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RESUMEN DE LA TESIS

El descubrimiento de un boson escalar con masa alrededor de 125 GeV abre
ante nosotros la puerta a una nueva era. La ultima pieza del Modelo Estandar
parece haber sido descubierta, pero esa no tiene por que ser la ultima palabra.
El Modelo Estandar parece funcionar perfectamente, pero todavia hay mucho
espacio (y necesidad) para nueva fisica. En este trabajo estudiamos dos tipos de
extensiones del Modelo Estandar, las dos relacionadas con el sector escalar. Los
primeros capitulos estan dedicados a la introduccién, una breve presentacion del
Modelo Estandar, una introducién al Modelo Alineado con dos Dobletes de Higgs
y finalmente una breve motivacion de este trabajo.

Sabemos que la Cromodinamica Cuédntica se basa en el grupo de simetria
SU(3)c de color. Los fermiones de la teoria pertenecen a la representacion funda-
mental (de dimensién 3). En la primera parte de la tesis (Capitulo 4) estudiamos
la posible existencia de fermiones pertenecientes a representaciones de orden su-
perior. No hay ninguna simetria fundamental de la Naturaleza que prohiba la
existencia de tales objetos, por tanto la existencia de estos fermiones es plausible.
En este capitulo analizamos pues, el impacto que dichos quarks exéticos puedan
tener sobre el running de la constante de acoplamiento fuerte ag y las posibles
implicaciones experimentales sobre la seccion eficaz de produccién del bosén de
Higgs (suponiendo que estos fermiones obtienen masa mediante el mecanismo de
Higgs).

La segunda parte estd dedicada al estudio exhaustivo del Modelo Alineado de
los dos Dobletes de Higgs teniendo en cuenta los datos experimentales de las co-
laboraciones del LHC, los anélisis previos en el sector de sabor, fisica de precision,
el momento anémalo del muén, etc. En los dos primeros capitulos dedicados a
este tema (Capitulos 5 y 6), estudiaremos las implicaciones de los datos de los
dos experimentos del LHC y los resultados previos de sabor, sobre el espacio de
parametros del modelo. También estudiaremos las bisquedas experimentales de
bosones adicionales de Higgs, especialmente un Higgs cargado decayendo a dos
fermiones y a dos fermiones y un bosén W.

En el Capitulo 7 estudiamos la fenomenologia de un Higgs cargado fermiofébico
(no se acopla a fermiones a nivel drbol). En este caso particular todas las restric-
ciones experimentales obtenidas en el trabajo anterior son evadidas de forma



trivial. Analizaremos, por tanto, las nuevas vias de produccién y también las for-
mas de desintegracién de dicha particula. Incluiremos también las correcciones
de QCD para la seccion eficaz de producciéon y tendremos en cuenta todas las
restricciones experimentales aplicables. Los resultados obtenidos deberian servir
de motivacién para que las colaboraciones experimentales inicien la busqueda de
este tipo de particulas.

En el pentltimo capitulo analizaremos el momento anémalo del muén a dos
loops en teoria de perturbaciones. Veremos que los diagramas de tipo Barr-Zee
ana-lizados hasta ahora no son los tnicos que pueden anadir contribuciones sig-
nificativas y que, para una comprension mas completa, es necesario un analisis
de diagramas adicionales. Estos nuevos diagramas adquieren especial relevancia
dentro de modelo alineado y pueden reducir e incluso llegar a explicar la dis-
crepancia entre el valor medido experimentalmente y la prediccién tedrica del
momento anémalo del muon.

Finalmente en el tltimo capitulo actualizamos partes relevantes de los estudios

realizados en los Capitulos 5 y 6 utilizando los tltimos datos experimentales del
LHC.
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INTRODUCTION

Philosophiae Naturalis Principia Mathematica can be regarded as the first
stone of the basis of modern physics. It constitutes the first (known) formal,
mathematical, formulation of physical laws. Since then, all branches of physics
(and science in general) have been growing and separating into numerous, special-
ized, sub-branches. All this at an exponential rate. Nowadays, physics, is formed
by a huge number of disciplines, trying to describe our surrounding Universe from
the microscopic to the macroscopic scale.

The realm of Quantum Field Theory (QFT) and particle physics was born
from the successful marriage between Quantum Mechanics and Special Relativity
in the second half of the last century, and it took almost half a century to mature.
Quantum Filed Theory was only the first step, the theoretical framework; we still
had to find out the symmetries of the Universe, symmetries that our QFT had
to obey. Again, the perfect symbiosis, this time between theory and experiment,
have led us to what we now call the Standad Model (SM) of particle physics.

It describes three of the fundamental interactions in Nature, the electromag-
netic and the weak (the electroweak) and the strong force. It does not integrate
gravity and its many aspects such as Dark Energy (DE) and Dark Matter (DM).
However, many efforts have been and are currently being made in this direction,
namely, trying to incorporate DM within particle physics. On the other hand,
even if there are many well motivated theoretical models, DE and the correct
quantum theory of gravity are still open issues.

Far from the energy scale, where quantum gravity effects are supposed to
come into the game, we can nicely incorporate gravity to particle physics and
work within the Quantum Field Theory in Curved Space-time framework. This
framework predicts new interesting phenomena, such as particle production due
to the expansion of the Universe, the black-hole (Hawking) radiation, anisotropies
in the remnant background radiation, etc. However, all these phenomena, for
now, lay just on the frontier of the current experimental precision.

Understanding QFT and its many aspects was not an easy task, as we already
mentioned. Renormalization and renormalizability required a deep change of
paradigm. One had to realize that in QFT, coupling constants were not constants
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any more, and that all the parameters were energy-dependent. The proof of the
renormalizability of the SM was itself a Nobel prize awarding task.

So, what next? The SM has been proven to be extremely successful and passed
many experimental and precision tests, with the exception of a few tensions here
and there, between theoretical predictions and experiment. In spite of this, it
is firmly believed, that the SM does not have the final word. Gauge invariance
has proven to be an excellent tool for building renormalizable models, and works
perfectly in the SM. It does not, however, forbid us to extend the SM. A more
fundamental principle, would be needed.

It seems that one has to incorporate more sources of CP violation (than
the SM predicts) in order to explain the matter-antimatter asymmetry in the
Universe. The last piece of the puzzle, needed to explain the presence of mass
in the Universe, seems to have been found. It leaves, nevertheless, many open
questions. Maybe the one that hurts the most, is the fine-tuning and the hierarchy
problem. This is not a problem of the SM itself, but of its extensions. By trying to
incorporate new heavy states (at higher energy scales) into the SM Lagrangian,
quantum corrections would terribly modify the Higgs mass, and, in order to
explain the observed resonance at 125 GeV, tremendous cancellations would have
to occur among the different contributions to the mass loop corrections. Another
closely related question is the quark-mass hierarchy problem. There is not even
a hint in the SM of why the masses of the various fermions are so different (in
many orders of magnitude).

From a theoretical point of view, one would also expect to be able to unify the
electroweak force with the strong force and, if possible incorporate gravity, DM,
etc. Again, nobody knows how the SM could be extended in order to accomplish
this. These are just a few of the many open problems left by the SM.

We can thus conclude that the study of SM extensions is a very well motivated
task, and deserves much attention from a theoretical point of view. Here we will
study two types of such extensions, both of them related to the Higgs sector.
More details along with the theoretical framework of the SM are presented in the
next chapter.



1. THE STANDARD MODEL

Since the discovery of the 8 decay of neutrons, many efforts have been made
to understand the nature of the weak interaction. The development of a formal
consistent theory of this interaction had to pass through many stages and tests.
The first model capable of describing successfully the experimental data at low
energies was the effective interaction proposed by Fermi in 1934:

Legsla) = = £ L@ (@) (L.1)

This is a current-current interaction with J* given by

JH(z) = Z vp(z)v* (1 = v5)l(x) 4+ p(x)y* (1 — v5)n(x) . (1.2)
l

The first part is the leptonic part and the second one was naively thought to be
the part describing the interaction between nucleons. Nowadays we know that
nucleons are not the fundamental constituents of matter, thus we have to replace
them by quark fields. With this contact interaction Lagrangian, if one considers
a simple scattering process like v, e~ — v, = one obtains a cross section that
behaves badly at high energies

GZ
olvpe = vep )= 71:3 ~ S. (1.3)

Obviously, this is just a toy model, or an ef fective Lagrangian that can only
describe low energy phenomenology for simple processes. At high enough ener-
gies, it violates unitarity. Another issue is that this model is, obviously, non-
renormalizable.

