couplings should be very
good compared to flavour constraints, as previous analyses have shown for the 125 GeV
boson [18,19]. A detailed analysis of the LHC prospects to detect LEV Higgs decays of a
heavy Higgs boson within the generic 2HDM was performed in ref. [103] finding promising
results. Given the considerable experimental progress in the study of the Higgs sector over
the last years, we encourage experimental collaborations to consider the search for heavy

scalars in LF'V decay modes.

6.5 Conclusions

The discovery of a new boson around 125 GeV, h(125), opens a new era in our understand-
ing of the electroweak symmetry breaking mechanism, yet to be explored in detail. Any
departure from the SM Higgs properties or exotic effect associated with the h(125) boson
would be an indication of new physics beyond the SM. The search for LE'V phenomena in
the scalar sector at the LHC has a special role in this respect, given the relatively weak
constraints from low-energy experiments.

While h — ep transitions are strongly constrained already by p — ey decays and
i — e conversion in nuclei, the situation is completely different for h — 7¢ (¢ = e, ) in
which large decay rates are still allowed [7,[18,/19]. The strongest bound on such LFV
Higgs couplings is currently extracted from the radiative 7 — ¢ decays. This decay
receives dominant contributions from two-loop diagrams of the Barr-Zee type due to the
strong chirality suppression of the one-loop diagrams, making the bounds very sensitive
to the underlying UV model.

Hadronic 7-lepton decays offer an interesting low-energy handle to constrain possible
LFV effects associated with the Higgs sector and in particular the h(125) boson. The
bounds extracted from hadronic 7-decays are less sensitive to the UV completion of the
theory and establish a more direct connection with the search for LFV Higgs decays at

the LHC. We have shown in this work that the bounds obtained from semileptonic decays
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T — {n are at the same level than those from 7 — 3¢ (7 — 3¢ decays are dominated
by the same two-loop diagrams than 7 — ¢ and are therefore very sensitive to the UV
completion of the theory). This result was achieved thanks to an adequate description
of the hadronic matrix elements involved, improving considerably over previous related
works on this subject. Concerning the semileptonic 7 — {77 transitions we emphasize

the following results found in this work:

e In section [6.3| we provide a dispersive treatment of all the hadronic matrix elements
needed to describe Higgs mediated 7 — ¢7m decays. These results will be useful in

analyzing 7 — {7 decays beyond the specific framework adopted here.

e The form factors obtained in section [6.3] were used to extract robust bounds on
possible LFV couplings of the h(125) boson from current experimental data. This
was done in section [6.4.2] the main results being summarized in tables [6.2 and [6.3]

as well as figures [6.5] and

e We find that the dominant contributions to the Higgs mediated decay rate 7 — ¢
arise from the effective Higgs couplings to gluons (induced by heavy quarks) and the
strange component of the scalar current (Higgs coupling directly to strange quarks).
Previous treatments [9,/12,/14] of these decays considering only the scalar current

mytu 4+ mgdd therefore do not capture the main contributions to the decay rate.

e LO-ChPT predictions for the hadronic matrix elements contributing to 7 — ¢
are valid only at very low energies /s < 0.3 GeV (see section [6.4.2): if used over
the whole phase space they lead to unreliable bounds on the LFV couplings.

e Contrary to 7 — ¢ntn~, the 7 — ¢7%7° decays cannot be mediated by the effective
dipole operator ({o*” Py, rT)F,, and isolate the CP-even Higgs exchange contribu-
tion. So 7 — ¢m7° decays establish the most direct connection between searches
for LE'V 7 decays at B-factories and the search for LFV Higgs decays at the LHC
(pp(g9g9) — h — 7¢). We encourage the experimental collaborations to provide limits

for these modes in the future.

Finally, we point out in section that the search for LFV effects associated to the
scalar sector should not be restricted to the h(125) boson. Within the general 2HDM, it
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is plausible that the LFV couplings of the h(125) boson are too suppressed to be observed
given that its coupling to vector bosons VV = WTW ™ ZZ is already constrained to be
very close to the SM value. If such an LFV extended scalar sector is realized in nature,
it might be possible on the other hand to detect LF'V phenomena at the LHC due to the
decays of additional scalars for which such strong suppression of the LE'V couplings does
not takes place. Current constraints from low-energy flavour experiments still allow for
sizable LF'V effects in this respect.
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A new Higgs-like boson with mass around 126 GeV has recently been discovered at the
LHC. The available data on this new particle is analyzed within the context of two-Higgs dou-
blet models without tree-level flavour-changing neutral currents. Keeping the generic Yukawa
structure of the Aligned Two-Higgs Doublet Model framework, we study the implications of the
LHC data on the allowed scalar spectrum. We analyze both the CP-violating and CP-conserving
cases, and a few particular limits with a reduced number of free parameters, such as the usual

models based on discrete Z; symmetries.
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7.1 Introduction

The ATLAS and CMS collaborations have recently announced the discovery of a new
neutral boson, with a measured mass of 125.2+ 0.3 £ 0.6 GeV |[1] and 125.8 £ 0.4 £ 0.4
GeV [2], respectively. The LHC data is compatible with the expected production and
decay of the Standard Model (SM) Higgs boson, the most significant decay modes being
H — vy and H — ZZ™) — ¢*¢~. The excess of events observed by ATLAS (CMS) has
a (local) statistical significance of 6.1 (6.9). Although the spin of the new particle has
not been measured yet, the observed diphoton decay channel shows clearly that it is a
boson with J # 1, making very plausible the scalar hypothesis. Preliminary analyses of
H — Z7Z — 40 [3//4] and H — ~v [5/6] events suggest indeed the assignment J¥ = 07,
though more statistics is still needed to give a definite answer.

Additional (but less significant) evidence has been reported by the CDF and D@ col-
laborations [7], which observe an excess of events in the mass range between 120 and 135
GeV (the largest local significance is 3.3 7). The excess seems consistent with a SM Higgs
produced in association with a W or Z boson and decaying to a bottom-antibottom
quark pair.

While more experimental analyses are needed to assess the actual nature of this boson,
the present data give already very important clues, constraining its couplings in a quite
significant way. The stringent exclusion limits set previously on a broad range of masses
provide also complementary information which is very useful to establish allowed domains
for alternative new-physics scenarios. A SM Higgs boson has been already excluded at
95% CL in the mass ranges 0-122.5 and 127-600 GeV [5,8-14].

The new boson appears to couple to the known gauge bosons (W*, Z, v, g) with
the strength expected for the SM Higgs [15-24], although a slight excess of events in
the 2+ decay channel, compared with the SM expectation, is observed by ATLAS and
CMS [1,12]. Moreover, its fermionic couplings seem compatible with a linear dependence
with the fermion mass, scaled by the electroweak scale v ~ 246 GeV [23]. Thus, it has
the properties expected for a Higgs-like particle, related with the spontaneous breaking
of the electroweak symmetry. An obvious question to address is whether it corresponds
to the unique Higgs boson incorporated in the SM, or it is just the first signal of a much
richer scalar sector.

The simplest modification of the SM Higgs mechanism consists in incorporating ad-
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ditional scalar doublets, respecting the custodial symmetry, which can easily satisfy the
electroweak precision tests. This leads to a rich spectrum of neutral and charged scalars,
providing a broad range of dynamical possibilities with very interesting phenomenological
implications. The minimal extension of the scalar sector with only one additional doublet
contains five physical scalars: two charged fields H* and three neutral ones h, H and A;
thus, there are three possible candidates for the recently discovered neutral boson. If the
scalar potential preserves the CP symmetry, h and H are CP-even, while A is CP-odd;
in this case there are no AW*TW ™ and AZZ couplings at tree level, which makes the A
possibility quite unlikely.

Generic multi-Higgs doublet models give rise to unwanted flavour-changing neu-
tral current (FCNC) interactions through non-diagonal couplings of neutral scalars to
fermions. The tree-level FCNCs can be eliminated requiring the alignment in flavour
space of the Yukawa matrices coupling to a given right-handed fermion [25]. The Aligned
Two-Higgs Doublet Model (A2HDM) [26] results in a very specific structure, with all
fermion-scalar interactions being proportional to the corresponding fermion masses. This
leads to a rich and viable phenomenology [25-30] with an interesting hierarchy of FCNC
effects, suppressing them in light-quark systems while allowing potentially relevant signals
in heavy-quark transitions. The A2HDM constitutes a very general framework which in-
cludes, for particular values of its parameters, all previously considered two-Higgs doublet
models (2HDMs) without FCNCs [31]}32], and incorporates in addition new sources of CP
violation.

In the following, we will analyze the recent discovery of a Higgs-like object within
the A2HDM. We will study the different possible interpretations of the new boson, the
corresponding experimental constraints on its couplings, and the implications for the
remaining scalar spectrum. Previous analyses [33-43] have only considered more specific
scenarios based on discrete Z; symmetries [44], i.e., the so called 2HDMs of types I [45],46],
IT [46,47], X (leptophilic or lepton specific), Y (flipped) [48-51] and inert [52]. The
more general A2HDM framework opens a wide range of additional possibilities, which we
will try to characterize keeping in mind the high-statistics data samples that the LHC
is expected to deliver in the future, at higher energies. Two very recent works have
already employed the A2HDM, in the limit of CP conservation, to analyze the Higgs
data [53,54]. Another previous work has considered the CP-conserving A2HDM with a

custodial symmetry imposed on the Higgs potential [55]. We will compare our results in
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that limit and will also explore the consequences of allowing CP-violating phases, either
in the scalar potential (mixing of the three neutral scalars) or in the Yukawa couplings.
While parts of our analysis remain valid in more general 2HDM settings, the flavour
constrains would necessary be different in models with tree-level FCNCs [56-58] and,
therefore, the appropriate modifications should be taken into account.

Our paper is organized as follows: In section we describe the theoretical frame-
work adopted in our analysis, indicating the relevant couplings of the A2HDM scalars.
In section 3 we define the Higgs signal strengths, which are used to make contact with
the experimental measurements. Section presents our results and shows the scalar
parameter ranges needed to explain the present data. Our conclusions are given in sec-
tion[7.5] The appendices include a compilation of useful formulae as well as the statistical

treatment and data used in this work.

7.2 The Aligned Two-Higgs-Doublet Model

The 2HDM extends the SM with a second scalar doublet of hypercharge ¥ = % The
neutral components of the scalar doublets ¢,(z) (a = 1,2) acquire vacuum expectation
values that are, in general, complex: (0|¢Z(z)|0) = \/LE (0, v, €). Through an appropriate
U(1)y transformation we can enforce ¢y = 0, since only the relative phase § = 0y — 0, is
observable. It is convenient to perform a global SU(2) transformation in the scalar space

(¢1, ¢2) and work in the so-called Higgs basis (®, $3), where only one doublet acquires a
vacuum expectation value:

()-[mml(n) e
—P, sinf3 —cosf e Wy

with tan 8 = vy /v;. In this basis, the two doublets are parametrized as

H+
\/Lﬁ (S5 +153)

G-‘r

\/Lﬁ (?J—f—Sl +iGO)

where G* and G° denote the Goldstone fields and (0|H*|0) = (0|G*|0) = (0|G°|0) =
(01S;|0) = 0. Thus, ®; plays the role of the SM scalar doublet with v = \/v? + v3 ~
(V2Gp)~Y? = 246 GeV.

CI)IZ s CI)2:

] )
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The physical scalar spectrum contains five degrees of freedom: the two charged fields
H#*(x) and three neutral scalars ¢?(z) = {h(z), H(x), A(z)}, which are related with the
S, fields through an orthogonal transformation ¢Y(z) = R;;S;(z). The form of the R
matrix is fixed by the scalar potential, which determines the neutral scalar mass matrix
and the corresponding mass eigenstates. A detailed discussion is given in appendix [7.A]
In general, the CP-odd component S35 mixes with the CP-even fields S} » and the resulting
mass eigenstates do not have a definite CP quantum number. If the scalar potential is

CP symmetric this admixture disappears; in this particular case, A(x) = S3(z) and]

(h) _ [ co?a~ smo~4] (Sl>‘ (7.3)
H —sin cosa So

Performing a phase redefinition of the neutral CP-even fields, we can fix the sign of sin a.

In this work we adopt the conventions M; < My and 0 < & < m, so that sin & is positive.

7.2.1 Yukawa Alignment

The most generic Yukawa Lagrangian with the SM fermionic content gives rise to FC-
NCs because the fermionic couplings of the two scalar doublets cannot be simultaneously
diagonalized in flavour space. The non-diagonal neutral couplings can be eliminated by
requiring the alignment in flavour space of the Yukawa matrices |26]; i.e., the two Yukawa
matrices coupling to a given type of right-handed fermions are assumed to be proportional
to each other and can, therefore, be diagonalized simultaneously. The three proportional-
ity parameters ¢; (f = u,d,[) are arbitrary complex numbers and introduce new sources
of CP violation.

In terms of the fermion mass-eigenstate fields, the Yukawa interactions of the A2HDM

I In the usually adopted notation & = a — 3, where « is the rotation angle expressing the two
mass eigenstates h and H in terms of the CP-even neutral fields of the original scalar basis ¢;(x) and
¢2(x). Since the choice of initial basis is arbitrary, the parameters o and § are in general unphysical;
their values can be changed at will through SU(2) rotations. These angles only become meaningful in

particular models where a specific basis is singled out (through a symmetry for instance).
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Table 7.1: CP-conserving 2HDMs based on discrete Zo symmetries.

Model Sd Su S
Typel | cotf |cotf| cotf
Type Il | —tanf | cot | —tanf
Type X | cotf |cotf | —tanp
TypeY | —tanf | cot 5| cotf

Inert 0 0 0
read [26]
2
Ly = —% H* {ﬂ [gd VMiPr — <, MJV,PL] d+q DMZPRZ}
1 0 =
—= D> up el [FMPrf] + e, (7.4)
0% f

where Pr = &% are the right-handed and left-handed chirality projectors, My the
diagonal fermion mass matrices and the couplings of the neutral scalar fields are given
by:

yﬁ =R+ Rio+1Ri3) Sau yf? =R+ (Ria—iRis)s,. (7.5)

As in the SM, all scalar-fermion couplings are proportional to the corresponding fermion
masses. This linear dependence on the fermion mass is characteristic of the A2HDM
framework and does not hold in non-aligned 2HDMs with FCNCs. The only source of
flavour-changing interactions is the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing
matrix V' [59]. All possible freedom allowed by the alignment conditions is determined
by the three family-universal complex parameters ¢, which provide new sources of CP
violation without tree-level FCNCs [26]. The usual models with natural flavour conser-
vation, based on discrete Z; symmetries, are recovered for particular (real) values of the
couplings ¢y, as indicated in table [7.1]

Quantum corrections induce a misalignment of the Yukawa matrices, generating small
FCNC effects suppressed by the corresponding loop factors [25-27,|60,61]. However,
the flavour symmetries of the A2HDM tightly constraint the possible FCNC structures,
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keeping their effects well below the present experimental bounds [2573O]E|
The orthogonality of the rotation matrix R, implies the following relations among

the Yukawa couplings of the three neutral scalars:

3 3 3
0 0 0
2(9?1)221, Z‘nyQ _ 1—|—2\§f‘27 nylRi1:1>
=1 i=1 i=1
3 . 3 )
Z yfj Riz = Say Z Yu' Riz = <,
=1 i=1
3 . 3 i
Z yﬁff Riz = i<ar, Z Yu' Riz = —ig,. (7.7)
i=1 i=1

7.2.2 Bosonic Couplings

The full set of interactions among the gauge and scalar bosons is given in appendix [7.B]
The relevant vertices for our analysis are the ones coupling a single neutral scalar with a
pair of gauge bosons. As shown in eq. , they are identical to their SM counterpart,
with the field S; taking the role of the SM Higgs. Therefore (VV = WHtW~,Z2),

goovv = Rit gy » (7.8)

which implies

2
gwv + givv + Gavy = (92%/) . (7.9)

2 The only FCNC structures induced at one loop take the form [25,27]:

c _ )
Lroxe = 00 (146is) 3 @) {(Ra+iRi) (s — ) [ VIMMIVM de] — (76)

— (R — i Ras) (s — <) [aL VM, M ViM, uR}} + he.

with C(p) = C(po) — log (p/po). These FCNC effects vanish identically in the Z; models where the
alignment condition is protected by a discrete symmetry. In the most general case, assuming the alignment
to be exact at some scale pg, i.e. C(up) =0, a non-zero value for the FCNC coupling is generated when
running to a different scale. However, the numerical effect is suppressed by mqmﬁ, /v and quark-mixing
factors, avoiding the stringent experimental constraints for light-quark systems. Explicit examples of
symmetry-protected underlying theories leading to a low-energy A2HDM structure have been discussed
in refs. [62-64).



154 LHC constraints on 2HDMs

The strength of the SM Higgs interaction is shared by the three 2HDM neutral bosons.
In the CP-conserving limit, the CP-odd field decouples while the strength of the h and
H interactions is governed by the corresponding cos & and sin & factors. Thus, a general
feature of 2HDMs is that, at tree level, the couplings of the neutral scalars to vector bosons
cannot be enhanced over the SM value and obey the custodial symmetry relation 9077 =
9 oww- Observing a scalar boson with a somewhat enhanced coupling to vector bosons or
a deviation from custodial symmetry [65] would therefore be in clear contradiction with
the predictions of this class of models. The relations and establish a connection
between the couplings of the observed 126 GeV resonance and searches for other neutral
and charged scalars within the A2HDM.

In order to compute the two-photon decay widths of the neutral scalars, one also
needs their couplings to a pair of charged scalars, generated through the scalar potential
discussed in appendix [7.A]l Since these couplings depend on still unknown parameters, we

will parametrize the corresponding interaction as

Lopen- = —v > Aogeg- @V HTH . (7.10)

¢y

Explicit expressions for the cubic couplings Ajop+py-, in terms of the Higgs potential
parameters, can be found in appendix [7.A]l If CP is assumed to be an exact symmetry,

Aag+a- = 0.

7.3 Higgs Signal Strengths

The experimental data on Higgs searches is given in terms of the so-called signal strengths,
measuring the observable cross sections in units of the corresponding SM expectations.
At the LHC, the relevant production mechanisms for a SM-like Higgs particle are gluon
fusion (g9 — H), vector boson fusion (¢¢ — q¢'VV — qq'H), associated production
with a vector boson (q¢ — WH/ZH) and the associated production with a ¢t pair
(qq/g9g — ttH). The Higgs decay channels explored so far are vy, ZZ®*), WW ™), bb and

T,
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In order to fit the experimental measurements, we consider the ratios :

ot = _op = @) Br(g! = 77) = _olep = 339) Br(el = 77)
"7 o(pp = h)sm Br(h = yY)sum | T g (pp — jjh)sm Br(h — v)sm
8 = _oler = @) Br(el = VV) = o 2 Jigd) Br(et = WW)
V' o(pp — h)smu Br(h — VV)gy ' WWii = g(pp — jjh)sm Br(h — WWW)gy '
= o= @) Br(g) = 77) W = o(pp — V) Br( — bb)
7 o(pp — h)su Br(h = T7)sum PV o (pp — VRh)sm Br(h — bb)gy |
(7.11)

where V =W, Z and j stands for jet. QCD corrections cancel to a large extend in these
ratios provided that a single production mechanism dominates. This certainly applies
to uw, va and ,uf;o which are governed by the dominant production channel through
gluon fusion. The same would be true for uﬁgwj ; and /‘fzjj (gauge-boson fusion), and be?v
(associated production), assuming that there is no contamination from other channels. It

is convenient to express the ratio of the branching fractions as:

Br(gpg — X) B 1 F(gp? — X)
Br(h — X)sum p(e)) T(h — X)sm

(7.12)

where p(?) measures the total decay width of the scalar ¢? in units of the SM Higgs
width,
L(e7) = p(#7) Tsu(h). (7.13)

Particularizing to the A2HDM and assuming only one dominant production channel in

each caseﬁ one finds:

0 0 0 _ _ 0 _
pimy = (Ra)? [Re(yi)? + Iy 26,2 (o)™ witwyy = (Ra) ple) ™,

0 0 0 0 - o 0 0 _
pi = Cog [Re(yf )+ Im(y; ’)2572] p(e)) ", wiy = Cog (Ra)? pled) ™",
0 0 0 . 0 0 _
15y = Coa C p(e)) ™, pls = (Ra)? % pled) ™,

(7.14)

3 The contamination of the different Higgs production mechanisms in h — ~y(jj) is discussed in

appendix
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where 37 = (1 — 4m7 /Mf}o)l/ 2. The one-loop functions are given by

2

0 2 0
o olgg o) | E R P £ |5, (i) Kl -
9 U(gg — h)SM ‘Z .F(.I'q> 2
q
and
0 (Y
cff = L2 (7.16)

L(h — vy)sm
0 o |2 0 2
> Re(yf') NLQ3 F(ay) + Glaw )R + Cppe | + ‘ > Im(y) N Q3 K(xy)

> NEQ2F(ag) + Glow)| |

with N(]; and @)y the number of colours and the electric charge of the fermion f, xy =
4mfc/M£? and Ty = 4M§V/M£?. Notice that the ratios (7.11) are defined for Mo = Mg, .
The two separate terms in the numerators of eqgs. (7.15)) and (7.16]) correspond to the CP-
even and CP-odd structures ¢ X, X" and QO?XWXW, with X, = G, (F,,) in the gluon
(photon) case and X# = e"??X,,. The functions F(zy), K(zs) and G(xw ) contain the

triangular 1-loop contributions from fermions and W=+ bosons. We will neglect the masses

of the first two fermion generations. Since F(zy) and K(z ) vanish for massless fermions,
we only need to consider the top, bottom and tau contributions; the last two are negligible
in the SM, but in the A2HDM could be enhanced by the alignment factors ¢; and ¢;. In

0
C%: we have also considered the contribution from a charged-scalar loop parametrized by

U2

2M2,

with e = 4M7 ., /M;Q. The explicit expressions of the different loop functions are:

0
o
C F;i —

>\<p?H+H— A(xHi) s (717)

Fla) = S+ (o= 1)f(@), Gx) = 230+ (5o~ 20?) f(a),
Alw) = —o = f(@), K() = ~3f(@). (7.18)
with
—4arcsin®(1/y/x) , r>1
f@) = (7.19)

2 .
[lnt\/ﬁVij) —Z'7Ti| , v<l1
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7.4 Phenomenological Analysis

We are interested in analyzing the current LHC and Tevatron data within the A2HDM.
The experimental information on the new neutral boson is certainly in early stages; some
decay channels have very big uncertainties while some others have not even been seen
yet. Nevertheless, while more precise information on all possible production and decay
channels is necessary in order to make a detailed study, present data already allow us to
extract significant constraints on the parameter space of the model.

The deviations from the SM expectations originate from several sources. The three
neutral scalars of the A2HDM have couplings to the gauge bosons which are different
(smaller in absolute value) than the ones of the SM Higgs: in SM units they are given by
Ri1. The Yukawa couplings get also multiplied by the factors yf?, which are functions of
Ri; and the parameters ¢;. Moreover, the presence of a charged scalar manifests in one
additional one-loop contribution to the ¢? — 2 decay amplitudes, parametrized through
the constants Cﬁi. In the limit of CP conservation, there are two clear candidates for the
new scalar, the CP-even fields h and H (we will nevertheless analyze later the unlikely A
possibility). The A2HDM allows in addition for physical CP-violating phases, both in the
scalar potential and the Yukawa couplings, generating mixings among the three neutral
scalars and CP-odd contributions to the Higgs-like signal strength parameters. Being
quadratic in the CP-violating parameters, this last type of corrections could be expected
to be small. However, the current bounds on the A2HDM couplings still allow for sizeable
effects [25-30].

Sensitivity to the top-quark Yukawa coupling and to a lesser extent to the bottom
coupling appears through the one-loop production mechanism of gluon fusion and in the
vy decay channel. Neutral scalar production via pp — t©?j(b) could provide complemen-
tary information on the top Yukawa coupling when more data becomes available [66,/67].
The most important constraints on the bottom Yukawa coupling come indirectly from
the total decay width, which is in general dominated by ¢? — bb, and the measurement
of scalar production with an associated vector boson (¢ — ¢V — (bb)V). Neutral
boson production via top-quark fusion with subsequent decay into a pair of b quarks,
qq/9g — ttp) — tt(bb), in which the bottom and top Yukawa couplings appear at tree
level will also play an important role; the current experimental sensitivities in this channel

are still low [68,/69]. The T Yukawa coupling is directly tested through ¢? — 7777 the
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most accessible production mechanisms at the LHC being in this case vector-boson fusion,
associated production with a vector boson and gluon fusion.
For a given choice of neutral scalar-field candidate ¢ and its couplings, we define

the x? function as

0 2
X)) = ) M , (7.20)
k Tk

where k runs over the different production/decay channels considered, [ix and o are the
measured Higgs signal strengths and their one-sigma errors, respectively, and ,uf? the
corresponding theoretical predictions in terms of the A2HDM parameters, as given in
eqs. and (7.14). Scanning over the allowed parameter space, we then look for those
sets of couplings minimizing the x? and their corresponding uncertainties. The details
about the statistical treatment and data used in this work are presented in appendix [7.C|

We will first analyze the CP-conserving limit in section where we will also
study some particular scenarios often adopted in previous works. In section we will
discuss the most general case, without making any assumption about the scalar potential,
and analyze the present constraints on the complex Yukawa couplings of the assumed 126

GeV scalar boson.

7.4.1 The A2HDM in the CP-conserving limit

Assuming that the Lagrangian preserves the CP symmetry, the two CP-even neutral
scalars h and H couple to the gauge bosons with reduced couplings R, = cosa and

Ro1 = —sin @, respectively, and their Yukawa couplings are real:
h __ ~ o~ H .~ ~
y; = cosa+¢rsina, y; = —sina+gpcosa. (7.21)

The CP-odd boson A does not couple at tree-level to WHW = and ZZ (Rs; = 0), while

its fermionic couplings are purely imaginary (pseudoscalar interaction):

yél = Z.gd,lv y;? - _i§u~ (722)

A light CP-even Higgs at 126 GeV

We will first focus in the most plausible possibility that the lightest scalar i corresponds to
the observed neutral boson with M, = 126 GeV. The alternative choice of the heavier field
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H can be easily recovered through an appropriate change of the mixing angle, & — a—m/2,
and will be further discussed in section [7.4.1] We will also consider later, in section [7.4.1]
the more exotic case of a CP-odd Higgs A. In this first analysis we assume that the
charged scalar is either very heavy or its coupling to the neutral Higgs is very small, so
that its contribution C';Ii to the h — v~ decay width is negligible. We also assume that
the bounds from flavour physics are naturally evaded, as it is the case at large values of
the charged scalar mass. The H* contribution to the diphoton decay width as well as the
flavour constraints will be considered later in section [7.4.1]

The minimization of x?(h) leads to two different solutions, differing in the sign of the
top Yukawa coupling. The central values of the corresponding A2HDM parameters and

their statistical one-sigma errors obtained from the global fit are:

cos@=0.99%005, Yl =08%03, |y)]=07+£03, |y'|=08=+05, (7.23)
and

cos@=0.99T001, b =-0873, |yi=11+03, |y|=09+05. (7.24)

In both cases, the gauge coupling g,y is very close to the SM one. Changing simulta-
neously the signs of cos @ and y? leads obviously to identical Higgs signal strengths and,
therefore, to two equivalent solutions.

In the first solution the W* and top-quark loops contribute with different signs
to the h — ~v amplitude, giving a destructive interference as in the SM. The needed
enhancement of the 2y branching ratio is obtained through a smaller total decay width,
p(h) =~ 0.6. This pushes upward the ratios uf;w and ,u’;w-j, allowing to explain part of
the excess experimentally observed in these two channels. However, the gluon-fusion
production channel has a smaller cross section than in the SM. The combined effect
results in a small increase of the 4+ channel, u% ~ 1.1, while a much larger enhancement
remains in the vy7jj case, /sz-j ~ 1.5.

The second solution corresponds to a top-quark contribution to h — v with the
opposite sign, so that it interferes constructively with the W+ amplitude. This allows one
to explain the 27y excess without hardly modifying the total decay rate, p(h) ~ 1.1 and
providing a slightly better fit.

In both solutions there is a sign degeneracy in the bottom and tau Yukawa couplings.

Although the tree-level decays h — bb and h — 777~ are insensitive to these signs, the
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loop-induced processes gg — h and h — 7 receive contributions from the bottom and
tau (only the ~v process) Yukawas, which interfere with the leading top and W¥ (in the
77 decay) amplitudes as shown in eqs. (7.15)) and (7.16). In the SM the bottom and tau
contributions are negligible, but their effect could be relevant in the A2HDM if the top
Yukawa coupling is considerably suppressed or if the parameters ¢4, are large. However,
this is not the case for the fitted Yukawa values in egs. and , which are of
O(1) for both solutions, leaving the sign of the bottom and tau Yukawas undetermined.
The relevance of the 7t7~ and bb channels to determine possible deviations from the SM
and within the different Z5 versions of the 2HDM, which could be pointing to a more
general Yukawa structure as provided by the A2HDM, has been emphasized recently in
ref. [53].
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Figure 7.1: Global fit to the A2HDM, in the CP-conserving case, in the planes yP — yg (left)

and yl — ylh (right). The parameters not shown in each case are fized to the best global-fit point.

The orange, yellow and gray areas denote 68%, 90% and 99% CL regions. The dashed lines
correspond to fized values of u%.

In figure we show graphically the results of this global fit, giving the allowed
regions in the y" — ¢ (left) and y" — y* (right) planes at 68%, 90% and 99% CL. The
parameters that are not shown are, in each case, set to the best global-fit point. The

sign degeneracy in the 7 and b Yukawa couplings is clearly observed. Moreover, the right
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panel shows a somewhat reduced sensitivity to the leptonic coupling y'. The SM-like
solution (y!,y;;) = (1,1) lies inside the 90% CL allowed region; however, at 68% CL the
top Yukawa has the sign flipped with respect to the SM, i.e., only the solution ([7.24])
remains. Similar results have also been obtained in ref. |241|53].

The allowed ranges, at the 1o and 20 level, for the different Higgs signal strengths
in the fit are compared in figure [7.2] with the experimental values. A good agree-
ment with data is obtained in all cases. Previous analyses within the CP-conserving
A2HDM have been performed in refs. [53,54], using a different notation, also finding good

agreement with the data.
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Figure 7.2:  Allowed ranges for the Higgs signal strengths obtained from the fit (7.24]) at 1o
(black, dark) and 20 (blue, dark), together with the averaged experimental data from the ATLAS,
CMS, CDF and D@ collaborations with the corresponding 1o errors (orange, light).

Using the sum rules in egs. and , we can extract constraints on the heavy
CP-even Higgs couplings from our global fit with M, = 126 GeV. For the solution (|7.24])
we find at 68% CL that the coupling of H to vector bosons is suppressed, sina@ < 0.37,
while its coupling to top quarks is very large, |y/| > 4.6. This region of parameter space
requires a very large value of |g,| in order to flip the sign of 3", which is the top Yukawa of
h. Such large values of |,| would then imply a significant enhancement of the production
of H via gluon fusion and can give rise to non-perturbative Htb, Htt and Att couplings.

This was noted previously within the same context in ref. [53].
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Y (lower right), at 68% (orange), 90
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Zy symmetries,

The usual 2HDMs with natural flavour conservation, based on discrete

are particular cases of the CP-conserving A2HDM, with ¢; taking the values given in

table[7.1] Thus, the three alignment factors are determined by a single parameter through

=g = cot 8 (type I), ¢, =

the constraints ¢, = ¢4

g = cot f (type Y), with cot 5 = vy /vy > 0.

cot B (type X) and g,

1

Sd = —¢G
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This leads to specific relations among the production cross sections and decay rates for
the Higgs bosons that can be tested with the LHC data. The separate measurement
of the various Higgs signal strengths should allow to disentangle the different scalings
of the three Yukawa couplings. In particular, exclusive Higgs production measurements
in the final states 777~ and bb will be crucial to test the different Z, versions of the
2HDM (33],43,53].

Figure shows the results of the global fit for the 2HDMs of types I, II, X and Y,
assuming that the lightest neutral Higgs A is the boson observed around 126 GeV. Allowed
regions at 68%, 90% and 99% CL are shown, together with lines of constant u%. The
relevance of the diphoton channel is evident from the figure. In models I and X, an allowed
region around cos & = 1 appears, where there is no sensitivity to ¢, since its contribution
to the neutral Yukawa couplings is suppressed by sin &; in this region the couplings of h to
vector bosons and fermions are close to the SM ones. Another allowed region appears for
negative values of cos @, in which the W= and top-quark loops contribute with the same
sign to the h — vy decay amplitude, thus allowing for a constructive interference. Both
solutions with cos@ = £1 are present for the inert model (type I with ¢, = 0). There
is a third allowed region at large values of the top Yukawa and negative coscd, which

approaches cosa = —1 as g, increases.
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Figure 7.4: Allowed ranges for the Higgs signal strengths in 2HDMs of type I, II, X and Y, at
lo (black, dark) and 20 (blue, dark). Other captions as in figure 7.4

In models IT and Y the solutions around cos & &~ £1 reduce to two extremely narrow
vertical lines and one small region at low ¢, and positive cos &, which remain allowed at
99% CL but are not present at 90%. The solution at large values of the top Yukawa and
negative cos & is also present, but in a region much smaller than in models I and X.

Figure [7.4] shows the allowed ranges for the Higgs signal strengths obtained in these
four types of 2HDMs (I, II, X and Y). The agreement with the data is good; however,
as already noted in ref. [43], the preferred region has large values of |g,|, which are ruled
out from flavour physics constraints for a charged Higgs boson below the TeV scale.
Large values of |g,| can also make some top-quark Yukawa couplings non-perturbative, as

commented in the previous section.
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A charged Higgs and the diphoton excess

One of the most distinctive features of 2HDMs with respect to other alternative scenarios
of electroweak symmetry breaking is the presence of a charged scalar boson in the spec-
trum. The present experimental lower bound on the H* mass is My+ > 80 GeV (95%
CL) [70], assuming that the charged scalar H* only decays into the fermionic channels
H™ — c¢sand H" — 71v,. A slightly softer limit My+ = 72.5 GeV is obtained, allowing
for the decay H* — WA — W+bb, with M4 > 12 GeV, and assuming a type-I fermionic
structure [70]. A model-independent bound can be extracted from the measured Z width
which constraints the Z decays into non-SM modes, and in particular Z — HTH~, to be
below T2 ™M < 2.9 MeV (95% CL); this implies My+ > 39.6 GeV (95% CL) [70].

Direct searches for charged Higgs bosons at the Tevatron [71] and the LHC [72] have
also been performed with null results so far.

Current LHC data are sensitive to such charged scalar through the h — v~ decay
channel. The one-loop H* contribution can interfere with the W* and fermionic am-
plitudes, thus being able to enhance or suppress the decay rate. The exact value of the
charged Higgs contribution C*. depends on the cubic Higgs coupling A\yg+pm- and the
charged Higgs mass My=. One expects however that |C7.| < O(1) based on perturba-
tivity arguments (see appendix [7.D]).

When considering a relatively light charged Higgs boson, one must take into account
constraints from electroweak precision tests and the flavour sector; a light H* would
contribute sizably to loop-induced processes, such as Z — bb, b — sv or B~ B mixing.
These phenomenological constraints have been analyzed in detail within the framework
of the A2HDM in refs. [27-30], where it has been found that a charged Higgs below the
TeV scale would require |¢,| < 2 to be compatible with present data. This rules out the
hypothetical scenario of a top Yukawa coupling with flipped sign, as found in (7.24) and
also favoured by the fits shown in figure [7.3] within the four types of Z; models. The
reason is that current h — WW, ZZ ~vv(jj) data require |cos@| ~ 1 (i.e., the gauge
coupling of the new neutral scalar should be close to the SM one). Since the top Yukawa
coupling is given by y" = cos @ + ¢, sin @, in order to flip the sign of y" one needs then a
large value for |g,|, which is excluded by the previous bound.