After many unfruitful attempts to find the correct, renormalizable model, that
would accommodate both low and high energy phenomenology, finally, Weinberg,
Salam and Glashow proposed an electroweak unified model [1H4] which success-
fully passed all the tests. This model is what we now call the Standard Model
of Electroweak Interactions. When also adding the strong interaction sector, the
model is simply called the Standard Model (SM). It is a gauge theory based on
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the SU(3)c ® SU(2)r, ® U(1)y group. By means of the Spontaneous Symme-
try Breaking (SSB) mechanism, the SU(2); ® U(1)y electroweak group breaks
into the electromagnetic subgroup U(1)grp and generates the appropriate mass
terms for the particles. The SSB is generated by the non-zero expectation value
of a SU(2)r, doublet which is called Higgs doublet. This doublet also gives rise
to a scalar particle, the Higgs boson, which couples (at tree-level) to all massive
fields of the model.

So far, the SNJE| has been very successful and has passed many precision tests
and the only missing ingredient seems to have been found. However, having
found a Higgs-like scalar boson compatible with the SM predictions [7,8] does
not exclude the possibility of having an enlarged scalar sector, or some other type
of new physics, that would mimic a SM Higgs.

1.1 Local Gauge Invariance

In order to consistently introduce the building blocks of the SM one must
start from the beginning and introduce the basic guideline of its construction,
which is, the principle of local gauge invariance. Consider for instance, the free
Dirac equation with a mass term

L(z) = (@) (V" O —m) (). (1.4)

It turns out that our Lagrangian is symmetric under a phase redefinition of the
fermionic field v (z) — 1 (x)e’??, where @ (which, for now, is only introduced
for convenience) and 6 are just arbitrary real constants. The gauge principle
promotes the global phase (constant) to a local phase (function of the space-time
coordinates) ¢’@Y — ¢'@%®)  Under this transformation, our previous Lagrangian
is obviously, no longer invariant. As is normally done in tensor analysis over
manifolds, one can define a covariant derivative D, = 0,+ieQ A, (x), in order to
restore the invariance of the Lagrangian under this type of transformation; here e
is for now, just another constant. Thus, one can deduce that under the local gauge
transformation of the fermionic field ¥ (z) — ¥(z) 9@ the affine connection
or the gauge field A, (x) must transform as A,(z) — A,(z) — e 9, 0(x). Thus,
the Lagrangian given by

L = 4 (iy" Dy —m) b, (1.5)

'For a nice review of the SM read [5}/6].
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is invariant under local gauge transformations. Adding a kinetic term (fixed by
the requirement of gauge invariance) for the field A,,, one immediately recognizes
the Quantum Electrodynamics (QED) Lagrangian

1 — .
Lopp = — F"Fuw + ¢ (0" Dy —m) ¢, (1.6)

with @ the electric charge of the fermion, e the electric coupling constant, and
where we have defined F* = 9* AY — 9V A*. Obviously a mass term for A* is
forbidden as it would break gauge invariance. We shall now extend this analysis
to the whole SM group in the next sections.

1.2 Electroweak Sector

In order to reproduce the precise, low energy experimental data on [ de-
cays, where only left-handed fermion and right-handed antifermion chiralities
participate in the weak interaction, one must introduce the following left-handed
doublets and right-handed singlets for a fermion family

Yi(z) = ( ZZ > , Y2(T) = qu,Rr, Y3(r) = qar- (1.7)
L

where ¢(z)r.r = Pr.rq(z) = 1;% q(x). Here we have used a family of quarks,
however a similar analysis can be made for leptons i.e., by making the substitu-
tions g, — vy and ¢ — ™.

The gauge symmetry group that we will impose on our Lagrangian is SU(2) 1, ®
U(1l)y, where L stands for left-handed and Y for hypercharge (we shall see it
cannot be identified with the electric charge). Thus, under this transformation
our fields will transform as

Yy — WP ULy,

3 — V20 ahy | (1.8)
3 — V3B ey

where ¢ are U(1)y transformations and where Uy, = €/7%/2 is a SU(2), trans-
formation; y;, B, @ are arbitrary real constants and & are the Pauli matrices.
The only free fermionic Lagrangian, invariant under SU(2);, ® U(1)y, that we
can write down must necessarily be massless (a mass terms would mix chiralities,
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and therefore spoil our symmetries) i.e.,

3

L= Z PPV Oty - (1.9)

i=1

Promoting these symmetries from global to local (as in the QED case) f —
p(xz) and & — d(x), one must introduce the following covariant derivatives, for
each field, in order to maintain our local gauge invariance 0,1; — D, ;1 (no
summation over ¢) with

Dy1=0,+ igUQj Wlﬂ +ig'y B, ,
Dy2 = 0u+ig'y2 By, (1.10)
D3 = 0, +ig'ys By .
One immediately deduces the transformation laws of the gauge fields
B, — By —(¢) '8,8(x), (1.11)
O;Wg — Uy ("; Wg’) Ul +ig t (0,U) U} . (1.12)

Adding the proper gauge invariant kinetic terms corresponding to the gauge fields
one obtains

3
1 - 1 —
E’ = —ZVVZHVW;V — EBMVB’UJ, + Z’L T,b@ ’7“ Dﬂ»i wz (113)
i=1
where B, = 0,58, — 0,5, and Wﬁy = BMW$ - 8VWli - geijk Wl{ Wf The
gauge-fermion interaction term generated by the covariant derivative D, ; can be
separated into a charged current interaction and a neutral current interaction.

Defining appropriately the charged W boson field as W# = (W} +iWJ') /v/2 and
re-parametrizing the neutral part as

Wi cos Oy sin Oy ZH
= (1.14)
B# — sin Oy cos Oy AH



Chapter 1. 1.2 Electroweak Sector 11

one easily obtains
3 L 3 L )
Y iy Dpthi =Y iy Ot + LOkp + L7 + Lif (1.15)
i=1 i=1
where int stands for interaction term. These interaction Lagrangians are explic-

itly given by

LOEp = —eAu Y Qrf+" f, (1.16)
7

LY = —g = Zy Y [ (v —aps) f (1.17)
f

2 cos HW sin Oy

nt __ _ 7o B
L = Q\f o (@7 (1= 75) qu+ 19" (L= 5) ) + he,  (L18)

where f = qu, q4, |, v; (we have also introduced the leptonic part) with e =
gsin Oy = ¢’ cos By and where:

Qu qd Y ;
v h—dsinly —j+Fsinton  § —h+2einioy
ar % _% % _%
Qy 3 -3 0 !

The kinetic part of the Lagrangian £, written in terms of the physical fields W, Z
and A, gives rise to the kinetic terms of the previously mentioned fields and cubic
and quartic interactions among them:

1 1
— WHW,, = (B" Bu, = LY 4 L+ Ly (1.19)
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where
W,Z,A 1 uv W 1 Wy 7 1 1Y m A
‘Ckin — _§FW F,uV - ZFZ Fl“’ - ZFA F.U'V B (120)

Ly = iccot O { (WY — W)Wz, — (W — oWy, Z,
+ W W (012" = 0 24) | +ie{ (MW — "W W A,
— (W = W)W, A, + W W (MAY — 07 AR} (1.21)

62

Ly = {(W,IWH)2 — wiwnt W,,W”}

 2sin? Ow
— e cot Oy {2WIWHZ, 4" — Wizrw, A - Wiarw, 2"}
— e cot? Ow {Wiwrz, 2" —wizrw,z"}
2 v v

— e {Wiwra, A — wiarw, Ay (1.22)
and where, as in the QED case we have defined Fi" = oHX" — VXM, (X =
W, Z, A).
1.2.1 Higgs Mechanism

So far we have been able to generate the correct interaction terms and the
correct number of vector bosons observed by experiments. However, we have not
been able to introduce the needed mass terms for the fermions nor for the Z and
W vector gauge bosons. As in the QED case, adding (by hand) a mass term
would spoil our gauge symmetry.

Let’s consider an additional complex scalar SU(2)y, doublet of the form

o) = o) (z) _ G (z) )
O(x) = < ¢(0)($) > N ( %(U‘Fh(fﬂ)—FiGo(a:)) ) (1.23)

so that it has a positive, non-zero vacuum expectation value (vev), i.e.,

(0|®(2)|0) =v/vV2 > 0. (1.24)
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The most generic Lagrangian, associated to the ® scalar doublet, invariant under
the electroweak gauge group can be written as

T 2
Lo = (Dj®) D — 2 o'® — hs (010)" (1.25)
with hg > 0, u% < 0 and with the covariant derivative given by
DS =9, +i J—joJr"lB“ (1.26)
p = Outig o Wytig g . .

and where G and G° correspond to the the so-called Goldstone bosons. Due to
the SU(2)r, invariance, one can re-parametrize the scalar field ®(x) as

V2 \ v+ h(z)

The unitary gauge (where the Goldstone bosons are absent) is then given by
f(x) = 0.