Including the charged-Higgs contribution, it is no longer necessary to flip the sign of

the top Yukawa in order to enhance the h — v+ decay width. The best fit region is now
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obtained for Yukawa and gauge couplings close to the SM limit:

cosa = 0.987002 Ch. = (=284 1.3) U (16.0 +1.3),
yo = 10£0.2, lh| = 1.1£0.3, ly'| = 084£05.  (7.25)

The two disjoint C’Zi solutions correspond to either a constructive interference of the H*
and W¥* amplitudes or a destructive one but with a charged-Higgs contribution so large
that it reverses the sign of the total h — 2+ amplitude. In both cases, one obtains a
better fit than in the SM and also better than the previous A2HDM fits (except for ([7.24])
which is comparable to this one). The presence of the charged Higgs allows one to easily
explain the h — 77y(jj) excess without large modifications of the total decay rate (i.e.,
p(h) = 1.1). The fit predictions for the yuy ratios and their one and two-sigma statistical

errors are shown in figure [7.5] In all cases, good agreement with the data is obtained.
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Figure 7.5:  Allowed ranges for the Higgs signal strengths from the global fit within the CP-
conserving A2HDM, including the charged Higgs contribution to h — ~v, at lo (black, dark)
and 20 (blue, dark). Other captions as in figure[7.3

In figure we show the allowed regions of the (|\yg+y-|, My+) plane, correspond-
ing to the two possible fitted values of C%., at 68% and 90% CL, together with the
perturbativity bounds discussed in appendix [7.D] Clearly, the solution with a very large
contribution to & — 47 from the charged Higgs (Cl,. = 16) is excluded if one requires
the theory to be perturbative. We obtain an upper bound for the mass of the charged
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Higgs around 300 GeV, at the one-sigma level. However, the bound disappears at the

two-sigma level because the charged-Higgs contribution becomes compatible with zero.
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Figure 7.6: Allowed regions of the (|\,g+m-|, Myg+) plane, corresponding to the two possible
fitted values of C%., at 68% (orange, dark) and 90% CL (yellow, light). The blue (hashed)
area, between the left vertical axis and the dashed line, is the domain where the theory remains

perturbative.

Inert 2HDM

In the inert 2HDM a Z5 symmetry is imposed, in the Higgs basis , under which
all SM fields and ®; are even while &3 — —®,. Terms with an odd number of ®,
fields in the scalar potential are then forbidden by the Z; symmetry, therefore
s = A¢ = A7 = 0. In this case there is no mixing between the CP-even neutral states h
and H, and the scalars H, A and H* decouple from the fermions. The couplings of the
remaining Higgs field h to fermions and to vector bosons are the same than in the SM
(i.e., cosa =1 and y}‘ = 1). Thus, only the diphoton channels can show a deviation from
the SM prediction (assuming that there are no open decay channels other than the SM

ones). From the global fit of this scenario, we find a charged-Higgs contribution to the
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h — v amplitude in the range C%. € [—1.7,—0.89] at 68% CL and C%. € [-2.4,—0.1]
at 90% CL. We have assumed that My« is greater than M) /2 ~ 63 GeV so that C’Zi
is real; for lower charged-Higgs masses, it would develop and imaginary absorptive part.
The fitted negative sign of C%,. causes a constructive interference with the W+ amplitude
in the h — v~ decay width.

Note that in the limit ¢; = 0, the charged Higgs does not couple to fermions indepen-
dently of any assumption on the scalar potential, see eq. . The implications of this
more general case for the neutral Higgs boson phenomenology as well as the possibility of
a very light charged Higgs boson are discussed in section [7.4.2] Detailed analyses of the
inert 2HDM and the possibility of a Dark Matter candidate within this model, in light of
the LHC data, can be found in refs. [39,[73]. An enhancement of the h — v decay rate
has also been discussed in ref. [74] within the Quasi-Inert 2HDM in connection with the
top forward-backward asymmetry observed at the Tevatron; the limit on Cl’ﬁlli obtained

in this section also applies to this scenario.

A heavy CP-even Higgs at 126 GeV

We have discussed so far the phenomenology of the lightest Higgs boson, but there is
nothing a priori preventing the boson discovered by ATLAS and CMS to be identified
with the heaviest CP-even state H or with the CP-odd Higgs A. These possibilities have
been already discussed in refs. [35,37,53]. An analysis in terms of the more general CP-
violating scalar potential, setting limits on the scalar-pseudoscalar mixing, has been done
in ref. [36].

Using the previous fits for h, it is straightforward to analyze the possibility of having
a heavy Higgs with My = 126 GeV. Assuming that non-SM decays like H — hh are
kinematically forbidden or very suppressed, the constraints on the heavy Higgs boson
couplings can be easily obtained from those of h through an appropriate change of the
mixing angle: & — & —7/2. In this case the coupling of the heavy Higgs to vector bosons
is close to the SM limit (sin & ~ 1), while the light-scalar g5y couplings are suppressed
by cosa ~ 0. The absolute values of the Yukawa couplings and all the other parameters
remain unchanged. A solution analogous to the one in eq. (7.24)), where a large value
of |¢,| is required to flip the sign of the top Yukawa coupling, is excluded by low energy
flavour constraints for a charged Higgs below the TeV scale (Z — bb, B® — BY mixing and
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neutral Kaon mixing [27]).

The LEP searches for neutral Higgs particles could have missed the light scalar h,
since the associated production with a vector boson would be strongly suppressed. More-
over, |y(’j} ~ |g4] could be small enough to avoid the constraints from the usual h — bb
search mode. The OPAL collaboration performed a decay-mode-independent search for
a light neutral scalar and found upper limits for the Higgs-strahlung cross section in
units of the SM: (R11)? = (gnvv/gin)? < 0.1 for M, < 19 GeV, and (Ry;)? < 1 for
M, < 81 GeV [75]. Together with the constraints from electroweak precision tests at the
Z peak, this provides useful information on the allowed mass spectrum for the remaining
scalars. Using the current bounds from the oblique parameters S, T" and U , (the
corresponding A2HDM formulae are given in appendix , we show in the left panel of
figure the allowed regions in the (Mpy+, M4) plane. We have set My = 126 GeV and
sin@ € [0.7, 1]. The constraints shown in the figure turn out to be determined by the T
parameter, since S and U give weaker restrictions. The charged scalar mass is of course
constrained by the direct experimental lower bound discussed before, but its exact value
depends on the assumed decay channels. The region where both My+ and M4 become
very heavy corresponds to uncomfortably large values of the quartic couplings \; of the

scalar potential and the theory is no longer perturbative.
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Figure 7.7: Left-panel: Constraint in the (Mpy=+,My) plane from the oblique parameters S, T
and U. Right-panel: Constraints from the invisible Higgs decay width in the (|[Ngnn|, Mp) plane,
assuming SM couplings of H to fermions and vector bosons. The orange (dark) and yellow

(light) regions are allowed at 68% and 90% CL.
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A light neutral boson h or A below the kinematical threshold of My /2 ~ 63 GeV
would have important phenomenological consequences, because the 126 GeV Higgs could
decay into lighter scalars. These decay channels can be included in our fit in terms of
an invisible decay width as long as we neglect possible contributions from cascade decays
into the observed final statesE] In general one would expect in this case a suppression
of the measured Higgs decay rates compared with the SM, due to the larger total width
of the scalar H. Current data for the 7y channel, however, shows a slight enhancement
over the SM prediction, thus placing strong bounds on possible invisible decays of the
126 GeV Higgs boson. Assuming that the heavy-Higgs couplings to fermions and vector
bosons are SM-like (i.e., y]{{ = 1 and sin&@ = 1), the best fit point is obtained for a null
invisible H decay width; at 68% CL (90% CL) we obtain an upper bound of 9% (20%)
on the invisible H decay width (in units of the SM total decay width).

Considering the scenario of a very light CP-even Higgs h, the decay width of the
heavier CP-even scalar into hh is given by

v N

4M]3 1/2
— 7.26
) (7.26)

where the cubic scalar coupling Agyy, is expressed in units of v and can be obtained from
eq. (7-43). In the right panel of figure [7.7] we show the constraints from our I'(H — hh)
fit in the (JAmnnl, My) plane. Strong bounds are obtained for the cubic Higgs coupling,
| Arrnn] < 1072, as expected.

Recent updates from the ATLAS collaboration in the high-resolution channels report
a significant difference in the mass of the neutral boson as determined from H — ZZ*) —
40 (123.5+ 0.8 £ 0.3 GeV) and H — vy (126.6 £ 0.3 £ 0.7 GeV) events [1]. Here we do
not consider as a possible explanation for this discrepancy, the possibility of having two
quasi-degenerate Higgs bosons, since the current mass value in the H — ZZ®*) — 4¢
channel obtained by CMS, 126.2 + 0.6 + 0.2 GeV [3], does not support this hypothesis.

Degenerate CP-even and CP-odd Higgs bosons at 126 GeV

A CP-odd scalar does not couple at tree level to two vector bosons; its decay to gauge

bosons starts at the one-loop level and it is therefore very suppressed. For this reason, a

4These effects are beyond the scope of the present work, but they could be relevant. For example, H —
AA — v+ 7y could be mistaken by a two-photon signal when the photon pairs are very collimated [78]
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pure CP-odd Higgs boson is already strongly disfavoured by present data as a candidate
for the 126 GeV boson. However, the observed signal could result from two Higgs bosons
with quasi-degenerate masses; this could explain the excess of v events observed by
ATLAS and CMS. This possibility was proposed in ref. [79] within the non-minimal
supersymmetric extension of the SM, and has also been considered within the context of
2HDMs, both for 2 versions [80-82] and with a more general Yukawa structure [53}55].
Model-independent methods to test experimentally for such possibility have also been
proposed recently in refs. [83}84].

We consider in this section the possibility of two Higgs bosons with quasi-degenerate
masses around 126 GeV, one of them being CP-even and the other one CP-odd. We per-
form a global fit of the data with M), = M4 ~ 126 GeV, and comment on the alternative
possibility of quasi-degenerate H and A. The observed Higgs signals strengths will then

receive contributions from both particles:

e = (7.27)
Given the presently large experimental uncertainties, we neglect the small AV'V coupling
generated at one loop. Therefore, among all the channels considered in this work, the
CP-odd Higgs will only contribute to A — 77 and A — 7. In both cases the dominant
production channel is the gluon-fusion one. The loop-induced decay A — v is only
mediated by fermions. In figure (left) we show the constraints on My+ and My
obtained from the oblique parameters. These masses are varied in the ranges Mpy+ €
[50,600] GeV and My € [126,600] GeV, while the coupling of h to vector bosons is kept
close to the SM limit (i.e., |cosa| € [0.8,1]), as suggested by the current experimental
data. In the right panel of figure we show similar bounds on the plane (Myg+, My),
keeping the light scalar mass below My = M4 = 126 GeV and taking sina € [0.8,1];
in this case the oblique parameters require the existence of a charged Higgs below the

electroweak symmetry breaking scale v = 246 GeV.
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Figure 7.8: Constraints in the (Mg+, My) plane for the case My = My = 126 GeV (left) and
in the (M g+, Mp) plane for the case My = Mg = 126 GeV (right), from the oblique parameters
S, T and U. The orange (dark) and yellow (light) regions are allowed at 68% and 90% CL.

In the scenario M = M4 = 126 GeV, the best fit region in the A2HDM parameter
space, assuming the charged Higgs contribution to the 2y channel to be negligible, is given
by:

cosa = 0.98+0.2, Gu = —1.170%, gl = 12412, ¢ = -027159.
(7.28)

The corresponding allowed ranges for the Higgs signal strengths, at 1o and 20, are shown
in figure We obtain a smaller total decay width of the CP-even boson, p(h) ~ 0.7,
which produces a sizeable enhancement of the ,u’;w-j signal strength (the CP-odd boson
A does not contribute to this channel). On the other hand, the excess in the two photon
channel comes from the decays of both A and h, which give contributions of similar size
(,u';7 ~ ,u‘;‘v ~ 0.7). The remaining contribution of A is to the 777~ decay channel, which
is small (g is small). We must also notice that solutions with a flipped relative sign
between the W and top contributions to h — 7y are not allowed because they would
require large values of ¢,; this would increase Cé‘}] and C:;‘,Y

7777 and v channels, exceeding the current experimental bounds.

generating a large excess in the

It is important to note that for a light charged Higgs boson, very strong flavour
constraints in the ¢, —¢; plane can be obtained from B — Xy . The allowed ranges at
68% CL shown in eq. were obtained assuming that the charged Higgs contribution to
the diphoton channel is negligible (this is true even for a light charged Higgs if A\jp+p- ~
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0). Including the charged Higgs contribution to the 27 channel in the fit one obtains
at 68% CL that C. = —3.0 & 1.4, while the alignment parameters ¢; remain weakly
constrained and compatible with zero. In the limit ¢ = 0, the stringent flavour constraints
for a light charged Higgs, in particular B — X,v, are avoided since the charged Higgs
decouples from the fermions. These constraints would be particularly relevant in the
scenario My = M4 = 126 GeV for which the charged Higgs mass is bounded to lie below
the electroweak scale, see figure (right).

3.0
2.5;
2.0¢

p 1.5¢

i
1.0

l I
0.5¢

0.0

bbV WWjj WW  ZZ vy yyi] ot
Channels
Figure 7.9:  Allowed ranges for the Higgs signal strengths from the global fit within the CP-

conserving A2HDM for the case of degenerate Higgs bosons with My = M4 = 126 GeV, at 1o
(black, dark) and 20 (blue, dark). Other captions as in figure[7.3.

7.4.2 The CP-violating A2HDM

In the A2HDM the up and down-quark as well as the leptonic Yukawa couplings are
all independent complex parameters. Thus, one can expect a very rich phenomenology
associated to the Higgs sector responsible for the breaking of the electroweak symmetry.
Moreover, if one considers the most general scalar potential, the neutral scalars h, H and
A are not CP eigenstates but rather a mixture of CP-even and CP-odd fields, parametrized
by the general orthogonal matrix R introduced in section[7.2] Thus, there are new sources
of CP violation, both from the Yukawa sector and the scalar potential, which could lead
to interesting phenomenological predictions.

The study of CP-violating observables is beyond the scope of the present work and we
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will defer it to future publications.ﬂ Nevertheless, we shall investigate next, the sensitivity
of the different (CP-conserving) Higgs signal strengths to the CP-violating phases. Since
the present data are consistent with the SM within rather large uncertainties, we will
consider separately the different CP-odd possibilities, by fitting some complex coupling
constants to the Higgs-signal-strength data while setting the remaining parameters to their
SM-like values. A similar analysis has also been performed within a model independent

framework in ref. [24].

Complex Yukawa couplings

Let us consider ¢? to be the observed boson with a mass of 126 GeV. We will analyze
three simple scenarios that will serve to determine the sensitivity to its complex Yukawa
couplings and to what extent the SM limit is preferred by present data. We will set
two Yukawa couplings to their SM values (y]f? = 1), and find the preferred values for the
remaining Yukawa coupling by minimizing the x? function. Figure shows the resulting
allowed regions for the top, bottom and tau Yukawa couplings when the coupling of ©? to
vector bosons is fixed to R;; = 0.95; this value lies well within the 90% CL allowed band
obtained from our previous fits.

Since all the observables considered are CP-even, the bounds obtained are symmetric
under Im(yf?) — —Im(yzf?). Moreover, the real and imaginary parts of the Yukawa
couplings do not interfere. The sensitivity to Im(y}pg) is similar to that obtained previously,
when considering only real couplings. For tree-level decays this is obvious from eq. ,
given that the parameter [y is very close to one for f = b, 7. For loop-induced decays
this can be understood by observing that the loop functions are closely related,
F(r) =217+ éf(T) + /(7). For b quarks and 7 leptons, F(7y) ~ K(7;); for the top quark
there is a small but sizable difference between the contributions of its real and imaginary
Yukawa parts. Note that in the limit R;; = 1 the Yukawa couplings of ¢? become SM-like
(yf? = 1) due to the orthogonality of R; thus, there is no sensitivity to the ¢; parameters
when considering the neutral Higgs couplings. The charged Higgs couplings on the other
hand are proportional to ¢y and do not depend on the mixing matrix R.

In the left upper panel of figure [7.10] we show the results of the fit for a complex

5 For theoretical studies about the CP-properties of extended Higgs sectors at the LHC and in possible

future colliders see ref. [85] and references therein.
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top Yukawa coupling, while setting yig = yzp? = 1. The dashed lines show contours of
0 0 0

constant value for p%:. The SM-like point (Re(yy'),Im(ys')) = (1,0) lies outside the

90% CL region, but becomes allowed at 99% CL.
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Figure 7.10: Allowed regions at 68% (orange), 90% (yellow) and 99% (grey) CL for the complex
top (upper-left), bottom (upper-right) and tau (lower) Yukawa couplings. In each plot the two
Yukawa couplings not shown are set to their SM value and the coupling to vector bosons is taken

0 0
to be Ri1 = 0.95. The dashed lines show contours of constant values for uf?y (top plot), ufgv
0
(bottom plot) and u’i,, (tau plot).

It can be seen that the allowed region at 90% CL accommodates an enhanced 7+ rate
between one and two times that of the SM. Within this 90% CL region, p(?) = 1.00+0.03
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as expected, since the dominant decay channel is bb; the gluon fusion cross section is
slightly reduced compared with the SM (C’;Og? = 0.87 + 0.28), while the v partial decay
width is enhanced (C’ffg = 1.67£0.56). The preferred allowed region is that for which the
top Yukawa coupling has opposite sign to R;1, thus, creating a constructive interference
with the vector boson contribution for the ¢ — v amplitude. The other option would
be to have a significant imaginary component Im(yfg), which would also enhance the v~
rate. Similar results were obtained in ref. [24].

The right upper panel of figure [7.10| shows the fitted values for the complex bottom
coupling, with the top and tau Yukawa couplings set to their SM values. The dashed lines
indicate contours of constant value for Nfgv- In this case the SM limit (Re(ng), Im(yzlo?)) =
(1,0) lies inside the 90% CL allowed region, which accommodates 0.7 < Nfgv <12 In
this 90% CL region, the total decay width is rescaled by p(¢?) = 1.11 £ 0.67; the gluon-
fusion cross section ratio is Cf; = 1.15 £ 0.10, while the vy partial decay width turns
out to be slightly suppressed with respect to the SM, C’fg = 0.89 £ 0.10. Since the total
decay width depends strongly on the value of |y§g|2, a large variation range is obtained

for p(¢?).