The non-zero vev of the scalar field generates mass terms for the Z and W
bosons. Choosing the unitary gauge (for simplicity) we can write Lg as

b(z) = oo f@2 L ( 0 ) . (1.27)

1 1 1 M? M?
Ls = —hgv* +=9,hO*h — = MZh? — —h p3 - Zh pt
S =gty oo g h 2 802
2 h2 1 2 h2
+ My, Wiwr {1+vh+vz}+2M§ZMZ“ {1+vh+v2}, (1.28)

with the mass terms given by My = My cosfy = vg/2 and M}, = \/—Q,u% =
v2hsv. Similar considerations can be made for the fermion sector.

Consider the three (experimentally observed) quark and lepton families, given
in the form of electroweak fermion doublets and singlets as in :

/
QIL = ( ZZ ) ’ q;,Pu qél,R? (1'29)
L
=Y / l 1.30
L= I ) ViR, R> ( . )
L

where, this time, we have introduced the primed notation in order to differentiate
between the mass eigenstates (non-primed) and non-mass eigenstates (primed).
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The most generic Yukawa Lagrangian, invariant under our electroweak gauge
group, can be written in the form

2 - _ - _

Ly = —{{Q’LM(;@d’R + Q' M ®ulp +L’LM;<I>1’R}. (1.31)

where ® = igp®* is the charge conjugate Higgs doublet. Choosing again the

unitary gauge, and diagonalizing the mass matrices, one find that the previous
Lagrangian takes the simple form

H _

where the fermion vectors are qf = (u,c,t), qf = (d,s,b), 1 = (e,u,7)
and the diagonal mass matrices are given by M, = dlag{mu,mc,mt} My =
dlag{md,ms,mb} M, = diag{me,m, ,m-}. One can check that f;f; = £ 17
and f wfn = = fpfp, thus the previously introduced (neutral current) interaction La-
grangians Eglg p and L2 do not change when expressed in terms of the fermion
mass eigenstate fields. However, this is not true for the charged current interac-
tion Lagrangian LY. Defining the Cabibbo-Kobayashi-Maskawa (CKM) unitary
matrix as (];7 Lq&’ 1 = Qu,r V d4,1,, considering massless neutrinos and summing
over all fermion families one obtains

Ly = - z\f (Zvdqcﬂ (1—15) qu+217 (1—7) l) + h.c.,
(1.33)

The SM is able to also accommodate non-zero neutrino masses by introducing
right-handed neutrino fields vy and an additional Yukawa term in Ly that would
give rise to an analogous (to the CKM mixing matrix V) mixing matrix V; .

1.2.2 CP Violation in the SM

The previously introduced CKM mixing matrix V is able to accommodate
successfully all the available experimental data. It is able to describe the quark
mixing phenomenology with both high accuracy and high precision. It can be
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parametrized in many ways [9-11], i.e.,

Vud Vus Vub
V=1V Vs Vo
L Via Vis Vi
[ €12 C13 512 C13 s13 €13
= | —s1203 — 12523813613 19 Co3 — 12 893 S13€1013 523 C13
S12 823 — C12C23 513 €013 —c12 823 — 812 Ca3 S13€013 eaz e
_ 22
1- 5 A AX3(p —in)
= i\ X e + 0 (A1) (1.34)
2
L AN3(1 — p—in) —AN? 1

Defining sia = A, so3 = AN and sj3e 018 = AX3(p — in), this last parametriza-
tion, due to Wolfenstein, exploits the strong hierarchy among the matrix elements,
and it is just a Taylor expansion in powers of A. The latest fit by the CKMfitter
group [12] is shown in Fig. with (p,7) = (1 — A2/2)(p,n) and where the o,
and ~ angles are given by

ViaViy, VeaVi Vud Vi
o= —arg (Vt;l ti’) , ﬁz—arg(mz Cf) , vz—arg<vz “f) . (1.35)
ud Vb tb ca’ch

The only complex phase in the SM Lagrangian is 13, which is the only source
of CP violation. Thus, the SM can only describe this phenomenon in a very
limited way. In can only occur in processes where all three generations appear,
for example. CP violation is very suppressed, thus, in the SM, and it seems not
to be enough to explain the huge matter-antimatter asymmetry observed in the
Universe. A SM extension with extra sources of CP violation, would therefore,
be more than welcome.

An extension of the SM that contains an extra scalar doublet, namely the
Two-Higgs doublet model (2HDM), with extra sources of CP violation, will be
introduced in Chapter 2] and extensively analysed in Chapters [5] to
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Figure 1.1: Latest constraints on the (p,7) plane from the CKMfitter group.

1.3 Strong Sector

In order to accommodate the strong interaction into the SM we have to enlarge
the broken SU(2); ® U(1)y electroweak gauge group with the colour SU(3)¢o
group [13l[14], i.e., the complete SM group is given by SU(2), ®@U(1)y @ SU(3)c-
Let’s consider thus the massive Dirac Lagrangian invariant under SU(3)¢ global
transformations. It can be written as

L) = Y { @@ i 0ugf @) — my (@) gf@) } (1.36)
fa

where f stands for the quark index f = wu,¢,t,d, s,b, and « stands for the colour
index a = 1,2, 3. Under a global SU (3) transformation the quark fields transform
as

a7 — Uap q? (1.37)
where the operator U is given by

U = e 795202 (1.38)
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and where summation over all repeated indices is understood. The A\* matrices
are the group generators and 6% are real arbitrary constants. Promoting, as usual,
the gauge symmetry from global to local i.e., 8% = 6(z), one must introduce the
covariant derivative

(A
(Dp)ag = 000y — igs () GZ. (1.39)
2 /) ap
with the gauge fields transforming as

AN\ N .
(2) Gl —» U (2> GoUt —ig; (9, U)UT (1.40)

Thus, the Quantum Chromodynamics (QCD) Lagrangian is finally given by

1 . _
Locp = —Ch Gl + Y {@Fiv" (Dwapd] — mpdta}} (1.41)
fra

where we have introduced the gauge invariant kinetic term corresponding to the
gluon fields G}, given by GL” = 0'Gy — "Gl + gs fe GYGY (summation over
all repeated indices is, again, understood). The quantities fo¢ are the totally
antisymmetric SU(3) structure constants defined by the Lie algebra

(A%, NY] = 24 fabe ze (1.42)

1.3.1 SU(3) Algebra

Introducing the shorthand notation 7% = A?/2, the previous Lie algebra
simplifies to

(7%, T% = ifabeTe . (1.43)

Given the fo¢ structure constants of the SU(3) group, we call a group represen-
tation a set of dg X dr hermitian matrices that obey the same Lie algebra as the
group generators i.e.,

(TR, T = i f*°Tg, (1.44)

where dp is called the dimension of the representation. A representation is called
reducible if there exists a unitary transformation U so that U *1T1€§U puts all
the non-zero entries in the same diagonal blocks for each a; if not it is called
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irreducible. An SU(3) irreducible representation can be in general labelled by
two indices R = (A1, A2) . The dimension of the representation is then given by:

dp = %(Al F1)0s + 1) + Ao 4 2) (1.45)
Another important quantity can be found by taking the following trace:
T {T TR} = Tro™. (1.46)
Tr can be related to the quadratic Casimir operator eigenvalue
Tr-da = Cr-dp (1.47)

where dy = 32 — 1 = 8, the dimension of the adjoint representation and Cpg is
the dr-degenerate Casimir operator eigenvalue. The quadratic Casimir operator
has the form:

Cr=TLTS = Crly, (1.48)

with Ig, the dr X dg identity matrix.

For the two fundamental representations (1,0) and (0,1) we have dr = 3 (3
colours of quarks and anti-quarks). Gluons obviously belong to the adjoint rep-
resentation. QCD, however, does not forbid the existence of multiplets belonging
to higher SU(3)¢ group representations. These exotic fields could therefore exist
in nature. As they have not been experimentally observed we can only set bounds
on their masses. This analysis is performed in Chapter [
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2. THE TwoO-HIGGS-DOUBLET MODEL

So far, we have introduced the SM which contains a scalar SU(2);, Higgs dou-
blet with a non-zero vacuum expectation value, responsible for the electroweak
symmetry breaking. One of the consequences is that the fermions and W and Z
bosons acquire mass while preserving gauge invariance. Another consequence is
that, the physical particle spectrum is enlarged with a scalar particle, the Higgs
boson. However, there is no fundamental motivation that forbids the presence of
more than one doublet. Moreover, there are many open questions that the SM
leaves unanswered. As we have already mentioned, it seem that more sources of
CP violation are needed in order to explain the huge matter-antimatter asym-
metry observed in the Universe; there is also lack for a dark matter candidate,
to cite just a few a of them. Thus, there are many theoretical and observational
motivations for enlarging the scalar sector of the SM. Next we shall present one
of these models, namely the two-Higgs-doublet model (2HDM).

2.1 The Aligned Two-Higgs-Doublet Model

The 2HDM extends the SM with a second scalar doublet of hypercharge
Y = 1. The neutral components of the scalar doublets ¢q(z) (a = 1,2) acquire
vacuum expectation values that are, in general, complex:

(0167 (x)[0) = é (0, vg ™) . (2.1)

Through an appropriate U(1)y transformation one can enforce §; = 0, since only
the relative phase # = 05 — 67 is observable. It is convenient to perform a global
SU(2) transformation on the scalar doublets (¢1, ¢2) and work in the so-called
Higgs basis (@1, ®2), where only one of them acquires a vacuum expectation

value:
P, | cospB sinp o1
( —®y ) - [ sinf3 —cosf ] < ey ) ’ (2:2)

21
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and where we have defined tan 8 = vy/v;. In this basis, the two doublets are
parametrized as

Gt HT
1= \}i(v—i-Sl—l—iGU)] ’ (1)2:[\}5(524—7;53)1 : (2.3)
where G* and G° denote the Goldstone fields and where (0|H*|0) = (0|G*|0) =
(0|G°|0) = (0]S;]0) = 0. Thus, ®; plays the role of the SM scalar doublet with

its vacuum expectation value given by v = \/v? + v3 ~ (V2Gp)~ /2 = 246 GeV.

The physical scalar spectrum contains five degrees of freedom: the two charged
Higgs fields H*(x) and three neutral scalars ¢?(x) = {h(z), H(x), A(x)}. These
last are related to the original S; fields through an orthogonal transformation
R given by ¢Y(z) = R;;Sj(x). 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 will be given later on. In general, the
CP-odd component S3 mixes with the CP-even fields S1 2 and the resulting mass
eigenstates do not have a definite CP quantum number. If the scalar potential is
CP conserving this admixture disappears. In this particular case, A(z) = S3(x)

and]
h _ cosa siné S
< H ) o l —siné@ cosd& ] ( S ) ' (2.4)

Performing a phase redefinition of the neutral CP-even fields, we can fix the sign
of sin @. In this work we adopt the conventions M; < Mgz and 0 < & < 7, so
that sin & is always positive.

! 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
¢1(z) and ¢2(z). Since the choice of initial basis is arbitrary, the parameters o and 8 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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2.1.1 Yukawa Alignment

The most generic Yukawa Lagrangian with the SM fermionic content can be
written in the Higgs basis as:

5 _ . .
Ly = _\vf { QL (My®y + Y ®2)dy + QF (M, @1 + Y, ®2)uf

+ L (M{®y + Y/ @) I } (2.5)

where Q7 , L are the left-handed quark and lepton doublets (just as in the SM).
M J’c and Y]ﬁ (f = u,d,l) are the non diagonal mass and Yukawa matrices which
are in general complex and independent; therefore these two matrices are not
simultaneously diagonalizable in flavour space. This gives rise to dangerous tree
level flavour changing neutral currents (FCNCs) which are phenomenologically
highly suppressed. In order to get rid of them one usually imposes a discrete Z5
symmetry on the Higgs doublets i.e., ¢1 — ¢1, 2 — —¢2 (in a generic basis),
etc. However, a more general approach is to impose alignment in the flavour
space Yjﬁ ~ M ]’c [1]. In terms of the the mass-eigenstate mass matrix we obtain

Ya1=¢a; May, Yo =, M,, (2.6)

where ¢; (f = u,d,l) are called the alignment parameters. These three parame-
ters are independent, flavour universal, scalar basis independent and in general
complex. Their phases introduce new sources of CP-violation. The usual models
based on Z, symmetries are recovered for particular (real) values of the couplings
s 1], as indicated in Table We can now write our Yukawa Lagrangian in
terms of the mass-eigenstate fields:

Ly =— f H+{ﬂ{§d VMiPr — su MJVPL} d+ g DMﬂDRl}
- % Z y??gog {foPRf} + h.c.
0. f

here Pr 1 = li% are the right-handed and left-handed chirality projectors and

the couplings of the neutral scalar fields are given by:

0 . 9 ; *
yZZ@ =R+ (Riz + i Ri3) Sds Yo' = Ri + (Riz —iRiz) s . (2.7)
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Table 2.1: CP-conserving 2HDMs based on discrete Zo symmetries.

Model <d Su q
Type 1 cotB | cotfB | cotp
Type Il | —tanfg | cot 5 | —tan
Type X | cotfS |cotp | —tanp
Type Y | —tanfg | cot 5 | cotf
Inert 0 0 0

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 Aligned two-Higgs-doublet model (A2HDM) framework and does not hold in
non-aligned 2HDMs with FCNCs. The only source of flavour-changing interac-
tions is the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix V' [2]. All
possible freedom allowed by the alignment conditions is determined by the three
family-universal complex parameters ¢;.

Quantum corrections induce a misalignment of the Yukawa matrices, gener-
ating small FCNC effects suppressed by the corresponding loop factors [1,3H6].
However, the flavour symmetries of the A2HDM tightly constraint the possi-
ble FCNC structures, keeping their effects well below the present experimental
bounds [1,3,4,779]E|

2 The only FCNC structures induced at one loop take the form [34]:

C(w) . 0
Lrcne = 203 (1 +<usa) Z w5 (x)

X {(Riz +iRiz) (sq — u) {&L ViM, M VM, dR} (2.8)
— (Rzz — 7,7?45) (Q} - (::) |:ﬂL ‘/J\ldjwjiL VTMu uR}} + h.c.,

with C(p) = C(po) —log (11/ o). These FCNC effects vanish identically in the Z» models where
the alignment condition is protected by a discrete symmetry. In the most general case, assum-
ing the alignment to be exact at some scale ug, i.e. C(uo) = 0, a non-zero value for the FCNC
coupling is generated when running to a different scale. However, the numerical effect is sup-
pressed by mqmgl / v3 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. [10-12].
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The orthogonality of the rotation matrix R, implies the following relations
among the Yukawa couplings of the three neutral scalars:

3
1=

0 3. L0 3. o
(yf’)z =1, Z ’Z/?’\Q = 14+2|¢?, ny’ Ri =1,
1 i=1 P

3 0 3 0
Yyl Ria = <aus > yn Rz = <
i=1 =1
3 0 3 0
Z yi@ Riz =S4, Z Yu' Rig = —ig, . (2.9)
i—1 i—1

2.1.2 Bosonic Couplings

The full set of interactions among the gauge and scalar bosons is given in
Section 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 = WtW~,2Z2),

gpovy = Rit Gy + (2.10)

which implies
2
SM
gy + 9hvy + Gavy = (ghVV) . (2.11)

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 2HDMSs 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 907272 = 9OWW - Observing a scalar boson
with a somewhat enhanced coupling to vector bosons or a deviation from custodial
symmetry [13] 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 125 GeV resonance and searches for other neutral
and charged scalars within the A2HDM.

For the phenomenological analysis, in order to compute two-photon decays
of neutral scalars, one will need their couplings to a pair of charged scalars, gen-
erated through the scalar potential discussed further on. Since these couplings
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depend on still unknown parameters, we will normally parametrize the corre-
sponding interactions as

Loprn- = —v Y Apogp- i H H . (2.12)
7

Explicit expressions for the cubic couplings A o OH+H- in terms of the Higgs po-
tential parameters can be found next. If CP is assumed to be an exact symmetry,
then, A yg+gyg- = 0.

2.2 Scalar Potential

In the Higgs basis, the most general scalar potential takes the form [14]

Vo= g @00 o 040y 4 [ 90 + 5 2h] + A (@]@))”
+ A (@5@2)2 + Ay (@]01) (0]ds) + Ay (9]2) (@)
+ [(2s @]®2 + A6 B[@1 + Az D]Dy) (@]D5) + hc] . (2.13)
The Hermiticity of the potential requires all parameters to be real except us, As,

Ag and A7; thus, there are 14 real parameters.