In the lower panel of figure [7.10] we show the fitted values of the complex 7 Yukawa
coupling assuming yu? = ng = 1. Contours of constant value for ufzv are also shown
as dashed lines. We obtain that the signal strength ufgv < 1.5 lies within the 68% CL
allowed region. The total Higgs decay width and the gluon-fusion cross section are equal
in this case to the SM ones, while some suppression is observed in the vy partial decay
width: at 90% CL, C%? = 0.90 £ 0.11 is obtained. This scenario is therefore disfavoured

by the observed excess in the two-photon channel.

A fermiophobic charged Higgs

In the limit ¢; — 0 the charged Higgs does not couple to fermions, independently of
any assumption about the scalar potential. Such fermiophobic charged Higgs could have
avoided detection at LEP while being very light. Current LHC searches, as well as searches
at the Tevatron, would have also missed such particle since it can neither be produced
via top decay nor decay into fermions. Flavour constraints on this charged Higgs are also
avoided trivially. Detecting such particle in an experiment is therefore quite challenging,

since it can only be produced in processes involving vector bosons and/or neutral Higgs
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particles; the same occurs for its decay channels.

The case of a fermiophobic charged Higgs is however highly predictive in the neutral
Higgs sector, since all the channels which do not involve the 7y (vZ) final state only
depend on one free parameter, R;;. The rescaling of the Higgs coupling to vector bosons
in this case is the same as that of the neutral Yukawa ones, yf? = g, 0vv / gi%v = R,
which implies that all Higgs signal strengths are rescaled by a factor R% with respect
to the SM, meaning that ufb? = pfg = Mﬁw,zz = p(¢?)'RY, = R%, in any of the
relevant production mechanisms. Therefore, in this scenario the signal strengths of the

three neutral scalars are correlated:

0 0
Z pry = Z Wwwzz = 1. (7.29)

go?:h7H,A ga?:h,H,A

Present data on the neutral Higgs boson are sensitive to a fermiophobic charged
Higgs through the loop-induced decay ¢ — y7. The charged-scalar contribution to this
decay can be sizeable for a light H*, and this is a quite interesting situation in view of
the possibility to detect such particle in the future. Assuming that the scalar with a mass
of 126 GeV does not decay into lighter scalars, we show in figure the allowed region
in the parameter space (R, Cfli) For the x? fit we have only considered real values of
Cflgi, which is true above the kinematical threshold Mp+ > Mo /2 ~ 63 GeV, as we have

mentioned before. In the figure we also show dashed contour lines of constant ufg. It
can be observed that the preferred relative sign between the charged Higgs and the W+
contributions to the v decay rate is such that it causes a constructive interference, thus
enhancing slightly the vy decay rate. The fit prefers a gauge coupling close to the SM
one (x2;, is obtained for R;; ~ 0.95) and puts the 90% CL lower bound |R;;| > 0.79.
The SM-like point (Ril,C}i) = (1,0) lies outside the 68% CL region, but is allowed at
90% CL (although close to the boundary). The presence of a non-zero (and negative)
Cfla contribution is clearly favoured, while the preference for a slightly reduced gauge
coupling implies a small suppression of the total decay width compared with the SM (i.e.,
p(¢?) = 0.8540.19, at 90% CL). From the global fit, ,u,fg = M,f,%jj = 1.454+0.49 is obtained
at 90% CL; all the other Higgs signal strengths that are not affected by the charged Higgs
contribution are equal to p = 0.8 £ 0.2.
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Figure 7.11:  Allowed regions at 68% (orange), 90% (yellow) and 99% CL (gray) for a fermio-
phobic charged Higgs on the parameter space (R, Cff'i); dashed lines denote contours of constant
ufg (left). The right plot shows the corresponding 68% and 90% CL regions in the parameters
A¢?H+H_ and Mg+, setting the value of R;1 at its best fit point. The region where perturbation

theory remains valid is indicated in blue (hashed).

The right panel in figure [7.11] shows the corresponding allowed regions in terms of
the variables Ao+~ and Mpy=. The value of R;1 has been set to its best fit point. Also
shown in the figure, is the region satisfying the perturbativity constraints discussed in
appendix [7.D]

For the previous discussion we have not made any assumptions on the quantum
numbers of the scalar field ¢?; we have only assumed that Mo =126 GeV and that its
decay into lighter scalars is not allowed. Thus, the obtained results are general and apply
both to a CP-conserving and to a CP-violating scalar potential. It must be noted that
in the limit |R;;| = 1 the phenomenology of ¢! becomes identical to that of the SM in
every channel, except for vy and vZ which are affected by the H* contribution. For a
fermiophobic charged Higgs lighter than Mo /2 =~ 63 GeV, Cﬁb develops an imaginary
absorptive part. If kinematically open, the channel ¢ — H*H~ would increase the total
width of the Higgs boson; furthermore, in this scenario the production cross section is
always less or equal to the SM. Therefore, the signal strengths would be reduced in every

channel, with respect to the SM. This is in clear contradiction with the data, specially
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with the measurements for the two-photon channel.

CP-even and CP-odd neutral scalar mixing

A CP-violating scalar potential generates mixings among the three neutral scalars, which
are no longer CP eigenstates. Here, we are interested in exploring the possibility that the
observed 126 GeV state could be the CP-odd scalar with a small CP admixture of the CP-
even ones. A similar analysis within 2HDMs of types I and II, with explicit CP violation
and soft breaking of the Z5 symmetry has been done in ref. [36], placing numerical bounds
on the size of a possible CP-odd component for the scalar particle with 126 GeV of mass.

In the presence of CP violation, the admixture between the three neutral scalar fields
is described by the 3-dimensional orthogonal matrix R which diagonalizes their mass
matrix. This diagonalization can be done numerically, once the parameters of the scalar
potential are known, but a simple analytical solution is not available for the most general
case. It is well known, on the other hand, that in the CP-conserving limit the mass-
matrix simplifies and it is possible to give explicit expressions for the masses and physical
states in terms of the scalar potential parameters. A reasonable assumption when dealing
with the general 2HDM scalar potential, is that the CP-violating terms are small; this
makes a perturbative expansion in these parameters a valid approximation in principle.
In appendix we provide explicit analytical expressions for the neutral scalar masses
and the corresponding eigenstates to leading order in the CP-violating parameters of the
scalar potential Af ;. The corrections to the masses are quadratic in A} ¢, while the mixing
between the CP-even and CP-odd states is only suppressed by one power of )\;6, making
this effect the dominant one.

Let us assume that the discovered boson is the state A = S34+7R31.51+R3252, with R3;
and R3o the small CP-even admixture coefficients. To simplify the discussion, we consider
a simple scenario in which we set the parameters ¢, 4; = 0. The Yukawa couplings, as
well as the coupling to vector bosons, are equal in this case, y;‘ = Ra3;. From a global fit
to the data, we find a lower bound on the admixture coefficient: R3; > 0.83, at 99% CL.
This result is mainly driven by the measurements in the WHtW =, ZZ and ~v channels,
which are SM-like to a good degree.

We can analyze whether such large values for the correction R3; can be obtained for
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natural values of the scalar potential parameters. From eq. (7.48)), one has:

vt (2ABAL — ARAL)
(M3 — M) (M} — Mg)

Rz =~ (7.30)
Thus, large mass differences between the scalar states suppress the effect of mixing due
to CP violation in the scalar potential; on the other hand if the scalar bosons have very
similar masses these effects could be considerably enhanced. Assuming that Mé;? | <107t
we obtain Ry < [(M3 — MZ) (M3 — M2)] ™' 108 GeV*, which implies that |Rg| < 1072
for My > M, 2 300 GeV. Of course, when either M,, ~ M, or My ~ M4 the coefficient
R31 diverges and the approximations used in appendix[7.A]are no longer valid. The general
formalism to describe the dynamics of CP violation near degenerate neutral Higgs bosons
has been developed in refs. [86,87]. In ref. [88] the effect of resonant enhancement of H and
A mixing was studied for the CP-violating 2HDM in the decoupling limit, M3 > |\;| v2.
In this case the heavy states H, H* and A are nearly mass degenerate and decouple from
the light state h.

In figure we show the allowed values at 90% CL for (R;1, Ri2, Ri3) for a general
scalar state ¢ with mgo = 126 GeV, assuming that the alignment parameters ¢y (f =
u,d,l) are real. We have imposed |s,| < 2, in order to satisfy the flavour constraints for a
charged Higgs below the TeV scale, and moreover we have set |¢z;| < 10. It is seen that
the CP-odd admixture in the 126 GeV state has an upper bound R;3 < 0.7, similar to
that obtained in ref. [36] within 2HDMs of types I and II, with explicit CP violation and
soft breaking of the Z; symmetry.
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Figure 7.12:  Allowed regions at 90% CL (yellow) on the parameter space (R;1,Ri3), for real
alignment parameters in the ranges |¢,| < 2 and |sq4;| < 10 (left). The right plot shows the
corresponding 90% CL region for the parameters (Ri2, Ri3).

7.5 Summary

The recent LHC discovery of a new neutral boson, with mass close to 126 GeV, provides for
the first time direct information on the electroweak symmetry breaking mechanism. The
current data are so far compatible with the SM Higgs hypothesis, although a slight excess
in the diphoton channel has been observed by the ATLAS and CMS collaborations. This
channel is particularly interesting since the decay of the Higgs into two photons occurs at
the one-loop level and is therefore sensitive to new charged particles that couple directly
to the Higgs.

As new and more precise data become available, we shall test whether the properties
of the 126 GeV particle correspond indeed to the SM Higgs boson or they manifest
evidences for new phenomena, perhaps signalling the existence of a much richer scalar
sector. Present experimental errors are still large but, nevertheless, they already allow us
to extract useful constraints on alternative scenarios of electroweak symmetry breaking.

2HDMs constitute the simplest extension of the SM scalar sector, satisfying the elec-
troweak precision tests, and give rise to interesting new phenomena through their enlarged

scalar spectrum containing five physical scalars. In order to avoid dangerous FCNCs, the
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2HDM phenomenology has been usually particularized to a few specific implementations,
based on discrete Z, symmetries, which severely restrict the fermionic couplings of the
scalar bosons. The most widely used scenario is the so-called type II 2HDM, since it
corresponds to the tree-level scalar sector of the minimal supersymmetric SM. However,
the phenomenological FCNC requirements can be easily satisfied imposing a much softer
alignment condition on the Yukawa couplings. The resulting A2HDM provides a general
framework to describe an extended scalar sector with two Higgs doublets and no FCNCs at
tree level, which includes as particular cases all previously considered 2HDM variants. It
has a much larger parameter space with plenty of new phenomenological possibilities, such
as new sources of CP violation and tunable strengths of the (family universal) Yukawas.
Thus, it is the appropriate framework to perform an unbiased phenomenological analysis
of the Higgs data.

In this paper, we have analyzed the present data on the Higgs signal strengths from
the ATLAS, CMS, CDF and D@ collaborations, within the framework of the A2HDM.
Even with the currently large experimental uncertainties, interesting conclusions can be
obtained regarding the preferred regions in the parameter space of the model. We have
considered a variety of possible departures from the SM predictions, within this frame-
work, including the effects from new CP-violating phases. In particular, we have searched
for possible ways to enhance the diphoton channel while being compatible with the rest
of the data.

The measured WW, ZZ and vy decay channels of the new boson suggest that its
coupling to the weak vector bosons (W*TW =, ZZ) is close to the SM one. This rules
out the possibility of a pure CP-odd assignment for the quantum numbers of the new
Higgs-like boson. A CP-even scalar, either pure or with a CP-odd admixture arising from
CP-violating terms in the scalar potential, however, can accommodate the data rather
well.

By flipping the relative sign of the top Yukawa coupling, the top-quark contribution
to the Higgs decay amplitude into 27 interferes constructively with the dominant W=
contribution. This can only be realized in the A2HDM for large values of |s,|, given that
gpovy R g, . However, flavour constraints on a charged Higgs below the TeV scale
(from Z — bb, b — sv and B°-B° mixing) require that |g,| < 2, even in the most general
CP-violating A2HDM. Thus, a 27 enhancement through a constructive interference of

the top and W* contributions could only be possible in a decoupling scenario with an



183 LHC constraints on 2HDMs

enormously large H* mass.

Including the charged scalar contribution to the Higgs decay amplitude into two
photons, one can explain the observed excess without significant deviations of the neutral
scalar couplings from the SM limit, and satisfying at the same time the flavour constraints.
This appears to be the most natural and likely possibility to accommodate current data
within the A2HDM framework. The confirmation by future data of a significatively
enhanced 27v decay width could be a strong indication that a light charged scalar is
around the corner, within the LHC reach.

The possibility that a CP-even and a CP-odd Higgs bosons have quasi-degenerate
masses near 126 GeV was also analyzed. An excess in the v channel can occur in this case
due to the contributions from both scalars (when signal strengths are added incoherently).
We have also considered the most general A2HDM with complex Yukawa couplings. Since
the Higgs signal strengths are CP-even observables, there is no interference between the
contributions from the real and imaginary parts of the Yukawa couplings. It is then
possible to enhance the vy decay rate with a complex Yukawa coupling which has its real
part close to the SM-like limit.

Future improvements of the present bounds on neutral and charged Higgs bosons, or
perhaps their direct discovery, as well as more precise measurements of the current Higgs
signal strengths are expected from the LHC in the next years. The complementarity
between flavour constraints and collider searches for new scalar resonances will be crucial
for the understanding of the mechanism of electroweak symmetry breaking. We have
shown different alternative scenarios within the A2HDM that can accommodate present
data very well, placing bounds on the relevant parameter space and discussing possible

consequences that could be tested in the near future.

Note added: After the submission of this work for publication, updated experimental
analyses of the LHC data have been made public [89,90]. While an enhanced diphoton rate
is still present in the ATLAS results, the CMS collaboration finds now a 2 rate compatible
with the SM prediction. The new CMS results would favour a SM-like scenario, similar
to that obtained in eq. , without any need for a charged scalar contribution to the

27 decay mode. More data are needed to clarify this issue.
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Appendix

7.A Scalar Potential

In the Higgs basis, the most general scalar potential takes the form
V = M1 (I)I(I)l + 2 (I)gq)z + |:/L3 (I)J{(I)Q + ,U,;) (I)gq)l}
2 2
+ N (qﬂcbl) + Ao (@3%) + A (cb{cbl) (cpgcbg) + Ay <q>§q>2> <<I>;<I>1>
+ (A @1y + A @) + A 0f@y ) (@[02) + b - (7.31)
The Hermiticity of the potential requires all parameters to be real except us, As, A\¢ and

A7; thus, there are 14 real parameters.

The minimization conditions (0|®%(z)]0) = \%(O,v) and (0|®%(2)]0) = %(0,0)

impose the relations

= =A%, f3 = —% Mg V2. (7.32)
The potential can then be decomposed into a quadratic term plus cubic and quartic
interactions
V:—i/\lv4+V2+V3+V4- (7.33)
The mass terms take the form
S
Vo = MpHTH + % (S1,82,83) M | S,
S3

1 1 1
= Mje H"H™ + §M5 h + §M§ H? + §M§ A% (7.34)



185 LHC constraints on 2HDMs

with
2 1 2
MHi = M2 + 5 )\3 (% (735)
and
2\ 02 v A —v% \§
M= | A MZL+0? (3 + ) —v? AL , (7.36)
—v? A —v? AL M. +0? (& =28

where A\ = Re(\;) and Al = Im()\;). The symmetric mass matrix M is diagonalized by

an orthogonal matrix R, which defines the neutral mass eigenstates:

M} 0 0 h Sy
M = R” 0 MZ 0 R, H|l=R|S5|. (7.37)
0o 0 M3 A S,

Since the trace remains invariant, the masses satisfy the relation
ME 4+ M7 4+ M3 = 2MEs 4+ 0% (20 + \g) . (7.38)

The minimization conditions allow us to trade the parameters p; and us by v and
Xg- The freedom to rephase the field ®, implies, moreover, that only the relative phases
among A5, A\¢ and \; are physical; but only two of them are independent. Therefore,
7], arg(AsAf) and

arg(AsA%). Four parameters can be determined through the physical scalar masses.

we can fully characterize the potential with 11 parameters: v, pa, |1,

In the CP conserving limit A} = A\f = AL = 0 and S3 does not mix with the other
neutral fields. The scalar spectrum contains then a CP-odd field A = S5 and two CP-even
scalars h and H which mix through the rotation matrix (7.3)). In this case, the scalar

masses are given by

_ 1 _ 1 _ A
Mif =35 (E=8),  Mj=35(S+8), M= Mg+ (74—@) |
(7.39)
where
A

A 2
A = \/{M,%,i + v? (—2 A1+ 74 + A?)] + vt (A2, (7.41)
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and the mixing angle is determined through

M}% — 2/\1?)2

42
EDYS (742)

tana =
We use the notation ]\7_/@? to emphasize that these are the neutral scalar masses in the
CP-conserving limit. The cubic and quartic Higgs couplings involving the charged and
the neutral physical scalars (without Goldstone boson couplings) take the form,

1 1 3
‘/3 = UH+H7 ()\351+/\7RSQ—)\I753>—51))\1753?—5@)\1752253—511)\%351253
1 3 1
+)\le$’+§UA$S§+§U)\6R5352+§U (2)\15:{4-)\34-)\4) 51522
1 1
— 5V (208 = A3 — A1) 5155 + 5? A 5552 — 20 AL 515585, (7.43)

A
V, = HYH- (/\2 HYH™ + ?3 S? 4 X9 824 Xy SZ — AL S S+ AF 5182)

1 1 A
+7 (Mg + Ay 4+ 228) (5159)% + T (As + Mg — 228) (5185)2 + 52 (5555)>
1 Al Al AR AR AR
-3 A S35y — AL S528,8, — 37 515285 — 77 S1S% + 76 S3S5 + 77 S1S5 + 77 515,52
A A A
+f%+f$+fﬁ. (7.44)

In the CP-conserving limit all vertices involving an odd number of S5 fields vanish. A

basis-independent discussion of the 2HDM scalar sector can be found in ref. [91].

7.A.1 Neutral scalar mass matrix to lowest order in CP viola-
tion

Assuming that A\l and A} are small, we can diagonalize the mass matrix ([7.36) perturba-
tively as an expansion in powers of these CP-violating parameters. The leading corrections

to the neutral scalar masses are quadratic in A} g:

M2, = M2 +af (M)? + a8 (M)? +af (AL, (7.45)
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where ]\7[%0@ denote the corresponding masses in the CP-conserving limit given in ([7.39))

and

v? (]\7[20 - 2)\1U2>

Y
I, (¥, - 313
0 vt (2)\11)2 + J\Z/2Q — M3 — M,f)
0521 - Y

[ (V12 - 22
s 205 \E

Hﬁél <M2 Mj?)

(7.46)

The physical states ¢ = {h, H, A} receive corrections at first order in /\é’ﬁ, which are

given by

h cosx sina €3 S

H = —sina cosa €93 Sy |, (7.47)

A €31 €2 1 Sy
where

v (sin @ AL + cos @ AL) v (cos @ AL — sin & AL)
€13 = ————— (sina coS (v , €133 = ————— (COSA A — sin & ,
13 (Mi — Mﬁ) 5 6 23 (Mi _ M[Q{) 5 6
1 1

€31 — —2—1)2 (O[?l? )\é + 20[124 )\é) s €39 — 2 2 (2 Oll )\I + ?)\I) (748)

Note that for the case of a scalar potential with a softly-broken Z; symmetry in the Higgs

basis we have \¢ = A\; = 0 and, therefore, e3; = 0.

7.B Scalar Couplings to the Gauge Bosons

The scalar doublets couple to the gauge bosons through the covariant derivative and
gauge-fixing terms:
2

Lx+ Y (Du®,) D'®y + Loy = Ly2+ Loz + Loy + Loov + Love + Lopve . (T.49)

i=1
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where Ly is the usual gauge-boson kinetic term and the covariant derivative is given byﬁ

D, =0,+1eQA, + ZLQ Z,.(T3 — Qsin® Oy) + ig [T+WJ +T_W,]. It is convenient to
cos Oy

adopt the following R, gauge-fixing term (£ = 1),

Lor = —5 (@A = 5 (0,2" + MyGP)’ — (0“W} +iMywG™) (0,1 — iMwG™) |
(7.50)
which cancels exactly the quadratic mixing terms between the gauge and Goldstone bosons
generated by the covariant derivatives, so that L4y = 0, and provides the Goldstone
bosons with the masses Mg+ = My = gv/2 and Mgo = Mz = My, / cosfy,. Then,

1 1 1 .
Lv2 = =5 (0,A")° = 5 (0,2") + 5 M3 2,2" — (9"W]]) (O,W") + Miy WIW* , (7.51)

while
1
Ly = 3 [0,hO"h + 0,H O"H + 9, A" Al + 0,H O"H~
1 1
+ 3 9,G° O"G° — 3 Mz (G°)?+0,GT oG~ — My, GTG™. (7.52)
The interaction terms between the scalar and gauge bosons are given by:

Lo = ie [A"+cot (20w) 2] [(HF 9, H) +(G* 9,67)]
e u 0 <
+ sin (260y) 4 [(G 0uS1) + (S 8“82)}
9 et -3 - N NP
+ S W (H8,85) =i (H™ 0,5%) + (G~ 0,G°) =i (G 0,5)]

+ gwu [(H+3u53)+i(H+3MSg)+(G+3MGO)+2'(G+3M51)] , (7.53)

2 . [1
Lo = =5 [5 M2 Z,7" + M3, W;[W“]

+ (eMy A" — gMysin® Oy Z") (GTW, + G"W]) | (7.54)

6The weak mixing angle 6y is defined through the relation gsinéy = ¢’ cosfy = e. The operators

T, = %(Tl + T5) and T3 can be expressed in terms of the Pauli matrices by T; = EZ .
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11
Lov: = — [5 5 Z,Z" + My WJW“} [H? + h* + A* + (G°)?]

2
+ {62 [A* + cot (20w) 2] + % WJW“} (G*G-+H"H")

+ S (A —tan Oy 2%) [$1 (GTW,+ GTW)) + Sy (HE W, + H™W)

Sy (HOW) = HYW,) +i G0 (GW) = 6 w)|
(7.55)

with S; = Rjip) (¢ = {h, H, A}) and the usual notation A 3u B = A(0,B) — (0,A)B.

7.C Statistical treatment and data

To obtain the preferred values for the parameters of the A2HDM we build a global y?
function
2 (hr — ﬂk)2
=y (7.56)
k Tk
where o0; is the experimental error extracted from the data at 1 ¢. Errors on the reported

Higgs signal strengths i are symmetrized using

where dfi+ are the one-sided errors given by the experimental collaborations. We use the
latest data available after the “Hadron Collider Physics Symposium 2012 (HCP2012)”,
including the latest update from ATLAS of the high-resolution channels vy, ZZ™) [1].
For the diphoton channels we use the data given by ATLAS and CMS at 7 and 8 TeV,
provided in refs. |1,/2,|13//14]. For the rest of the channels we use the averages listed in
table [7.2] which include the 7 ® 8 TeV data reported by ATLAS and CMS together with
CDF and DO data [10-12] at /s = 1.96 TeV.

For a general channel with inclusive production we have (neglecting the subdominant

production channels)
ng _ Oy Br(¢? — k)
k oSM Br(yp) — k)sum

(7.58)
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Table 7.2:  Higgs signal strengths in each of the channels considered in this work. Averages
obtained from ATLAS and CMS data at 7 ® 8 TeV together with CDF and D@ data at \/s =
1.96 TeV. (*) We do not consider non-inclusive measurements in the 77 channel. Due to the
large current errors associated with these measurements, our conclusions would not be modified
at this level.

Channel i Comment
% 1.1+0.44 ATLAS, CMS, CDF and DO [1:2:11:12] (our average)
WWjj —0.2 4+ 1.56 ATLAS and CMS [1,2,/14] (our average)
Ww 0.76 £ 0.21 | ATLAS, CMS, CDF and DO |1}2,/10,/11,{13] (our average)
VA4 0.96 £+ 0.26 ATLAS and CMS [12] (our average)
77 (incl.) (*) | 0.89 £+ 0.86 ATLAS and CMS [1,2] (our average)
vy 1.66 £+ 0.32 ATLAS and CMS |1,2] (our average)
YYJjj 2.18+£0.84 ATLAS and CMS |[12] (our average)

For the Higgs searches in the 7+ channel, the ATLAS and CMS collaborations have
established different categories. To take this into account, we write the Higgs signal
strength in a given v~ channel as

0 €ggF OggF + €yBF OVBF + €VH OVH ) Bl‘((p? — ’y’y)

o
Hyy = SM SM SM 0 )
€9gF O ggF T €EVBF Oypp T €VH Oy Br(¢? — v7)sm

(7.59)

where the coefficients €(4yrvpr,vi) accounting for the relative weight of each production
channel have been provided by ATLAS and CMS [5,/6]. The top-quark-fusion contribution
could be added in a similar way. In eq. , the SM production cross sections and decay
widths are taken from the web page of the LHC Higgs Cross Section Working Group [92].

For the gluon-fusion production mechanism we have
0
o(gg — ¢)) = OggF = fﬁasxﬁ (7.60)

0
where the scaling of the gluon-fusion cross section Cy; was defined in section . Vector-

boson fusion scales with the coefficient R;; as

o(qqd — qd'¢?) = over = (Ru)?o¥hr (7.61)
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and similarly for the associated production with a vector boson

0(q@ = V¢)) = ovn = (Ra)? oy - (7.62)

7.D Perturbativity Constraints

The charged Higgs boson contribution to ¢? — 47 depends crucially on the value of the
neutral scalar coupling to a pair of charged Higgs bosons. To assure the validity of per-
turbation theory, upper bounds on the quartic Higgs self-couplings are usually imposed
requiring these to be smaller than 87 (see [31,132] and references therein). The cubic
Higgs self-couplings are also bounded indirectly in this way. In this work we consider an
alternative perturbativity bound on the relevant Higgs cubic coupling which is more re-
strictive for light charged Higgs masses. Consider the @Y H*H~ one-loop vertex correction
given by figure [7.13] The contribution of this diagram is finite and can give us an idea
about the allowed magnitude of the cubic coupling in order not to spoil the perturbative

convergence.

Figure 7.13: Diagram contributing to the one-loop ¢QHH~ vertex correction.

We obtain:
VN2 e M?,
(Aw?HJVH*)eﬂ' = A(p?H*H* ]_"‘ 167:3M13i Z (Mg;)] = A@?HJer (1+A), (763)
where

Z(X) = /0 dy/0de [(y+z)2+X(1—y—z—yz)}_1. (7.64)

Allowing the correction to be at most 50% (A < 0.5) constraints the allowed parameter

space in the (Agog+p-, My+) plane to be within the blue (hashed) region indicated in

figure [7.6]
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7.E Oblique Parameters

Possible deviations from the SM in the gauge-boson self-energies are usually characterized
through the oblique parameters S, T and U [93]|. Taking as a reference SM Higgs mass
M, vef = 126 GeV, the most recent global fit to electroweak precision observables quotes
the values |76L|77]:

S =0.03£0.10, T =0.06£0.12, U=0.03£0.10. (7.65)

The expressions for the oblique parameters in the CP conserving A2HDM are adapted
from ref. [94]:

1 -
5 = 7{ B3 M3 M) — M2 Bu(ME: M D) + B3 M3, M)
Z
s’ [Bmuwg; M2, M2) — M2 Bo(M2; M2, M2) + Bap(M2: M2, Mg>]
— Boo(M3; My, Mj.) — Boo(Mz; My, M, o) + M7 Bo(M3; M§>M5,ref)} ,
(7.66)
1
v = L Leota [P M) - F ) + 3 F O M) - 3 F (MG )
167 My, sy

+ sin®a [I(M?,i, M?) — F(MZ, M3) +3F(Mz, M%) — 3F (Mg, M,%{)]

+ ‘F<M}2—Ii7 Mi) - B‘F(Mév Ml%,ref) + 3‘F(MI%[/7 M}?,ref)} ) (767>
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U = H(M3) — H(MZ) +

e {Sin2 a BQQ(M&V7 M?Ii? M}%) + COS2 a BQQ(MI%V, M?Ii, MIQJ)
iy

+@m%m;m@4&m%m;m@@

1
TM?2

{sin2 & Boo(MZ; M2, M3) + cos® & By (MZ; Mz, M3)

- 522(M§;M§1i,M§i)}, (7.68)
where
1
H(ME) = — {0082& [BQQ(Ma;Ma,M,f) — M} BO(M‘%;M‘Q/,ME)}
VL,

+ sin’ & {BQQ(Ma;Ma,MI%,) — M BO(M‘Q,;M‘Q/,M?{)]

B ) 28 B0 )} (1
The loop functions are given by
1 1 I
Bu(smiomd) = T+ )i+ - 2= [ e X log (X —ie), (170
0
1
Bolg*;m?,m3) = A —/ dx log (X —ie), (7.71)
0
1 m2ms3 m?
F(m3,m3) = é(m% +m3) — 2 —m3 log m2 ) (7.72)
with
2
X=mir+ms(l—-2)—¢2(1-2), A = m+ln4ﬂ—’7E, (7.73)

in d space-time dimensions, where vg is the Euler-Mascheroni constant, and where we
have defined:

322(92; m%, m%) = ng(q2; m%, m%) - B22(0§ m%a m%), (7-74)

Bo(q2;m%,m§) = Bo(qg;m%,mg) — BO(O;m?,mz) ) (7.75)
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The data accumulated so far confirm the Higgs-like nature of the new boson discovered at
the LHC. The Standard Model Higgs hypothesis is compatible with the collider results and no
significant deviations from the Standard Model have been observed neither in the flavour sector
nor in electroweak precision observables. We update the LHC and Tevatron constraints on
CP-conserving two-Higgs-doublet models without tree-level flavour-changing neutral currents.
While the relative sign between the top Yukawa and the gauge coupling of the 126 GeV Higgs
is found be the same as in the SM, at 90% CL, there is a sign degeneracy in the determination
of its bottom and tau Yukawa couplings. This results in several disjoint allowed regions in the
parameter space. We show how generic sum rules governing the scalar couplings determine the
properties of the additional Higgs bosons in the different allowed regions. The role of electroweak
precision observables, low-energy flavour constraints and LHC searches for additional scalars to

further restrict the available parameter space is also discussed.
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8.1 Introduction

Experimental data from the ATLAS [1,2], CMS [3,/4], DO and CDF [5] collabora-
tions confirm that the new boson discovered at the LHC is related to the mechanism
of electroweak symmetry breaking. The masses of the new boson measured by ATLAS
(125.540.2 752 GeV) and CMS (125.740.340.3 GeV) are in good agreement, giving the
average value M, = 125.64 £ 0.35 GeV, and its spin/parity is compatible with the Stan-
dard Model (SM) Higgs boson hypothesis, J* = 0% [6-8]. Global analyses of current data
find to a good accuracy that the new h(126) boson couples to the vector bosons (W=, Z)
with the required strength to restore perturbative unitarity in vector boson scattering
amplitudes. The h(126) couplings to fermions of the third generation are also found to
be compatible with the SM Higgs scenario [9,/10].

A complex scalar field transforming as a doublet under SU(2);, seems at present the
most elegant and simple explanation for elementary particle masses. None of the funda-
mental principles of the SM, however, forbids the possibility that a richer scalar sector is
responsible for the electroweak symmetry breaking. Unlike the addition of new fermion
generations or new gauge bosons, an enlarged scalar sector remains in general much
more elusive to experimental constraints. Two-Higgs-doublet models (2HDMs) provide a
minimal extension of the SM scalar sector that naturally accommodates the electroweak
precision tests, giving rise at the same time to many interesting phenomenological ef-
fects [11]. The scalar spectrum of a two-Higgs-doublet model consists of three neutral
and one charged Higgs bosons. The direct search for additional scalar states at the LHC
or indirectly via precision flavour experiments will therefore continue being an important
task in the following years.

Many analyses of LHC and Tevatron data have been performed recently within the
framework of CP-conserving 2HDMs with natural flavour conservation (NFC) [12-27].
These works have focused on different versions of the 2HDM in which a discrete 2,
symmetry is imposed in the Lagrangian to eliminate tree-level flavour-changing neutral
currents (FCNCs). A more general alternative is to assume the alignment in flavour space
of the Yukawa matrices for each type of right-handed fermion [28]. The so-called aligned
two-Higgs-doublet model (A2HDM) contains as particular cases the different versions of
the 2HDM with NFC, while at the same time introduces new sources of CP violation
beyond the CKM phase. First studies of the h(126) boson data within the A2HDM, in
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the CP-conserving limit, were performed in refs. [29-32] and more recently in refs. [33-
35]. The implications of new sources of CP violation within this model for the h(126)
phenomenology were also analyzed in ref. [32].

In this work we extend the analysis of ref. [32] and update the bounds that current
LHC and Tevatron data impose on the CP-conserving A2HDM, taking into account the
latest results released by the experimental collaborations after the first LHC shutdown.
We also discuss the role of electroweak precision observables and flavour constraints to
further restrict the parameter space. The allowed regions are classified according to the
sign of the bottom and tau Yukawa couplings of the h(126) boson, relative to its coupling
to vector bosons. Due to generic sum rules governing the scalar couplings [32,36-38], the
properties of the additional scalar fields of the model are very different in each of these
allowed regions. We consider also current limits from the search of additional scalars at
the LHC and its impact on our knowledge of the h(126) properties. The possibility of a
fermiophobic charged Higgs [32] is also analyzed in light of the latest LHC data. A study
of CP-violating effects in the 2HDM along the lines of ref. [32] will be deferred to a future
work.

This paper is organized as follows. The present bounds from LHC and Tevatron
data are analyzed in section [8.2] discussing also the role of the loop-induced processes
Z — bb and B — X, to further constrain the available parameter space. In section
we consider the search for additional Higgs bosons at the LHC. The particular case of a
fermiophobic charged Higgs is analyzed in section A comparison of our findings with
those of related works is done in section and a summary of our results is finally given
in section

8.2 A2HDM fit in the CP-conserving limit

Let us consider the scalar sector of the CP-conserving 2HDM. In the so-called Higgs basis
where only one of the doublets acquires a vacuum expectation value, the two doublets are

parametrized as [32]

G+
d, =

75 (v + 81 +1iG°)

; o, = [ s i ] . (8.1)
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Thus, ®; plays the role of the SM scalar doublet with v = (v/2Gr)~"/? ~ 246 GeV. The
physical scalar spectrum consists of five degrees of freedom: two charged fields H*(z)
and three neutral scalars ¢?(z) = {h(z), H(z), A(z)}. The later are related with the S;
fields through an orthogonal transformation ¢?(z) = R;;S;(z), which is determined by the
scalar potential [32]. In the most general case, the CP-odd component S3 mixes with the
CP-even fields S; » and the resulting mass eigenstates do not have definite CP quantum

numbers. For a CP-conserving potential this admixture disappears, giving A(z) = Ss(z)

and!
h cost sinda S1
(H) - [—sin& cos&] <52 ) ' (82)

Performing a phase redefinition of the neutral CP-even fields, it is possible to fix the sign
of sina. In this work we adopt the conventions M; < My and 0 < & < 7, so that sina
is always positive. To avoid FCNCs, we assume the alignment in flavour space of the
Yukawa matrices. In terms of the fermion mass-eigenstate fields, the Yukawa interactions
of the A2HDM read [28]

V2

Ly = - Ht {a[sg VMyPr — ¢, M,VPL]d + ¢ MPrl}
1 ? 0TF
- Z Y i [foPRf} + h.c., (8.3)
o0.f

where Pr 1, = &% are the right-handed and left-handed chirality projectors, My the diag-
onal fermion mass matrices and < (f = u, d, ) the family-universal alignment parameters.
The only source of flavour-changing phenomena is the CKM matrix V. The well-known
versions of the 2HDM with NFC are recovered as particular limits of this parametrization,
given in table [8.1}

In the present analysis we neglect possible CP-violating effects; i.e., we consider a

CP-conserving scalar potential and real alignment parameters ¢;. The couplings of the

Tn a generic scalar basis ¢, (z) (a = 1,2) in which both doublets acquire vacuum expectation values:
0]pL(x)|0) = % (0,v4 €%), we have @ = a — 3 in the usually adopted notation. The angle a determines
h and H in terms of the CP-even fields and tan 8 = vy /vy is the ratio of vacuum expectation values.
Given that the choice of basis is arbitrary, the parameters o and /8 are in general unphysical. These angles
are meaningful only in particular models in which a specific basis is singled out (through a symmetry for

example) [39].