The minimization conditions (0|®7 (z)|0) = % (0,v) and (0|®Z (z)|0) = % (0,0)

impose the relations

1
pr = —A1v?, ps = —3 Ao 2. (2.14)

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

1
V:—Z)\lv4+V2+V3+V4. (2.15)

The mass terms take the form

S1
Vo = MHi HYH + = (51,52,53) M Sy
S3

1 1 1
= Mi.HTH™ + §M2h2 + 5MI%IH2 + §M§A2, (2.16)
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with !
Mpis = pg+ Ry v? (2.17)
and
2\10° 2 \§ —v2 A
M= | A MZo4o? (3400 —v2 AL . (2.18)
—v2 )L —v2 )\ M2, +0? (% - F)

where AR = Re()\;) and A} = Im();). The symmetric mass matrix M is diago-
nalized by an orthogonal matrix R, which defines the neutral mass eigenstates:

M 0 0 h S
M=RT| 0o MZ 0o |R, H|=R|[S|. (219
0o 0 M3 A Ss

Since the trace remains invariant, the masses satisfy the relation
ME + M} + M3 = 2MEe 4+ 0* (2M 4+ M) . (2.20)

The minimization conditions allow us to trade the parameters u; and upz by
v and Ag. The freedom to rephase the field ®5 implies, moreover, that only the
relative phases among A5, A\g and A7 are physical; but only two of them are inde-
pendent. Therefore, we can fully characterize the potential with 11 parameters:
v, p2, |A1,..7|, arg(AsAg) and arg(AsA%). Four parameters can be determined
through the physical scalar masses. The matrix equation [15]

(MRT —RT Mp) =0 (2.21)

(where Mp is the diagonal mass matrix from (2.19))) relates the scalar masses
and mixings. Summing the second row with (—¢) times the third row, one obtains
the identity (imaginary parts included):

A
UZ)\GRH + [M?_Ii - Mgg + U2(?4 + )\5)} (RZ‘Q — iRZ?,) + 21'1)2/\5732‘3 = 0.
(2.22)
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This proves in full generality that

M;Q B jw?—li A4
(Rig —iRi3) ———— = (Riz —iRi3) (? + >\5> + 2iRi3A5 + Ri1 e

V2
= )\H+G7(P? . (2.23)
Taking instead the first row, one gets:

(2)\11)2 - MEQ) Ril + Uz)\gRiQ — 02)\}57?,1'3 = 0, (2.24)
which generalizes the usual relation determining tan & in the CP-conserving limit
(R13 = R23 = 0). It also proves that the following identity holds in general

M?,

U? Ri1 = 2RiA1 +iRishe + (Ri2 — iRig))\g = /\G+G—gp? . (2.25)

Here, similarly to Eq. (2.12)), we have parametrized the Goldstone terms of V3 in
the form

(v Mipeg-po HY G ¢! +h.c.) + U Agrg-p0 GTGTEY C V5. (2.26)
These identities generalize the ones from [16], that are valid only in the CP-
conserving limit of the scalar potential. They turn out to be very useful if one

works in R¢ gauges with a fully general potential.
Using again Eq. (2.24)), the orthogonality of R implies:

ZR% Mzo = 2007, ZRilRiQ ng = \?,
i ‘ i g

Y RaRis Mf,? = —\go°. (2.27)

Eq. (2.22) gives the additional orthogonality relations.

> Ri1(Riz — iRis) MZQ = \v?, (2.28)
, 2 2 2(A
> Ria(Riz — iRis) Mg = Mg+ +v (? + )\5> , (2.29)

A
i3 Ris(Rip — iRig) M2 = M +02(2H = Xs). (2.30)
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The first identity reproduces in complex form the last two real equations in ([2.27)).
Separating the real and imaginary parts of the last two relations, one gets:

A
S RhH Ml = Mp.+ ’1)2(?4 +A5) (2.31)
2 2 2 2 )‘4 R
S ORE MZy = M +v (5 -8, (2.32)
ZRZ'ZRB M‘i? = —UQ)\é . (2.33)

In the CP conserving limit A\, = A} = A\l = 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 .
In this case, the scalar masses are given by

_ 1 — 1
M,%:§(2—A), MﬁI:i(E—FA),
- A
M3 = M + 02 ( 24 AR> (2.34)
where Y and A are given by
A
S o= MAs 4 0P (2 A+ ?4 + A?) , (2.35)
A\ 2
A = [M,?Ii + 02 ( 20+ 5+ /\5R> + 40t (\8)2, (2.36)
and where the mixing angle is determined through
- M}% — 2/\11)2
tana = W . (237)

Here, we have used the notation M 0 to emphasize that these are the neutral
scalar masses in the CP-conserving hmlt The cubic and quartic Higgs couplings
involving the charged and the neutral physical scalars (without Goldstone boson
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couplings) take the form,

Vs = vHYH™ (Ag 81+ M S5 — N Ss) —1—%1} (228 + 23 + A1) 9183
3
5”[)
—1v<2)\R—/\ —A)ss2+1mRss2—2mfsss
9 5 3 4 1°3 9 7 P23 5010203

1 1 1
+>\1v5f+§v)\7RS§’+ AgS%SQ—QUAgsg’—iv/\%SSSg

3
—5v A 5285, (2.38)

A
Vi, = HTH- ()\2 HYH™ + 53 5% £ X352 + Xy 82 — AL S S5+ AR 5152)

1 1
+ 1 (/\3 + A+ 2)\15)”) (5152) + 1 (/\3 + A — 2)\15)”) (51S3)?

L 635, — A 528,8 — T 5,525, — 27 5,58
2)\6 3153 )\5 515253 2 5152S3 2 5153
A A2 A2 A2
T ST S S T (528s)°
A gag M g3 Mg g
+ ? Sl SQ + 7 5152 + 7 SISQS?) . (239)

In the CP-conserving limit all vertices involving an odd number of S5 fields van-
ish. A basis-independent discussion of the 2HDM scalar sector can be found in

Ref. |17].

2.2.1 Neutral scalar mass matrix to lowest order in CP violation

Assuming that )\15 and )\é are small, we can diagonalize the mass matrix (2.18])
perturbatively as an expansion in powers of these CP-violating parameters. The
leading corrections to the neutral scalar masses are quadratic in )\36:

_ (0] 0 0
M2y = 3%+ of (M) + 0 (A)? +af (DAD). (2.40)
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Where M 0 denote the corresponding masses in the CP-conserving limit given in

and
o vt (M% - 2)\11)2)
Oll. - — )
[T (M 0 M£?>
0 v (2)\1@2 + ]\;[20 — M} — ]\_4,3)
012 = / ~ 3
Ij#i <M2 M3?>
@0 20\

i <M 0 Mz(?)

The physical states @9 = {h, H, A} receive corrections at first order in /\}5,6,
which are given by

h cost sin& €3 S1
H = —sina cosa €93 Sy |, (2.42)
A €31 €32 1 S?)
where
2
v S| ~ 1
€13 = ——— |sin& A5 +cosa Ng ) ,
(a1% - 022 ( )
2
€3 = S — (cosd)\é - sind)\é) ,
(813 - )
1 A I
631:—271}2(0[3)\ +2 2)\)
1 A

Note that for the case of a scalar potential with a softly-broken Z; symmetry in
the Higgs basis we have A\¢ = Ay = 0 and, therefore, e3; = 0.
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2.3 Scalar Couplings to the Gauge Bosons

The scalar doublets couple to the gauge bosons through the covariant deriva-
tive and gauge-fixing terms:

2

ﬁK—i—Z(DMCI)a)T DFO+Lor = Lye —|—[,¢2 +[’¢>V+['¢2V+£¢V2 +£¢2V2 , (2.44)
i=1

where Ly is the usual gauge-boson kinetic term and the covariant derivative is
given byﬁ

D, =0, + ieQA, + iﬁ Z,(Ts — Qsin2 yy)
+ig [T Wi+ T-W,] . (2.45)
It is convenient to adopt the following R; gauge-fixing term (§ = 1),
1 ) . . _
Lor = = 5 (0u4")° (W +idMwGH) (A, W — iMwG™)

- % (0,2% + MzC°)" (2.46)
which cancels exactly the quadratic mixing terms between the gauge and Gold-
stone bosons generated by the covariant derivatives, so that L4y = 0, and pro-
vides the Goldstone bosons with the masses Mg+ = My = gv/2 and Mgo =
My = My / cos Oy . Then,

1 1 1
Ly2 =5 (9, AR)? — 5 (8,2M)? + 3 M2 Z, 7"
— (omwf) (0.W) + M wiwn, (2.47)

while

1

Lo =5 [0, 0"h+ 0, HO"H + 0, A Al + 0,H 0" H"
1 1
+3 9,G° "G — 3 MZ (G°)?
+0,GT oG — M, GTG™. (2.48)

3The weak mixing angle 6y is defined through the relation gsinfw = g’ cosfw = e. The
L(T1 +75) and T3 can be expressed in terms of the Pauli matrices by T; = 2.

operators T4 = 7 5
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The interaction terms between the scalar and gauge bosons are given by:
e [ Ar z +9 - e
Lypy = ie [A"+ cot (20w) 2"] [(H* 0, H™) + (G 9,G7)]

t s 20 [(609,81) + (S5 045)]
sin (26y) pt 30nm2

9 yyrut -3 -9
oW [(H™9,,85) =i (H™ 9,5)
_2 0 NP n 4
+(G™ 9,G°) =i (G™ 9,5)]

< <
+ g W [(HT 9,83) +i (H* 9,,55)

<~ <~
+ (GG +i(GY OS], (249)
2 Lo M 2 Tye
£¢V2 = ;Sl §MZZMZ +MWw“W
+ (eMw A" — My sin® 0w 2#) (GTW, + GW)) | (2.50)
101
Love = |3 M2 Z, 7" + M, WgWﬂ} [H2 +h%4 A%+ (G°)2]

2
+ {e2 [A" + cot (20) ZM]? + % WJW#} (G*G=+H*H")

€g _
+ 5 (A" — tan by 2") {51 (6w, +Gwf)
+ 8o (H* W, + H™W)) +1i S5 (H W) — H*W,)
+iGO (6w - G*WM)} , (2.51)
with §; = Rjigog (cp? = {h,H, A}) and where we have introduced the usual
notation A 9, B = A(9,B) — (9,A)B.
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2.3.1 Inert 2HDM

Imposing a discrete Z5 symmetry such that all SM fields remain invariant
under a Z5 transformation, while

CI’1 — (131, CI)Q — —(132, (252)

one makes the second scalar doublet inert: linear interactions of ®o with the
SM fields are odd under a Z; transformation, and thus forbidden [18}[19]. In
particular, @9 is fermiophobic. This inert scalar doublet can only interact with
the other fields through quadratic couplings. The lightest neutral component of
®5 is then a very good candidate for dark matter.