205 Towards a general analysis of LHC data within 2HDMs

Table 8.1:  CP-conserving 2HDMs based on discrete Zo symmetries.

Model Sd Su S/
Type I cotB | cotf | cotf
Type 11 —tanf | cot | —tan
Type X (lepton-specific) | cot | cot 5 | —tanf
Type Y (flipped) —tan( | cot 5| cotf
Inert 0 0 0

neutral scalar fields are then given, in units of the SM Higgs couplings, by

h ~ IS A ;
Yy = cosa +Grsina, Ya1 = 1S4,

y]{{ = —sina +¢pcosa, yﬁ‘ = =G, (8.4)

0
for the fermionic couplings and (k{’ = gpovv/ g, V=W, Z)

Kl = cosa, Ky = —sina, Ky = 0, (8.5)

for the gauge couplings. The CP symmetry implies a vanishing gauge coupling of the
CP-odd scalar. In the limit @ — 0, the A couplings are identical to those of the SM Higgs
field and the heavy CP-even scalar H decouples from the gauge bosons ]

8.2.1 Implications of LHC and Tevatron data for the h(126) bo-

son
We assume that the h(126) boson corresponds to the lightest CP-even scalar h of the
CP-conserving A2HDM. Current experimental data require its gauge coupling to have

a magnitude close to the SM one; i.e., [cosa| ~ 1 [32]. A global fit of the parameters
(cos @, Sy, 54, 51) to the latest LHC and Tevatron data gives (x2;,/dof ~ 0.73)

lcosd| > 0.90 (0.80), (8.6)

2 The scalar mixing is often parametrized in terms of o/ = & + 5, so that ﬁ}{, = sina’ and the SM

limit corresponds to o = /2 [11]. We prefer to describe small deviations from the SM limit with & ~ 0.
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Figure 8.1:  Allowed regions in the planes y"* —yl' (top-right), yl* —y" (bottom-left) and y —yP
(bottom-right) at 68% (orange, dark) and 90% (yellow, light) CL from a global fit of LHC and
Tevatron data, within the CP-conserving A2HDM. The particular case of the discrete Zo model
of type II is also indicated at 90% CL (black). Top-left panel: Allowed region in the space

(y, yh, yh) with cosa > 0 at 68% CL (orange).

or equivalently sina@ < 0.44 (0.60), at 68% CL (90% CL). The resulting constraints on
the Yukawa couplings of h are shown in figure [8.1] The charged Higgs contribution to the
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h — ~v amplitude has been assumed to be negligible in this fit. The global fit determines
the relative sign between y” and gy to be the same as in the SM. The flipped sign
solution for the top Yukawa coupling, which was preferred before Moriond 2013 due to
the observed excess in the v+ channel [32], is ruled out by current data at 90% CL.

The partial decay widths of the Higgs decaying into a pair of fermions are not sensitive
to the sign of the Yukawa couplings, I'(h — ff) \y?|2. The loop-induced processes
h — v~ and gg — h, on the other hand, are sensitive in principle to the y?zu’d’l signs. The
decay widths, normalized to the SM prediction, can be written in terms of the modified

Higgs couplings as,

I'(h = 17) h h h h\2 h )2
Th 5oy = (0.28y — 0.004yy — 0.0035y; — 1.27 )" + (0.006 y; + 0.003y") ",
(8.7)
where we have neglected a possible charged Higgs contribution to h — 27, and
I'(h — g9) h )2 )2
——= ~ (1.06y, — 0.06 0.09 . 8.8
T(h — gg)s™ (1.06 y,, va) + (0.09y;) (8.8)

The last terms in and are the absorptive contributions from 77~ and bb loops.
Neglecting the charged Higgs contribution to h — =7 is well justified if the charged Higgs
is very heavy and/or if the cubic Higgs self-coupling hHTH™~ is very small. Due to
their small masses, the tau and bottom contributions are very suppressed and, therefore,
flipping the sign of ygl has only a very small effect on the relevant partial widths.

The top-left panel in figure [8.1] shows the 68% CL allowed regions in the space
(y", y? y) with cos @ > 0. Four disjoint possibilities can be observed, which can be char-
acterized by the relative signs of ygvl to that of xf; four additional, equivalent, solutions
are found flipping simultaneously the signs of y’} and cos @. We restrict in the rest of this
work to the solutions with cos @ > 0. The other panels show the projections in the planes
y" — y (top-right), y" — 3" (bottom-left) and y" — yI' (bottom-right), at 68% (orange,
dark) and 90% (yellow, light) CL. The sign degeneracy in the determination of the bottom
and tau Yukawa couplings from current data is clearly observed. At 90% CL, the leptonic
Yukawa coupling y is found to be compatible with zero and therefore only two disjoint
islands remain (y? < 0 and y? > 0).

Figure shows also (small black areas, x2,,/dof ~ 0.65) the constraints in the
particular case of the type II model (5,, = —1/5, = —tan ), usually assumed in the
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literature and realized in minimal supersymmetric scenarios. The allowed regions get
considerably reduced in this case. This illustrates that there is a much wider range of
open phenomenological possibilities waiting to be explored. The only allowed regions in
the type II model are those with identical y" and y!' couplings, making a straight line
with slope +1 in the y/; —y/" plane. The y}, < 0 region with cos & > 0 requires a relatively
large value of tan 8 to flip the sign of ygjl. Similar arguments can be made for the other
types of 2HDMs with NFC. For instance, in the type I model (, 4, = cot 3) the allowed
regions are straight lines with slope +1 in the three y? — y?, planes.

In the following we will keep the discussion within the more general framework pro-
vided by the A2HDM. In case any of the versions of the 2HDM with NFC turns out to be
(approximately) realized in Nature, an analysis of experimental data within the A2HDM
would reveal it.

Figures and show the allowed values for the alignment parameters ¢, at
68% (orange, dark) and 90% (yellow, light) CL, as function of sina. Since 3" has the
same positive sign as cos & and a similar magnitude, the product |g,|sin & cannot be large.
Therefore, |¢,| gets tightly bounded at large values of sin & as indicated in figure . On
the other hand, as sin & approaches zero, all information on ¢, is lost since in this limit
the h couplings are SM-like. The same behaviour is observed in figure [8.3, which shows
the allowed values for the alignment parameters ¢; (left panel) and ¢ (right panel), in the
regions with ¢ > 0 or y > 0, respectively. Important bounds on the magnitudes of ¢,
and ¢; are obtained, again, as long as sin & # 0.

A quite different result is obtained in those regions where the Yukawa couplings are
negative (again, with cosa@ > 0). Figure shows the allowed values for the alignment
parameters ¢;; when y? < 0 (left panel) or y" < 0 (right panel). A relatively large and
negative value for ¢;; is needed to flip the sign in ygl, given that cosa ~ 1. Within the
90% CL allowed region, ¥ < 0 requires ¢; < —2.3, while y < 0 implies ¢ < —2.7. When

sina@ < 0.1, the corresponding values for |¢z,;| become very large: ¢;; < —24.

~Y

8.2.2 SM-like gauge coupling, /4;{‘, ~ 1, without decoupling

If it is the case that Nature posses an elementary scalar sector composed of two-Higgs
doublets, the fact that no large deviations of the h(126) boson properties from the SM have

been observed could be pointing towards a decoupling scenario. In the decoupling limit
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Figure 8.2:  Allowed values fors,, at 68% CL (orange) and 90% CL (yellow) CL, when cos & >
0.

one of the Higgs doublets can be integrated out, leaving an effective low-energy theory
with a SM-like Higgs doublet. The lightest CP-even Higgs appears with a mass around
the electroweak scale and SM-like couplings, while the other scalars are much heavier
and degenerate, up to corrections of O(v?), M7 ~ M3 ~ M7, > v*. The decoupling
limit implies that |x%| — 1, the opposite however is not true. In the limit |x%| — 1, the
masses of the additional scalars, H, A and HT, can still be of the order of the electroweak
scale E|

The decoupling regime is very elusive to experimental tests, leaving a low-energy
theory with a light SM-like Higgs, while putting the additional scalars beyond the reach
of direct searches at colliders. Flavour physics constraints are naturally evaded in this case
also due to the heaviness of the additional scalars. Distinguishing signatures of a 2HDM
near the decoupling limit would require high-precision measurements of the 2(126) boson
properties, for example at a future Higgs factory . In this work, we are interested in
the more testable case in which the scalar sector is not in the decoupling regime and all

the additional scalars lie around the electroweak scale. We will assume in particular that

3 In the Higgs basis [32], the decoupling limit occurs for ps > v2, where s is the coefficient of
the quadratic @;@2 term in the scalar potential, while keeping perturbative quartic scalar couplings
|Ai/47| < 1. The limit || — 1 without decoupling arises when us, Ag — 0; i.e., for vanishing <I>I<I>2 and
<I>I<I>1<I>J{<I>2 terms. For a recent discussion see also refs. .
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Figure 8.3:  Allowed values for ¢4y at 68% CL (orange, dark) and 90% CL (yellow, light) in
the regions where yil‘ >0 (left) or ylh > 0 (right), keeping only solutions with cos & > 0.

the charged Higgs lies in the mass range Mg+ € [80,500] GeV.

Deviations from the SM in the gauge-boson self-energies constrain the mass split-
tings between the additional physical scalars of the 2HDM. The induced corrections to
the oblique parameters have been calculated in ref. and summarized for the con-
ventions adopted here in ref. . To satisfy the precision electroweak constraints, the
mass differences |My+ — My| and |[My+ — M| cannot be both large (> v) at the same
time. If there is a light charged Higgs below the TeV scale, an additional neutral bo-
son should be around and vice versa. Figure [8.5( shows the 1o oblique constraints on
the My — My plane, taking My+ = 200 GeV (yellow, light) and 500 GeV (orange,
dark), while varying cos @ € 0.9, 1]. The bounds on the mass splittings from the oblique
parameters, together with the perturbativity and perturbative unitarity bounds on the
quartic-Higgs couplings , imply that both H and A should have masses below the TeV
if M+ < 500 GeV. This is the scenario we will be interested in the following, where a
rich interplay between precision flavour physics and direct Higgs searches at the LHC can
be explored.

Interesting constraints are obtained in this case from flavour physics, specially from
loop-induced processes with virtual charged Higgs and top quark contributions. The
measured BY — B mixing and the Z — bb decay width require for example that |g,| < 1.5,
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Figure 8.4: Allowed values for the alignment parameters ¢q;, at 68% CL (orange) and 90% CL
(yellow), in the regions where yg < 0 (left) or ylh < 0 (right), keeping only solutions with

cosa > 0.

for a charged Higgs below 500 GeV [45]. A more subtle condition can be derived from
the radiative decay B — X,7v. The relevant Wilson coefficients for this process take the
form C = C; sar + |sul? Ciwu — (s¥sa) Cing, where C;, and Cj g contain the dominant
virtual top contributions. Thus, their combined effect can be very different for different
values of the ratio ¢;/s, [45-47]. For real values of the alignment parameters, this provides
a very strong bound. For instance, in the type II model, where the two terms interfere
constructively, the B — X, rate excludes a charged Higgs mass below 380 GeV [48] at
95% CL for any value of tan 8. In the more general A2HDM framework, a much lighter
charged Higgs is still allowed, but in a very restricted region of the parameter space
Su — Sa [45H47].

Semileptonic and leptonic meson decays (B — 7v,, Dy — Tv-(uv,), B — DWry,),
have been analyzed in detail within the A2HDM in refs. [45,49]. These processes put
bounds on the combinations ¢,q/M7%. and su5/Mz., but the (tree-level) charged Higgs
contribution decouples very fast. Given that we allow the possibility of a relatively heavy
charged Higgs, My« < 500 GeV, semileptonic and leptonic decays will not provide com-
plementary information in our analysis. If one were to focus the discussion to a very light

charged Higgs boson, these processes would certainly need to be taken into account[]

4The current excess observed by the BaBar collaboration in exclusive b — crv transitions can only be
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Figure 8.5:  Constraints (68% CL) on the masses of the H and A bosons from the oblique
parameters while varying cos& € [0.9,1]. The charged Higgs mass is fized at Mg+ = 200 GeV
(yellow, light) and 500 GeV (orange, dark).

In figure [8.6| we show the effect of including B — X,y and R, = I'(Z — bb) /T(Z —
hadrons) in the fit of (cos @&, ¢, sy, ) while varying My« € [80,500] GeV and, as usual,
keeping only solutions with cos & > 0. The down-quark and leptonic alignment parameters
are varied within |¢,;| < 50 to maintain perturbative scalar interactions for bottom quarks
and tau leptons. The charged Higgs contribution to the 2+ channel is also neglected in
this fit; therefore, My« only enters in the fit through the flavour observables considered.
Strictly, the analysis is then only valid in those regions of the parameter space in which
the charged Higgs is reasonably heavy and/or the cubic Higgs self-coupling hHTH™ is
very small. The results, however, would not change significantly if the H* contribution
to h — 2 were included in the fit, since it would be compatible with zero, see section [8.4]
In the y" — y# plane, it can be observed that a significant part of the previously allowed
region is excluded by flavour observables when compared to figure [8.1] This is due to the

effect of Br(B — X7v) which induces severe constraints in the plane ¢, — ¢4, as shown in

accommodated within the framework of 2HDMs if one allows for a departure of the Yukawa alignment
hypothesis [49,/50]. More theoretical studies on the relevant hadronic matrix elements as well as an
update of these modes from the Belle collaboration using the full dataset, are needed to further asses the

significance of this excess.
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Figure 8.6: Allowed 90% CL regions in the planes sina — g, (top-left), y — y (top-right),
yt —yh (bottom-left), and y! — yl' (bottom-right), from a global fit of LHC and Tevatron data
together with Ry and Br(B — X4v), within the CP-conserving A2HDM. The mass of the charged
Higgs is varied within Mg+ € [80,500] GeV and cosa > 0.

figure [8.7]

For the case y > 0, collider data do not put any bound on g, 4 in the limit sin & — 0;
the only constraint that appears in ﬁgure (right-panel) is therefore coming from Z — bb
and B — X,y. For 3 < 0, LHC and Tevatron data determine that ¢; < —2 in order
to flip the Yukawa sign, thus excluding a large region that would otherwise be allowed
by flavour observables alone. Compared with figure the value of |g,| is slightly more
constrained by Rp; when Mpy+ < 500 GeV, one finds |¢,| < 1.5 for sina@ ~ 0 while a

~
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Figure 8.7:  Allowed 90% CL region in the plane ¢, —<q, from LHC and Tevatron data together
with Ry and Br(B — X,7), for y* < 0 (left) or y? > 0 (right), with My+ € [80,500] GeV and

cosa > 0.

stronger limit is obtained for larger values of sin @ due to LHC and Tevatron data. The
corresponding allowed regions shown in figures [8.3| and remain almost identical after

adding the flavour observables and, therefore, are not shown here.

8.3 Searches for additional Higgs bosons

The search for additional Higgs bosons is one of the most important tasks for the next

LHC run. The current information on the h(126) properties puts relevant constraints on
the couplings of the other scalars. In particular, eqs. (8.4) and (8.5 imply the sum rules

WP = 1 |s|, (8.9)
A R e (8.10)
/i{jy;{ = 1—/<a}{,y?. (8.11)

The first one is just the trivial trigonometric relation between sin & and cos @, which
implies that the gauge coupling ggyyvy goes to zero when gy approaches the SM value.
The lower bound on |cos @| in eq. gives a direct limit on the coupling of the heavy
CP-even scalar H to two gauge bosons, with important implications for searches in the
H — V'V channels. The relation (8.10) constrains the difference of the magnitudes of
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the H and A Yukawa couplings. When the mixing angle & becomes zero, y’]} =1 and
}y}q | = }y?‘ = ¢s. Relation shows that whenever h has a flipped sign Yukawa (k% ~
1, y}‘ ~ —1), the corresponding Yukawa coupling of H must be very large y? ki ~ 2. This
sum rule plays a crucial rule in the restoration of perturbative unitarity in W, W; — ff
scattering and is behind the particular shape of the allowed regions in figure [8.4, The
allowed values for {, and y}, obtained in section from h(126) collider data and

flavour constraints, imply, due to the sum rules, the following 90% CL bounds:

lyi'1? — |y |* € [-0.6,0.5], kHyH € [—0.17,0.5]
lyi 1> = lvg1? € [-1.2,0.9], kH oyl € [—0.3,0.7] U [1.3,2.5],
i |2 — |yt € [-1.3,1.0], kIl € [-0.5,2.5]. (8.12)

A generic h(126) boson with modified couplings to fermions and gauge bosons would
violate perturbative unitarity at high energies, in certain physical processes. Partial-wave
unitarity bounds would be violated for example in W W, — ff inelastic scattering at a
scale \/s ~ A = 16mv*/(my |1 — y} ky|) [51]. For flipped-sign Yukawa couplings, s, ~ 1
and y}l ~ —1, we obtain an approximate value of A ~ 9 TeV for the top quark, while
A ~ 400 TeV is obtained for the bottom quark and tau lepton due to the fact that they
have smaller masses. A modified hV'V coupling would also lead to a violation of pertur-
bative unitarity in W, W;" — W, W, elastic scattering; for xf. = 0.89 (0.95) this occurs
at a scale /s = 2.7 (3.8) TeV respectively [52]. The scalar couplings in the 2HDM satisfy
generic sum rules which ensure that perturbative unitarity is restored, provided the addi-
tional scalar states are light enough. In the processes considered previously, W, W; — ff
and W, W, — W, W/, the heavier CP-even Higgs enters with the required couplings
to cancel the bad high-energy behavior of the amplitudes. It must be noted that a given
physical state needed to restore perturbative unitarity can appear well below the scale at
which the partial-wave unitarity bounds are violated. This is well known in the SM where
the Higgs mass is only weekly bounded by perturbative unitarity: M), < 1 TeV [53].