The Z; symmetry implies a significant simplification of the scalar potential,
because all terms with an odd number of @, fields vanish: u3 = Ag = A7 = 0.
Moreover, making an appropriate rephasing of ®5, A5 can be taken real. There-
fore, the neutral mass matrix (2.18) becomes diagonal and there is no mixing
among the neutral scalars (R = I). The neutral scalar masses are given by:

A
M} = 2X\02%, My = M7+ (24+)\5> v?,
A
M% = M. + (24 - )\5) v?. (2.53)

A generalization of the inert model, in which, in particular, the charged Higgs
and the neutral scalar A are fermiophobic will be analysed later on, in Chapter
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3. MOTIVATION AND PRELIMINARIES

The SM is so far, one of the most successful and predictive models in the
whole realm of physics. The last piece of the SM puzzle was the Higgs boson. For
many decades, this scalar particle has eluded the experimental discovery, however,
nowadays, this seems no longer to be the case. In 2012 the ATLAS and CMS
collaborations announced the discovery of a scalar boson compatible with the SM
predictions [1,2]. However, having found a Higgs-like scalar boson compatible
with the SM predictions does not exclude the possibility of having an enlarged
scalar sector, or some other type of new physics (even strongly interacting), that
would mimic a Higgs-like boson, as we have already insisted in previous chapters.
In general, there is no fundamental guiding symmetry or principle that forbids
us to extend the SM by adding more scalar doublets for example, or by enlarging
the model with new particles or interactions in general. All of these extensions,
must of course, pass all the available experimental constraints and precision fits
and (should) make new predictions that could be tested by future experiments.

In this work, we analyse two of these types of extensions. First, we shall
consider particles that belong to higher order representations of the QCD group
(Paper I, Chapter . As for the second part (Papers II-V, Chapters [5| to ,
we will extensively treat the many aspects of the rich phenomenology of the
two-Higgs-doublet model.

3.1 Paper I

Exotic quark-like fermions that belong to higher representations of the SU(3)¢
colour group are an interesting possibility which was previously considered [3H7].
We can search for the presence of such exotic quarks in direct and indirect ways.
Since not a single exotic QCD particle has been directly observed so far, their
masses should be heavy enough to avoid the present experimental constraints from
direct searches. However, new fermions from higher QCD representations would
contribute to the QCD f-function and, therefore, their existence is highly con-
strained by the very successful experimental tests of asymptotic freedom. Also,
if those exotic quarks get their masses through the Standard Model Higgs mech-
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38 Chapter 3. Motivation and Preliminaries

anism, they would strongly enhance the Higgs production at LHC, which seems
not to be the case with the present collider data.
At the two-loop level the § function is given by [8}9]

11 2
Blz—ECA + 3 ZnRTR,
R

17 1
52:,E03+62%TR(50A+30R), (3.1)
R

with ngr the number of active fermions in the representation R, T is the nor-
malization trace factor and C'g the Casimir operator eigenvalue. More details
are given in Section [I.3.] of Chapter [II The values of the various trace factor
for different representations are given by 73 = %, T = g, Ty =3, Ty = %,
Ti5 = 10, etc. Due to the large algebraic contribution of these higher colour
representations asymptotic freedom is rapidly lost.

The same large algebraic factors would contribute to the dominant (gluon
fusion) Higgs production cross section. By the time this project was finished, the
mass of Higgs boson was still unknown. However we were able to exclude a large
region of Higgs mass parameter space. After the discovery of the scalar boson at
the LHC, this work gains in relevance. Supposing that it is indeed the SM Higgs,
the existence of all exotic quarks is excluded (given, of course, that this exotic
matter acquires mass through the SM Higgs mechanism).

3.2 Paper II

The discovery of a Standard Model-like boson with mass of about 125 GeV
seems to be the first direct information on the electroweak symmetry breaking
mechanism. It brings us to a whole new horizon of possibilities regarding its
nature and origin. Many theoretical models (SM extensions) are able to reproduce
the properties of this particle. The simplest extension that gives rise to a richer
scalar sector and to new interesting phenomenology in the flavour sector is the
Two-Higgs-Doublet Model.

In this work we study the phenomenology of the scalar sector and see how the
new LHC data constrains its parameter space. The main feature of the 2HDM
is the presence of three neutral and one charged Higgs bosons, thus we study all
possible interpretations for the discovered scalar boson as one of the three neutral
scalars of the model. The electroweak precision fits are used to constrain the mass
scalar spectrum for the remaining bosons. We assume the generic Yukawa texture
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of the Aligned Two-Higgs Doublet Model. We also study the implication for the
particular models with discrete Z; symmetries.

Using the first relevant data released by the LHC collaborations as well as
Tevatron [10-12] , one finds a slight excess for the center value of the two-photon
decay channel both in gluon-fusion and vector boson fusion production. This
excess is highly interesting because it might be the origin of new interesting
physics. It could signal the presence of a charged Higgs (by adding an extra
loop of a charged Higss to the h — 7 decay) or it might originate in a different
(than the SM), perhaps complex, Yukawa structure. All these possibilities are
also extensively analysed.

3.3 Paper III

In this work we extend the previous analysis and update the bounds that
the new LHC and Tevatron data impose on the CP-conserving A2HDM. We dis-
cuss the role of electroweak precision observables and include previously studied
flavour constraints (such as Z — bb and B — Xv), in order to further restrict the
parameter space. We also consider searches for additional neutral Higgs bosons
at the LHC.

Last, we analyse the possibility of a light charged Higgs produced via top
quark decays i.e., t — H b, and its relevant decay channels H* — 7+ v, HT —
cs and Ht — cb. This last channel, usually ignored in both experimental and
theoretical analyses due to to a strong CKM suppression, can be of relevance in
the A2HDM. Writing down the following approximate formula

F(H+ — CB) N H/cb’2 (’gd‘le% + ’QLng)
T(H+ —cs5)  |Ves|? (Jsa?m2 + |6u|2m2)

T(HY —cb)  No|Val® (|sal®>mi + [sul*m?)
T(Ht = 7tv,) m2|q? '

(3.2)

we can observe that the decay channel H — ¢b can be important, compared
with Ht — ¢35, 77, for [sq| > |sul,|st|- This does not usually occur in the
2HDMs with Zs symmetries due to correlations among the ¢y parameters. An-
other channel that is also, usually ignored by most analyses, is the three body
decay Ht — t*b — Wtbb. This channel will be found to be relevant in a quite
large region of the parameter space of our model. It is also worth mentioning
that, combining flavour constraints and bounds from the direct searches for a
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(a) (b)

Gu

Figure 3.1: Charged-Higgs associated production with a W boson (diagrams a, b)
or a neutral scalar (diagram c), in the fermiophobic scenario.

charged Higgs at the LHC, one can further eliminate some regions of the allowed
parameter space of the model.

3.4 Paper IV

In this analysis we study the phenomenology associated with a fermiopho-
bic charged Higgs (it does not couple to fermions at tree level), in two-Higgs-
doublet models. Experimental searches for charged scalars have been already per-
formed with negative results by the ATLAS [13]/14] and CMS collaborations [15].
They both assume that the charged Higgs is produced from a top-quark decay
(t — HTb) and that it decays dominantly into fermions; i.e., H" — q.qq, [T1.
However, if the charged Higgs is fermiophobic, all experimental bounds are evaded
trivially. One needs to perform in this case a different analysis. One has to
consider other decay and production channels. Here, we study the associated
production of a charged Higgs with either a W or a neutral scalar boson (see
Fig , and the relevant decays for a light fermiophobic charged Higgs with
mass in the range Mg+ € [My, My + Mz|. The kinematically open relevant de-
cay modes are shown in Figm For the loop-induced H™ — W, using the gauge
symmetry of the process, one can extremely simplify the calculations and obtain
simple, compact, analytical results. The calculation technique is also extensively
presented.

Due to their similarity with the SM Higgs production channels, one expects
the charged Higgs production cross sections to be experimentally accessible at
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Figure 3.2: Three-body decay H+_—> W ff mediated by the virtual neutral scalars
09 (top,left) and HT — 9 f,fq mediated by a virtual W (top,right). Loop
induced HY — W~ decay (bottom,).

LHC energies. Next-to-leading order QCD corrections will be included for both
cross sections, and the bounds on the various parameters of the model from the
LHC data (from our previous work) will also be taken into account.

The interesting features of this scenario should result encouraging for the LHC
collaborations to perform searches for such a particle.

3.5 Paper V

In this analysis we use the anomalous magnetic moment of the muon as a
probe for new physics and study new contributions to this observable within
the 2HDM framework. The latest result for the discrepancy between the SM
prediction and the experimental measured value is given by [16-38]

Aaf™ = af® — aSM = 262(85) x 107" (3.3)
The (g — 2), has been extensively analysed within the SM and its various exten-
sions. Even if the SM prediction still suffers from large theoretical uncertainties
(mostly hadronic) it is a nice place to look for new physics. It’s a known fact
that the two-loop Bar-Zee type diagrams dominate over the one-loop contribu-
tions. The two-loop contributions have a loop suppression factor of (a/m) but
also have an enhancement factor of (M? /mi)7 where M stands for the mass of
heavy particles running in one of the loops: Mg+, my, M@?, etc. This last factor
usually dominates over the first one.
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Figure 3.3: Two-loop Barr-Zee type contributions to Aa, in two-Higgs-doublet
models .

Here we study the two-loop Barr-Zee type [39] contributions to Aa,, that have
not been analysed previously within the 2HDMs. Using the same calculation
technique as in the previous analysis (Paper V) we can, again, simplify our result
and present all the expression in a compact analytical form.

It is a common belief that only a restrained number of diagrams can signifi-
cantly contribute to Aa, in 2HDMs at the two-loop level, namely diagrams (1)
and (2) from Fig. We show that this is not true, and that some of the new
calculated diagrams (3-6, same figure), due to the extra degrees of freedom of
the A2HDM given by the ¢; parameters, can bring rather sizeable contributions
for a quite large region of the parameter space and therefore can reduce, and in
some cases even explain, the value of the difference between the SM prediction
and experiment. A highly interesting scenario, deferred for future work, is to
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also consider CP-violating effects. The imaginary part of the parameters of the
potential and especially of the Yukawa sector might be able to bring somewhat
extra sizeable effects.

3.6 Updated fits from Run 1

Finally, the last chapter, Chapter 9, is dedicated to the update of some rel-
evant parts of the studies performed in Chapters 5 and 6, using the latest LHC
combined data (at 7 and 8 TeV) from the Atlas and CMS collaborations [40].
As the experimental data are getting more precise, their impact on the param-
eter space of the 2HDM is somewhat sizeable when compared to the previous
results. While the main conclusions from the previously performed analyses re-
main roughly the same, the allowed regions for the model parameters will be
visibly modified. On the other hand, as the analyses performed in Chapters 7
and 8 are based upon very generic assumptions, the results presented therein are
minimally (or not at all) affected by the new LHC results.
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Abstract: The present collider data put severe constraints on any type of new
strongly-interacting particle coupling to the Higgs boson. We analyze the phe-
nomenological limits on exotic quarks belonging to non-triplet SU(3)¢c represen-
tations and their implications on Higgs searches. The discovery of the Standard
Model Higgs, in the experimentally allowed mass range, would exclude the pres-
ence of exotic quarks coupling to it. Thus, such QCD particles could only exist
provided that their masses do not originate in the SM Higgs mechanism.
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4.1 Exotic coloured fermions

Exotic matter in higher representations of the SU(3)c colour group is an
appealing possibility which was already considered in the early times of QCD
[1H5]. In particular, the sextet representation has been extensively analyzed as
a possible source of dynamical electroweak symmetry breaking [6-13]. It is well
known that such exotic quarks modify very sizeably the running of the strong
coupling and, therefore, their hypothetical existence is strongly constrained by
the very successful experimental tests of asymptotic freedom [14].

Since not a single exotic QCD particle has been observed so far, their masses
should be heavy enough to avoid the present experimental constraints from di-
rect searches. However, even with very large masses, if those exotic quarks get
their masses through the Standard Model Higgs mechanism, they would strongly
enhance the production of Higgs bosons at LHC. The non-decoupling character
of the Higgs couplings, being proportional to the coupled-object mass, implies
sizeable effects from any strongly-interacting heavy mass scale generated by the
Higgs mechanism. Therefore, the present collider limits on the production cross
section o(gg — H) put a very severe constraint on the possible existence of such
objects.

Let us consider an exotic spin—% fermion Xpg, with mass My, belonging to
the irreducible representation R = (A1, A2) of SU(3)c. The dimension of the
representation is given by dr = 3 (A1 + 1)(A2 + 1)(A1 + A2 + 2); the fundamental
3 = (1,0) [3* = (0,1)] and adjoint 8 = (1,1) representations have dimensions
dr = 3 and dg = 8, respectively. The gluonic couplings of Xp are fixed by
the generators t% (a = 1,--- ,da), satisfying [t%, %] = if®°t%. The quadratic
Casimir operator,

da
> thth = Crlay,
a=1

_ !

Cr 3

(A 423+ Mdo + 30 +30s) (4.1)

determines the trace normalization factor for the representation R:

Crdgr

T (4.2)

Tr (thth) = Tro™, Th =

This trace factor grows rapidly with increasing dimensions dg, implying larger
contributions of the exotic object X to the relevant QCD cross sections: Tr = %,
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Ty =

[Nl

,Ta=3,Tio=12, T15=10 ..., where 6 = (2,0), 10 = (3,0), 15 = (2,1)

If kinematically allowed, charged exotic quarks would be copiously produced
in ete™ annihilation. For a charged Xp the ratio

*te~ — hadrons)/o(eTe” — ptu7)

Ro+e- =0(e
would rise dramatically at the production threshold s = 4M% with an additive
contribution AR +.- = d RQ%{%CD- A neutral exotic X% would be pair-produced
at O(a?) through gluon emission, i.e. ete™ — qgg — qQX%X%. Independently
of their electric charge, exotic quarks would imply large modifications of the
hadronic cross sections at pp and pp colliders and a proliferation of new hadrons
containing Xp constituents (unless the Xp lifetime is too small to hadronize).
The absence of any exotic signal in the present data puts the lower limit on the
mass Mx well above 100 or 200 GeV.

New fermions in higher QCD representations would contribute to the QCD £
function

dog as\"
= Gy s)o s) = n \ . 4.
pa = esBla, 8e) = X () (1.3
At the two loop level [15,|16],
11 2
b= Moyt 2y, 1
6 3 <
17 5, 1
By = 7ECA+EZTLRTR(SCA+3CR), (4.4)
R

where n, is the number of fermion flavours in the representation . In the three-
generation Standard Model (np = 6) both 1 and (2 are negative. In order to
flip the sign of 81 (B2), np > 16 (8) triplet quarks would be needed. However,
the larger algebraic contribution of a higher colour representation implies a much
faster lost of asymptotic freedom. Keeping ngp = 6, the only possible additions
preserving 51 < 0 are at most two sextet or one octet fermion representations;
but even a single sextet flips already the sign of 2. Since the running of ;s has
been successfully tested with high precision (at the four loop level) from the 7
mass scale [17,/18] up to energies above 200 GeV [14], exotic quarks in higher
QCD representations are clearly excluded in this energy domain [19-23].

Higher energy scales are presently being explored at the LHC, where the
main production mechanism of exotic QCD fermions is gg — XrXg, with a sub-
dominant contribution from ¢§ — XzrXpg. The calculation of the corresponding
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partonic cross sections is straightforward at tree level; we obtain