The possibility of flipped-sign bottom and/or tau Yukawa couplings has important
implications for the properties of the additional Higgs bosons but only subtle effects in
the h(126) phenomenology. Relatively large values for the alignment parameters ¢, are
needed to flip the sign of yil given that |k%| ~ 1, implying that the additional Higgs

bosons H*, H and A should posses very large couplings to bottom and/or tau leptons.
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The couplings of the missing Higgs bosons H*, H and A, and therefore their phe-
nomenology, are very different in each of the allowed regions shown in figure It thus
seems appropriate to discuss the search strategy for additional scalar states and the ex-
perimental constraints in each allowed island separately. An obvious question to address
is how future Higgs searches at the LHC, combined with low-energy precision experi-
ments at the intensity frontier, can be used to exclude some of the allowed islands and/or
determine the right solution chosen by Nature.

The SM-like region with y} > 0 (f = u,d,[) includes the trivial solution ¢; = 0.
Moreover, the Yukawa couplings y}{ are also compatible with zero. Therefore, one has
to face the possibility of a SM-like scalar h plus a fermiophobic scalar doublet including
the H, A and H™ fields. This is a very difficult experimental scenario where the missing
scalars decouple from the fermionic sector and also the coupling gyyvy = 0. In this
case, the production of the additional scalars can occur for example through the ZH A,
ZH*HT W*HTH and W*HT A couplings or through the scalar potential. In the limit
sin@ = 0, the 2(126) data does not provide any constraints on the alignment parameters ¢y
(see figures and . This opens a more interesting possibility with }y? ‘ = }y;ﬁ“ = Sf;
the H and A bosons could then be produced through the gluon-fusion mechanism or in
associated production with a heavy-quark pair. Moreover, since ¢; and ¢; are only weekly
constrained by flavour observables, the couplings to bottom quarks and tau leptons could
be very sizeable, generating interesting phenomenological signals. For a very large |¢g]
for example, b-quark associated Higgs production bb — ® or gb — ®b can become the
dominant production mechanism of the heavy scalars H and A at the LHC. Similarly,
charged Higgs production in association with top and bottom quarks, gg — tbH~ or
qq — tbH~, can be considerably enhanced in this case. If on the other hand |g]| is very
large, heavy neutral scalars would probably decay dominantly into leptons, opening the
interesting possibility of discovery in the very clean ® — pu™p~ channel. The charged
Higgs also, would be expected to decay dominantly into a 7r, pair in this case.

The situation is rather different in the other three regions with flipped-sign Yukawas:
(a) ¥} <0 andy >0, (b) s > 0and g <0, and (c) y;, < 0. As shown in figure 8.4}
the alignment parameters are tightly constrained in these regions and the missing Higgs
bosons could have a relatively large coupling to the bottom and/or tau fermions. In all
four allowed regions the alignment parameter ¢, is compatible with zero, therefore there

exists the possibility that all production mechanisms of the remaining scalars involving
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the coupling with top-quarks could be greatly suppressed.

8.3.1 Charged Higgs searches

There are already important exclusion limits coming from charged Higgs searches at
colliders, but most of them depend on the assumed Yukawa structure or some hypothesis
about the scalar spectrum. In some cases, however, it is possible to set more general
limits. For instance, a very light charged Higgs would modify the Z boson decay width if
the channel Z — H'TH~ is open. Since the coupling ZH"H ™ is completely fixed by the
gauge symmetry and does not depend on any free parameter of the model, the constraint
[oenSM < 2.9 MeV (95% CL) on non-SM decays of the Z boson implies Mpy+ > 39.6 GeV
(95% CL) [54]. A much stronger lower bound on the H* mass, My+ = 80 GeV (95%
CL) [54], was set at LEP, assuming that the charged Higgs only decays into 7v or c¢s final
states. A softer limit would be obtained on the other hand if the HT — WA decay is
kinematically allowed. Assuming that M, > 12 GeV and a type-I Yukawa structure, the
limit My+ > 72.5 GeV was obtained in H* — W+ A — W*bb searches [54].

In this section, we consider the LHC searches for a light charged Higgs produced
via t — H'b, in the decay channels H* — 77v, [55,56] and HT — ¢5 [57], which
are kinematically limited to My+ < m; — m,. We focus on the constraints that can be
extracted on the A2HDM from direct charged Higgs searches and flavour observables; the
only parameters entering in this analysis are therefore (My+, <., <4, ). A full scan of the
A2HDM parameter space, taking into account electroweak precision data, perturbativity
and perturbative unitarity bounds, would give as a result that the neutral scalars H and
A cannot be arbitrarily heavy and strong correlations in the My — M4 plane will appear
as those shown in figure We refer the reader to appendix for relevant formulae
used here. To a good approximation, the branching ratio for ¢ — H™b is given by

I'(t — H'D)
I'(t—W+b)+TI'(t— Htb)’

Br(t — H™b) ~ (8.13)

where we have neglected CKM-suppressed channels in the total top width. We do not
consider the possibility of a very light CP-odd Higgs boson which could open decay chan-
nels like HT — W™ A; therefore, the charged Higgs decays only into fermions. Searches
into the final state 77, put bounds on the combination Br(t — H*b) x Br(Ht — 7tv),

while current searches for quark decay modes are usually interpreted as limits on Br(t —
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H*b) x Br(H" — ¢5). This is due to the expected dominant decay modes of the charged
Higgs in the MSSM scenario or in the type-II 2HDM. In general, these searches really put
bounds on Br(t — H*b) x [Br(H" — ¢5) + Br(H" — ¢b)]. Other final states involving
light quarks are neglected as they bring much smaller contributions.

For the next discussion it is useful to write down the following approximate formulae

LU = b)) [Val® (sal’mi + |sul*m?)

PHT = cs) — [Vesl? (JsalPm3 + |eul*m2) ~
I'Ht = 7ty,) m2|g|? ' '

We can observe that the decay channel H* — ¢b can be important, compared with
H* — ¢35, in certain regions of the A2HDM parameter space in which the strong CKM
suppression (|Vg| < |Ves|) is compensated by a hierarchy of the alignment parameters [58].
Indeed, for |¢4| > |g,|, || the decay channel H+ — cb becomes significant compared with
H* — ¢5,7"v,, as shown in eq. (8.14). This does not occur in the 2HDMs of types
I, IT and X, due to correlations between the parameters ¢s—, q;, see table . In the
type-Y 2HDM, on the other hand, the limit |¢;| > |<.|, |s| is achieved for large tan §; in
this case, however, the Br(B — X,v) constraints forbid a light charged Higgs because
su = —1/¢4 [58]. It has been shown in ref. [58] that a dedicated search for H* — cb
decays, implementing a b tag on one of the jets coming from H™*, could provide important
constraints on the parameter space region with [¢z| > |s,/[, |s;| where this channel becomes
important.

In figure[8.8 we show the bounds on the A2HDM parameter space from direct searches
of a light charged Higgs at the LHC. Note that the present upper bounds on Br(t —
H*b) x [Br(H™ — ¢5) + Br(H" — ¢b)] and Br(t — Hb) x Br(H™ — 77v) set an upper
limit on |s,5|/M%. of O(< 107%) GeV 2. Leptonic B, D and D, meson decays put weaker
constraints on this combination, ¢,q/M7. € [—0.006,0.037] U [0.511,0.535] GeV~? at
95% CL [45]. Moreover an upper bound on the combination |g,s4| is obtained from direct
charged Higgs searches. Semileptonic and leptonic meson decays, on the other hand,
only constrain the combinations ¢, and ¢4 [45]. For both decay rates: T'(t — H™b)
and D'(HT — uicij, 7TV), see egs. and , terms proportional to ¢,g; or ¢,¢ are
negligible. Thus, no information on the relative sign between ¢, and ¢;; is obtained.

Allowed values at 90% CL from the loop-induced process B — X,y [46,l47] on the
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Figure 8.8:  Left-panel: Allowed values for <,sq as a function of the charged Higgs mass
(yellow-light) obtained from the experimental 95% CL wupper bounds on Br(t — H7Tb) x
[Br(H* — ¢5) + Br(H" — ¢b)| and Br(t — H'b) x Br(Ht — 7v). Allowed values for c,sq
from Br(B — X,v) are shown in blue-dark. Right-panel: Similar constraints on the combina-
tion |susi| from direct charged Higgs searches. The alignment parameters have been varied in the

range |su| < 1 and |sq| < 50.

(Mp+, usq) plane are also shown in figure [8.8] They are given by the two narrow (blue,
dark) horizontal strips. We observe that, with the exception of the small region for
which Mpy+ ~ [140, 150] GeV, the upper strip is already excluded by direct H* searches.
B — X,y impose no additional constraints on the combination (Mp+,|s,q|). For all
given points in figure we find that |g,| < 0.5, which is fully compatible with the
flavour constraints given by R, and neutral meson mixing [45].

In the A2HDM, the three-body decay H+ — t*b — Wtbb can also play an important
role for a light charged Higgs when Mg+ > My, + 2my, see appendix [8.A]l This decay is
normally very suppressed for a large region of the parameter space. It has been previously
analyzed in refs. [59-63] and it was found that it can bring a sizeable contribution to the
total charged Higgs decay rate in the Z; models or in the MSSM when Mpy+ > 135-
145 GeV, depending on the model and on the chosen value of tan 3. In the A2HDM
it can bring sizeable contributions to the branching fraction, of the order of 10-20%,
already when Mpy+ 2 110 GeV. Figure shows the regions satisfying the condition
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Figure 8.9: Region in the Mg+ — susq (left) and Mg+ — |sus| (right) planes which satisfy the
condition Br(H — WTbb) > 10% (yellow, light) and Br(H* — WTbb) > 20% (red, dark).

The alignment parameters have been varied in the range |s,| <1 and [sq;| < 50.

Br(H* — W*bb) > 10% (20%), in the planes Mpy+ — .50 and Mp+ — |g,5]. There are
wide regions that can bring potentially large contributions to the decay rate, and that
partially overlap with the allowed regions shown in figure[8.8] If we reanalyze the previous
experimental constraints from the direct charged Higgs searches by adding this channel
to the total decay rate, the allowed regions stay roughly the same, however, the allowed
points concentrate in the region [,54| < 1.5. Thus, we conclude that experimental direct
searches for a charged Higgs should be enlarged by also including this channel.

It is also worth noticing that for a fermiophobic charged Higgs, for which ¢s—, 4; = 0
and hence, H* does not couple to fermions at tree-level, all experimental constraints are
trivially satisfied. Other production mechanisms and decay channels would have to be

considered in this case to experimentally probe such scenario.

8.3.2 Neutral Higgs searches

The ATLAS and CMS collaborations have searched for additional neutral Higgs bosons
up to masses of 1 TeV in the p — ZZ and ¢ — WW channels [64,(65]. These searches are
sensitive in principle to the heavy CP-even Higgs H, given that the CP-odd Higgs does not

couple at tree-level with vector bosons. Having observed no signal, they have set upper
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bounds on the relevant cross section o(pp — ¢ — VV), using ~ 5 fb~ and ~ 20 fb=! of
collected data at /s =7 TeV and /s = 8 TeV respectively. Searches for neutral bosons
in the leptonic final state 777~ with masses up to 500 GeV have been performed by the
ATLAS collaboration, using ~ 5 fb™! of collected data at /s = 7 TeV [66]. Bounds in
the 777~ channel have also been presented recently by the CMS collaboration, using the
full 2011 4 2012 dataset, for Higgs masses up to 1 TeV [67]. These searches are sensitive
to both CP-even and CP-odd Higgs bosons. Since the CP-odd Higgs does not couple at
tree-level with vector bosons, its decay branching ratios into fermions are expected to be
large. We assume in this section that the heavy scalars H and A cannot decay in non-SM
decay channels like H/A — hh; the bounds obtained here would be weaker if these decay
channels were relevant. This assumption is well justified only in certain regions of the
parameter space, namely, when My < 2M,, or if the relevant cubic Higgs self-couplings
are very small.

At present, searches for heavy scalars in the H — ZZ channel are the most sensitive,
reaching o(pp =+ H — ZZ)/o(pp — H — ZZ)sm ~ 107! for My < 600 GeV. Generic
constraints on the properties of the missing 2HDM scalars can also be obtained from
h(126) collider data and flavour observables due to the sum rules governing the scalar
couplings. Bounds on the combination x{fy, as determined in eq. , are shown in
figure (yellow-light). Current experimental limits on o(pp — H — ZZ) are also
included in figure [8.10, reducing the allowed parameter space to the purple-dark area. It
can be observed that for heavier Higgs masses the bounds become weaker as expected.

To assess the impact of direct searches for additional scalars to further restrict the
available parameter space of the 2HDM, we take the heavy CP-even and CP-odd Higgses
to lie in the mass ranges: My € [200,600] GeV and M4 € [150,600] GeV. Of course, a
similar analysis could be performed in any other mass ranges for H and A, or by also
including constraints from collider searches of a charged Higgs. Here, we have varied the
masses of the CP-even and CP-odd scalars independently. Electroweak precision data
gives rise to correlations in the My — M4 plane depending on the value of the charged
Higgs mass, as shown in figure [8.5] At this point however, this does not have any impact
on the allowed regions found in figures and .11}

In figure we show the allowed regions (yellow-light) obtained in section m,
considering the h(126) collider data together with the flavour observables R, and Br(B —

Xs7). The allowed regions get reduced when taking into account the limits from direct
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Figure 8.10:  Allowed values (90% CL) for the combination iyl due to generic sum rules,
taking into account h(126) collider data and flavour constraints (yellow-light). FExperimental
limits on o(pp — H — ZZ) are also included, shrinking the allowed region to the purple-dark

area.

searches of additional scalars at the LHC (purple-dark). The most important effects
are a lower bound on y" and a smaller allowed area in the g, — sin @ plane, which are
mainly due to the present experimental upper limits on o(pp — H — ZZ); current
searches in the 777~ and WTW ™ channels put weaker constraints. The production cross
section via gluon fusion scales as o(gg — H) o |[yH|*> = |sina — ¢, cos@|? (neglecting
the contributions from other quarks which are in general subdominant). When sin & is
far from zero, the decay channels H — VV (V = ZZ, W*W ™) are the dominating ones,
given that the fermionic couplings are not very large as the LHC and Tevatron data seem
to suggest. The production cross section o(gg — H) will then grow for negative values
of ¢,, giving rise to a significant total cross section that becomes excluded by the present

upper limits on o(pp — H — Z7).

8.4 The fermiophobic charged Higgs scenario

In the limit ¢;—, 4; = 0 the charged Higgs does not couple to fermions at tree level. A
very light fermiophobic charged Higgs, even below 80 GeV, is perfectly allowed by data.

All bounds coming from flavour physics or direct charged Higgs searches that involve
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Figure 8.11:  Allowed regions in the planes sin& — g, (top-left), y* — yl (top-right), y — yh
(bottom-left), and y! — ylh (bottom-right) at 90% CL, from a global fit of h(126) collider data
together with Ry and Br(B — Xyv), within the CP-conserving A2HDM, are shown in yellow-
light. Constraints from neutral Higgs searches at the LHC have also been included taking My €
[200,600] GeV and My € [150,600] GeV, shrinking the allowed region to the purple-dark area,

see text for details.

the H* couplings to fermions are naturally evaded in this case. It is also known that
when |k%| = |cos@| ~ 1 (which is presently favoured by LHC and Tevatron data), the
process h — 27+ provides a unique place were non-decoupling effects can be manifest if
M+ ~ O(v) [40]. This motivates a dedicated analysis of this scenario in light of the
latest collider data. Here we assume that the lightest CP-even state h is the 126 GeV
boson and that CP is a good symmetry of the scalar sector, as in the previous section.
The scaling of the neutral Higgs couplings to vector bosons and fermions becomes equal

in this limit, y}l = rf, which makes this scenario very predictive in the neutral scalar
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sector. The h — 2v decay width is approximately given in this case by

L'(h = 7)

~ h ho\2
m ~ (KV_015CH:‘:) N (815)

where C’}}i encodes the charged Higgs contribution to the h — 2v decay width. More
specifically, Clo = v?/(2MEL) Mg+ - A(zge) with xge = 4M?Z . /M?, the cubic Higgs
coupling is defined through Ly5+p- = —v A\yg+y- hHTH~ and the loop function A(z) is
given by

Alz) = —a — % f(2), F(z) = —4arcsin®(1/V7) . (8.16)

Here we have assumed that My+ > M;/2 ~ 63 GeV so that C?[i does not contain an
imaginary absorptive part. The cubic Higgs self coupling A\py+m- can be expressed as a
linear combination of quartic couplings of the scalar potential in the Higgs basis, see for
example ref. [32]. To reduce the number of parameters to a minimal set, we perform a fit
to (cos@, Ch.), treating Cl,. as a free real variable. A full scan of the scalar parameter
space, taking into account electroweak precision data, vacuum stability of the potential,
perturbativity and perturbative unitarity bounds, would of course give rise to non-trivial
correlations between the relevant Higgs self couplings and the scalar masses.

The best fit to the data is obtained for (cos @, C%..) = (0.99, —0.58) with x2,, /dof ~
0.65. In figure (left) we show the allowed regions at 68% (orange), 90% (yellow)
and 99% (gray) CL in the variables (sind, C7..). In the right panel of figure , the
resulting constraint on C%. at 68% CL is shown in terms of the cubic Higgs coupling
Mu+H- and the charged Higgs mass My+. The perturbativity limits on the cubic Higgs
coupling hH ™ H~, discussed in ref. [32], are also indicated (light-blue). The allowed region
in the plane (Apg+py-, Mpy+) is slightly tilted towards negative A\,g+p- values, since the
best fit point prefers a small negative charged Higgs contribution to the h — 2+ decay
amplitude.

At 90% CL, we find for the Higgs signal strengthsﬂ /ngb =pl = u"}VWZZ =cos’a €
[0.74,1] and ,u,% = 1.13 + 0.48. These relations between the Higgs signal strengths hold
in any of the relevant Higgs production mechanisms [32].

Heavy Higgs boson searches in the channels W+W ™ and ZZ are sensitive to the gauge

coupling x{f and to cubic scalar couplings relevant to describe possible non-SM decay

°Higgs signal strengths refer to Higgs cross sections normalized by the SM prediction, u% = o(pp —
¢ = X)/o(pp — ¢ = X)swm.
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Figure 8.12:  Allowed regions at 68% (orange), 90% (yellow) and 99% CL (grey) for a fermio-
phobic charged Higgs in the plane sina — CZi (left). The right plot shows the corresponding
68% CL (orange) region in the parameters A+ and Myg+. The region where perturbation

theory remains valid is indicated in light-blue.

channels like H — hh. In the following we assume that the later can be neglected, this
implies that the analysis presented here is only valid in certain regions of the parameter
space. We find then that iy, ,, = sin®@ < 0.26 at 90% CL. Considering the current
experimental limits on ,uﬁ{,w’ 27 ,, one can rule out a heavy CP-even Higgs in the mass
range My € [130,630] GeV when sin? & = 0.26; this bound disappears of course when
sina@ — 0, since H decouples from the vector bosons and the fermions. Associated charged
Higgs production with a W= boson via neutral Higgs decays, (p? — HT* W7, with the
charged Higgs decaying later to lighter neutral Higgs bosons, is a possible channel to probe
the fermiophobic charged Higgs scenario. Sum rules among the couplings 9o HEWF imply
that |gng+w=/gup+w=| = |sina/cosal < 0.6 at 90% CL, while gag+w+ is completely
fixed by the gauge symmetry . Since the charged Higgs does not decay into fermions
at tree level, branching fractions for H* — 9 W* decays can be particularly large.

An even more restricted scenario in which the charged Higgs decouples from the

fermions is given by the Inert 2HDM. In this case a Z; symmetry is imposed in the
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Higgs basis so that all SM fields and ®; are even under this symmetry while & —
—®,. Therefore, there is no mixing between the CP-even neutral Higgs bosons h and
H. Assuming that the h(126) boson corresponds to the lightest CP-even Higgs, we then
have that y? = 1 and cosa = 1. If furthermore one assumes that there are no open
decay channels other than the SM ones, only the diphoton channel can show a deviation
from the SM due to the charged Higgs contribution. From a global fit of this scenario to
LHC and Tevatron data we obtain C7.. € [—1.9,1.2] at 90% CL (x2;,/dof ~ 0.6). This
can be compared with the situation before Moriond 2013 in which C%. € [-2.4,—0.1]
at 90% CL, driven by the excess in the diphoton signal observed at the moment [32].
Detailed studies of the Inert 2HDM, discussing the possibility to account for the Dark

Matter in the Universe, can be found in refs. [20-22] and references therein.

8.5 Comparison with other works

Following the discovery of the h(126) boson, a large number of works have appeared, ana-
lyzing the implications of collider data within the framework of 2HDMs. The majority of
these analyses have been performed assuming NFC [12-27], thus restricting considerably
the Yukawa structure of the model and the phenomenological possibilities. The ATLAS
and CMS collaborations were initially observing a significant excess in the diphoton chan-
nel. The most natural explanation for such excess was a large charged Higgs contribution
to the h — v~ decay amplitude, other alternatives being usually in conflict with flavour
constraints or perturbativity bounds, see ref. [32] and references therein. The situation
has changed drastically after Moriond 2013, given that the CMS collaboration now reports
a diphoton signal that is no longer enhanced. The main message that can be extracted
from recent analyses is that current collider data can be accommodated very well in the
SM; the addition of a second Higgs doublet does not improve in a significant way the
agreement with the data. Important constraints start to appear for 2HDMs with NFC,
restricting them to lie closer to the SM-limit.

Considerable work has also been done recently to analyze the future prospects at
the LHC, as well as in possible future machines, to detect additional Higgs bosons within
2HDMs. Compared with the vast literature on the subject before the h(126) discovery,

information about the h(126) boson properties is now being included in these analyses.
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Phenomenological studies within 2HDMs with NFC, relevant for the search of additional
scalars, have been done in refs. |13H16}19,24,[25,41,68-70]. Promising production mech-
anisms and decay channels have been pointed out in these works. In particular, if the
h(126) couplings are found to be very close to those of the SM, searches for heavy neutral
Higgs bosons in the channels vy or 777~ become particularly relevant [16]. It could also
be possible that heavy Higgs bosons decay mostly into the lightest state h, assumed to
be the h(126) boson. In this case, h production via heavy Higgs decays could be the
way to detect these heavy states [70]. Some possibilities for this scenario are H — hh,
A — Zh, and H* — W*h. In any case, the non-observation of additional Higgs bosons
will provide complementary information, together with direct measurements of the h(126)
boson properties, to restrict the parameter space of 2HDMs.

The experimental collaborations have also shown interest to search for signatures of
extended Higgs sectors at the LHC, beyond the usually tested minimal supersymmetric
scenarios. The ATLAS collaboration, for example, has released a search for a heavy
CP-even Higgs boson in the H — WW — evur channel within the types I and II
2HDMs, in the mass range [135,300] GeV, using 13 fb™! of data at /s = 8 TeV center
of mass energy [71]. The CMS collaboration, on the other hand, has analyzed the future
prospects in the search for heavy neutral Higgs bosons at the LHC. The analysis was
performed in the channels H — ZZ — 4¢ (¢ = e,u) and A — Zh — (lbb, assuming
an integrated luminosity of 3000 fb~! at /s = 14 TeV center of mass energy [72]. On
the experimental side, the main challenge seems to account for the large number of free
parameters present in the 2HDM, even in the more restricted versions with NFC. On the
theoretical side there is still a lot of work to be done to be able to start a precision study
of these more general extended Higgs sectors. Theoretical predictions for cross-sections
and branching ratios, taking into account relevant electroweak and QCD corrections, as
well as its implementation in standard tools will be of utmost importance as experimental
data becomes more precise, see for example refs. [73H76] for some relevant works in this
direction.

In this work, we have focused on the possibility of performing a more general analysis
of collider data within the framework of 2HDMs, without resorting to any symmetry in
the Yukawa sector as is done in the different scenarios with NFC. The A2HDM provides
a rich Yukawa structure that includes all the different 2HDMs with a Z5 symmetry as

particular limits while, at the same time, suppresses flavour changing transitions in low-
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energy systems to acceptable levels |28, 45-47]. First studies of the h(126) boson data
within the A2HDM, in the CP-conserving limit, were performed in refs. [29-32] and more
recently in refs. [33,[34]. The role of new sources of CP-violation beyond the CKM-phase
present in the A2HDM were also discussed in ref. [32]; we will consider this possibility in
more detail in a future work. The main problem one has to face in this approach is the
larger number of free parameters, compared with the NFC models. On the other hand,
one is able to perform in this way non-biased analyses of the scalar sector of the 2HDM,
without imposing symmetries which at first hand might seem ad-hoc. We have shown for
example how generic sum-rules governing the scalar couplings provide a direct connection
between the h(126) properties and those of the missing scalars, see eq. .

A comprehensive analysis of current h(126) data within extended Higgs sectors has
been recently performed in ref. [34], including comparisons between the A2HDM and
different Z5 2HDMSs. Also of relevance in this work, is a discussion of the effect of quan-
tum corrections in relation to high-precision studies of the Higgs sector. In ref. |33,
emphasis was given on an estimation of the future sensitivity that can be achieved at a
high-luminosity LHC, a linear electron-positron collider and a muon collider, making the
relevant comparisons between the A2HDM and the different NFC scenarios. A discussion
of possible phenomenological strategies to test the 2HDM has been done recently in the
Higgs basis |41], following the basis independent methods developed in ref. [39)].

Information about the h(126) boson properties is crucial for making simplifying as-
sumptions and reducing the number of relevant variables, in order to perform a viable
scan of the 2HDM parameter space at the LHC or at future colliders. In this work, we
have analyzed the current data, keeping only a minimal set of parameters that are of

relevance while capturing the rich phenomenology provided by the Yukawa structure of
the A2HDM.

8.6 Summary

We have studied the implications of LHC and Tevatron data, after the first LHC shutdown,
for CP-conserving 2HDMSs, assuming that the h(126) boson corresponds to the lightest
CP-even state of the scalar spectrum. The phenomenological analysis has been done

within the general framework of the A2HDM, which contains as particular limits all
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different 2HDMSs based on Z; symmetries. Interesting bounds on the properties of the
additional Higgs bosons of the model can be extracted, due to the existence of sum rules
relating the different scalar couplings.

The h(126) coupling to vector bosons is found to be very close to the SM limit,
implying an upper bound on the heavy CP-even Higgs coupling to vector bosons: |k#f| <
0.6 at 90% CL. Other bounds on the couplings of the missing neutral scalars have been
summarized in eq. . The flipped-sign solution for the top-quark Yukawa coupling,
which was preferred by the fit before Moriond 2013 in order to explain the excess in
the 27 channel [32], is now found to be excluded at 90% CL. A sign degeneracy in the
determination of the bottom and tau Yukawa couplings however remains.

We have discussed the role of flavour physics constraints, electroweak precision ob-
servables and LHC searches for additional scalars to further restrict the parameter space.
Some results of our analysis can be pointed out. Loop-induced processes (Z — bb and
B — X,v) set important constraints on the quark Yukawa couplings, y" and y, for
charged Higgs masses below 500 GeV. Also, heavy Higgs searches in the ZZ channel put
significant limits on the up-type quark Yukawa coupling 3. Regarding direct charged
Higgs searches at colliders, decays of the charged Higgs into a cb pair and three-body
decays HT — t*b — WTbb, can have sizable decay rates in some regions of the allowed
parameter space. Future searches for a light charged Higgs at the LHC in hadronic final
states should take these possibilities into account, perhaps through the implementation
of b-tagging techniques as suggested in ref. [58].

The fermiophobic charged-Higgs scenario has been discussed in light of current ex-
perimental data. Though this is a particular limit of the A2HDM, it deserved a separate
analysis for different reasons. A very light fermiophobic charged Higgs boson can give
unusually large contributions to the A — = amplitude. Another reason is that in this
case many simple relations arise between the properties of the neutral Higgs bosons, mak-
ing this scenario particularly predictive when analyzing the searches for additional Higgs
bosons at the LHC. We find that current data still allow for very light charged scalars
and sizable contributions from a charged Higgs to the h — 2y amplitude.
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Appendix

8.A Useful formulae for a light charged Higgs

A light charged Higgs with My+ < m; + my can be produced at the LHC via top-quark

decays. The relevant partial decay widths are given by

211,12 2 . 2)\2
C(t— Wty = S0 Vo A2 (mi, my, My,) (m$+m§+—(mt ;) —2MV2V) ,

64 ms3 Mg,
(8.17)
I + _ |V1tb|2 1/2/,.2 2 2 2 2 2 212 2|12
(t = HTb) = Jo— g5 A0y, my, Migs) | (mg +miy — Mz ) (mileal” + mileul”)
TM;v

— dmm? Re(u?)| (8.18)

with M(z,y, 2) = 22 +9y*+ 22 —2(zy+x2+yz) and g = 2Myy /v. QCD vertex corrections to
t — H*b and t — W*b cancel to a large extent in Br(t — H*b) [77]. The charged Higgs
decays into quarks and leptons are described in the A2HDM by the following expressions:

2 2\ 2
T(HT —ty) = 4 (1= ) s jg?
( Vl) 02 MIQJi H* |§l| )
Ne |Vi;[?

D(H" = ud;) =
( ) = grnn

1
)\1/2(M12-Ii7m12u7m3j) (1 + _7 %)

3 s
X |(MEs = m2, = m3 ) (salPm3, + eul*m2) + 4m2, m3 Re(sasy)|

(8.19)

where N¢ is the number of colours. Running MS quark masses entering in these expres-
sions are evaluated at the scale M=, and the leading QCD vertex correction to Ht — ud
has been taken into account [78§].

When the charged Higgs mass satisfies My+ > My + 2m;, three-body decays of the
charged Higgs mediated by a virtual top quark can be relevant, see figure[8.13] The decay
width for H+ — t*b — W*bb is given in the A2HDM by

_ — NC 92|‘/tb’4 / / G(Sgg 813)
I'(H* = t'b — WThb) = d dsyg ——2—"L 8.20
( ) 12873 M}:g]i 7\{5{/7}2 523 S13 [323 — mtz]z ) ( )
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b(p1)

Figure 8.13: Feynman diagram for the three-body charged Higgs decay H+ — t*b — Wbb.

where

G(sa3,513) = |[Mp (pips) + 2 (paps) (pip2)] [lsul® mf — |sal® mj k7]
+ [M7mg (psk) + 2my (pops) (p2k)] [2[sal® (p1k) + 2m Re(susy)] . (8.21)

with:
2 ]‘ 2
k= p2 +p3, k™ = s93, (p1p3) = 5(513 —2my),
1 2 2 1, o 9
(paps) = 5(523 — My, —my), (pip2) = §(MHi +my — s93 —s13) . (8.22)

The integration limits are:

. 1
H = - {(MEs = M) = V(M 513, M) + N2 (510, m, m)]* }
1
S = {(M}%,i — M) — [NV (MEs, 513, MYy) — Al/?(sl?,,m,%,mg)]z} , (8.23)
13
with

4m§ < S13 < (MH:I: - Mw)2 . (824)

8.B Statistical treatment and experimental data

The experimental h(126) data used in the fit can be found in tables and ; experi-
mental uncertainties are assumed to be Gaussian. To obtain the preferred values for the
parameters of the A2HDM we build a global x? function. For some channels the correla-

tion coefficient p between different production modes can be estimated from the 68% CL
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Table 8.2: Experimental data from the ATLAS and CMS collaborations at \/s =7+ 8 TeV.

’ Channel H i (ATLAS) ‘ Comment H i (CMS) ‘ Comment ‘
bb(VH) 0.25+£0.65 | ref. [2] 1.0£05 | ref. [4]
77(ggF) 219+£22 | p=-050]068+£1.05] p=—05 |

77(VBF + VH) || —0.314£1.25 | ref. [2] || 1.57£1.13 | ref. [4]
WW (ggF) 0.794+052 | p=-02 [ 076+035] p=—-0.3 |

WW(VBF+VH) | 1.6+1.25 | tef. [2] | 024+£1.14| ref. [
ZZ(incl.) 1.5+ 0.4 ref. 2] [ 0.02£0.28 | ref |4 |
vy(geF) 1.6+£06 | p=-03 | 0472049 | p= —06 |

vy(VBF+VH) | 1.76 £1.28 | ref [2] | 1.6+£1.14 | ref. [4]

Table 8.3: Ezperimental data from CDF and DO at /s =1.96 TeV.

Channel i Comment
bb(VH) | 1.594+0.71 | ref. [5] |
77 (incl.) 1.7+£2.0 ref. [5?
WW(incl.) | 0.94£0.84 | ref. 5 |
vy(incl) [ 5.974£3.25 | rtef. [5] |

contours provided by the experimental collaborations, assuming that the Ax? = x% —x2.,
is well described by a bivariate normal distribution. This information is taken into ac-
count in the fit. The 68% and 90% one-dimensional confidence level (CL) intervals are
given by Ax? = 1 and 2.71, respectively. Two-dimensional 68% and 90% CL intervals are
given by Ax? = 2.30 and 4.31, respectively.

Regarding the flavour observables considered in this work, we use the latest B — X v
experimental measurement, Br(B — X V)g,>1.6 cev = (3.41 £ 0.22) x 107* [79]. The
theoretical prediction of this quantity is obtained following ref. [80]. The calculation
of R, within 2HDMs was detailed in ref. [81]; the experimental value is R, = I'(Z —
bb)/T(Z — hadrons) = 0.21629 + 0.00066 [82].
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Chapter

Conclusions

With the discovery of a new boson around 126 GeV with properties so far compatible
with the SM Higgs boson, a new era for our understanding of the electroweak symmetry
breaking mechanism has started. Many extensions of the SM electroweak sector involve
extended scalar sectors, the 126 GeV boson could then be just one out of many scalar
bosons present in Nature. Since the properties of the recently discovered Higgs boson are
compatible with the SM Higgs, we already know that any viable alternative explanation
for electroweak symmetry breaking should resemble the SM in some limit.

Adding additional scalar singlets and /or doublets to the SM field content is a minimal
extension of the SM that gives rise to an interesting phenomenology. One can also be
interested in studying such simple NP scenarios because they might represent a low-energy
effective theory of a more fundamental NP theory. While scalar singlets do not couple to
fermions directly due to gauge invariance, scalar doublets couple to fermions in the same
way than the SM Higgs and lead to tree-level FCNCs in general. Low-energy constraints
require the non-diagonal scalar couplings to be very small (specially for light quarks). To
explain why non-diagonal Higgs couplings in flavour space are so suppressed or absent,
one needs to postulate that some symmetry or unknown flavour dynamics is restricting
the Yukawa structure. Another possibility is that the scalar sector of the multi-Higgs
doublet model is close to the large-mass decoupling regime, in this case flavour violating
phenomena are naturally suppressed by the large scalar masses. This last possibility is
however less interesting from the phenomenological point of view since the additional

scalars lie beyond the reach of high energy colliders and leave no imprint on low-energy
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phenomena.
Within the scenario of the 2HDM without large-mass decoupling, that is, consid-
ering a rich scalar sector at the electroweak scale; we performed in this thesis different

phenomenological analyses that can be summarized by:

e Possible violations of lepton flavour universality in B and D meson decays due to

the presence of a charged scalar.

e Higgs mediated lepton flavour violating 7 decays and interplay with searches at the

LHC via Higgs decays.

e Analyses of LHC and Tevatron data for the 126 GeV boson and complementarity
with electroweak precision data, flavour constraints, and, searches for additional

scalars.

A very concise summary of the most relevant findings or results described in this

thesis is:

e The excess observed recently by the BaBar collaboration in B — D®7v transi-
tions cannot be accommodated within the framework of the A2HDM because one

encounters tensions with present limits on B — 7v and Dy leptonic decays.

e Improvements on the hadronic form factors relevant to describe Higgs mediated 7 —
(rm (¢ = e, ) decays have a significant impact on the bounds that can be extracted
on possible LFV Higgs couplings. Semileptonic 7 decays offer an important handle

to scrutinize any possible LE'V signal at the LHC.

e Studies of the Higgs sector within the 2HDM can be performed without assuming
a priori a Yukawa sector with natural flavour conservation, concrete results are ob-
tained in this case despite the larger number of free parameters. Tree-level unitarity
sum-rules encode the structure of the 2HDM scalar sector and provide a very useful

way to frame the discussion of LHC Higgs data within the framework of 2HDMs.
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