— a2 4M?
(g9 = XpXgr) = 2Crdr G X, (4.5)
16 s S
_ 2o 2M? 4AM?
U(q@—)XRXR) = ;;C;s Crdgr <1+ X) 1-— SX’

where

G(z) = (1—1—37—5622)034-2:52 ln(i/%)
_ {(14—96)03—%1—1—24 2. (4.6)

in agreement with Ref. [24]. Particularizing to the fundamental representation,
one gets the well-known results for quark-antiquark production [25]. The pro-
duction of exotic fermions in higher representations is enhanced by the global
algebraic factor ég = Crdr/(Cpdrp) [&6 = 5, &8 = 6, &10 = 15, &15 = 20, ...],
which is further reinforced by another factor Cr/CF in the leading parts of the
2-gluon contribution. Figure shows the ratio o(pp — XpXg)/o(pp — qq) at
/s =T TeV, as a function of My, for the representations with lower dimensions.
We have convoluted the partonic cross sections with standard parton distribution
functions and have assumed a common K factor for all representations; i.e., we
have taken the same QCD corrections as for triplet quark production. This is a
very conservative assumption because, given the larger algebraic factors, gluonic
corrections should be larger for higher colour representations. Thus, the curves
in Fig. are actually lower bounds on the expected production ratios. The
enhancement factors are predicted to be larger than 10 for sextet and octet fields
and much higher values are obtained for higher-dimensional representations.
Once produced, the exotic Xp particles should decay strongly generating
an excess of (multi) jet events. Fermionic objects in the triplet, sextet and 15
representations could couple to a gg (gg) operator and are thus expected to
produce 2-jet events, while fermionic octets and decuplets have ¢qq (¢qq) quantum
numbers and should be looked for in 3-jet events [24]. The generic 2-jet searches
performed at the LHC [26}27] have not found any evidence for new particle
production, severely constraining narrow resonances decaying into qq, gg or gg
final states. The lower limits on different types of strongly-interacting particles
have been pushed up beyond the 1 TeV scale; for instance the data excludes
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Figure 4.1: Ratio o(pp — XrXRg)/o(pp — qq) at /s = 7TeV, as a function of Mx. The
different curves correspond to the exotic fermion Xpg in the sextet (continuous, blue),
octet (dashed, violet), decuplet (dotted, black) and 15 (dash-dotted, red) representations.

at 95% CL excited quarks with mass below 2.64 TeV or coloured octet scalars
with mass below 1.92 TeV. Searches with 3 jets have been already performed by
CMS [28] and CDF [29]; no significant excess has been found, excluding gluino
masses up to 280 GeV [

A dedicated search for stable quarks in higher colour representations was
performed a long time ago by CDF [34]. No such particles were found in 26.2 nb~*
of data; at 95% CL, the resulting lower limits for Mx were 98 (84) GeV for color
sextets, 99 (86) GeV for octets, and 137 (121) GeV for decuplets, assuming that
X g carries charge one (either one or zero). A recent CMS search for heavy stable
charged particles produced at LHC has put a lower limit of 808 GeV (95% CL)
on a stable gluino, under the conservative hypothesis that any hadron containing
this particle becomes neutral before reaching the muon detectors (relaxing this
hypothesis, the limit improves to 899 GeV) [35]. Slightly weaker bounds have been
set by ATLAS through a search for slow-moving gluino-based R-hadrons [36].

The present 95% CL limits on fourth-generation quarks, mg > 350 GeV [37],
my > 372 GeV [38] and my > 404 GeV [39H41] assume the decays (with 100%
branching fraction) Q' — Wygq, ¥ — Wt and t' — Wb, respectively. While
these direct limits are set on new triplet quarks, the (absence of) experimental
signature, W + Jets, is also sensitive to other strongly-interacting exotic particles

1Stronger bounds on gluino masses are obtained through searches for jet events with large
missing energy or transverse momentum [30-33]. The excluded region depends on the assumed
supersymmetric model, reaching in some cases the 1 TeV scale.
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in weak SU(2), representations, as we are going to consider next, provided they
decay within the detector through Xp — WX} — W + Jets.

4.2 Higgs production at LHC

In the Standard Model, the Higgs mechanism is responsible for all particle
masses. If the mass of the exotic colour object Xg is also generated through its
coupling to the Higgs boson, the Higgs properties are modified through quantum
loops involving the fermion Xp. Let us consider the consequences of a generic
Higgs coupling

Ly = —? H(z) [Xn(z) Xp(@)] , (4.7)
with v = (v2G ) ~1/2 = 246 GeV the Higgs vacuum expectation value. The usual
Standard Model mechanism for fermion masses requires X to be an electroweak
doublet. More specifically, Xr contains two fermion fields, differing by one unit of
electric charge, with their left-handed chiralities forming a SU(2), doublet while
their right-handed chiralities are singlets. We neglect their mass difference since
the two fields should be degenerated enough to satisfy the electroweak precision
tests. One should also implement the cancelation of the electroweak anomalies
generated by the new SU(2);, doublet; we will assume for the moment that this
is achieved through the addition of new exotic leptons. We will comment later
on the implications of arranging instead the anomaly cancelation with additional
coloured objects. The anomaly constraints are discussed in the appendix for
completeness.

Since X g couples strongly to gluons, the vertex in Eq. generates a very
sizeable contribution to the main Higgs production channel at LHC, through an
intermediate XpXp virtual pair: g¢ — XpXpr — H. The resulting amplitude
can be easily obtained from the standard quark-loop result, accounting for the
different colour factors:

2 2
Mo

2567 v2

4AM?
2Tr F X

o(gg — H) =

4m?
s 5
2
5(s — M%), (4.8)
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Figure 4.2: Ratio o(99 — H)/osm at /s = 7TeV and Mx = 500 GeV, as a function
of Mx. The different curves correspond to an exotic fermion multiplet X in the sextet
(continuous), octet (dashed), decuplet (dotted) and 15 (dash-dotted) representations.

where
[+ @ - f(@)],
—4 arcsin? (1/4/z), x>1

@) = {ln (%fg) — ’iﬂ']Q, <l

(4.9)

The first term in is the usual triplet-quark contribution; it is completely
dominated by the top loop because the function F(x) vanishes in the massless
limit (x — 0). The second term stands for the additional contribution from the
exotic coloured fermion multiplet Xz. Given the experimental constraints on
Mx discussed before, MIQ{ < 4M)2( in the interesting kinematical regime and the
corresponding loop function does not have any absorptive part. Moreover, the
numerical result is not sensitive to the exact value of Mx because F(z) is a very
smooth function for z > 1, decreasing gently from F(1) = 2 to F(o0) = 4/3.
Owing to the relative colour enhancement factor T /T, the Xg contribution
generates a large increase of the Higgs production cross section. The ratio o(gg —
H)/ogm for different colour representations is shown in Fig. as a function
of My, taking /s = 7 TeV and My = 500 GeV. The normalization ogy =
o(9g9 — H)gm is the Standard Model cross section with three quark families.
Again, we have assumed the same QCD corrections as for triplet quarks, which
underestimates the actual cross section. Very large enhancement factors are
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Figure 4.3: Higgs total decay width in the 3-generation Standard Model (SM), and with
the addition of colour sextet (SM6) or octet (SM8) multiplets.

obtained for all non-triplet representations. In the sextet and octet cases, the
Higgs production cross section is larger than the SM one by a factor between
40 or 300, depending on Mp. The enhancement surpasses the three orders of
magnitude for the 15 and higher colour representations.

4.3 Higgs search

Since the decay H — XpXp is not kinematically allowed for My < 2Myx,
a heavy Higgs would decay into WW, ZZ and tt with approximately the same
branching fractions as in the absence of the fermion Xp. The Standard Model
Higgs has already been experimentally excluded for Higgs masses between 2Myy
and 600 (525) GeV, at 95% CL (99% CL) [42,43]. The existence of an additional
coloured fermion would only make the exclusion much stronger. More care has
to be taken below the WW threshold, because the same enhancement present
in the Higgs production cross section also appears in the H — gg decay width,
modifying all branching ratios. Figure [£.3] shows the total Higgs decay width
', as a function of My, for the Standard Model with three families of triplet
quarks, and with the addition of one (electroweak doublet) colour sextet or octet
multiplet. The exotic contributions are small for My > 2Myy, but at lower Higgs
masses they generate a big enhancement of I'yy. Figures [£.4] [4.5 and [4.6] plot the
corresponding branching ratios in the different channels.

The strong enhancement of the two-gluon decay channel at low Higgs masses,
affects in a very sizeable way the suppressed (one loop) 2y and vZ decay modes,
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Figure 4.4: Higgs decay branching ratios in the 3-generation Standard Model.

0.1

0.01

Br(H)

0.001

107 VV/\ i
Il

100 150

My (GeV)

Figure 4.5: Higgs branching ratios with the addition of a colour sextet multiplet.

making them insignificant. However, in the WW and ZZ modes the branching
fraction suppression cannot compensate the large enhancement of the production
rate. In order to compare with the LHC experimental data, the relevant ratio is

o(pp— H) Br(H — VV)

, 4.10
o(pp — H)sm Br(H — VV)sum (4.10)

Ryy =

where SM refers again to the Standard Model with three quark families and
V = W, Z. This is plotted in Fig. [£.7] for sextet and octet colour representa-
tions, showing that, at /s = 7 TeV, Ryy > 15 in the relevant range of Higgs
masses. Much larger values of Ry would be obtained with higher-dimensional
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Figure 4.6: Higgs branching ratios with the addition of a colour octet multiplet.

representations or additional coloured fermion multiplets. Therefore, the present
ATLAS [42] and CMS [43] searches in the WW and ZZ channels, already exclude
a Standard Model Higgs boson coupled to exotic colour multiplets, in the whole
range between 110 and 600 GeV.

The combined CDF and DO data [44] exclude Higgs masses between 100
and 108 GeV (95% CL), within the three-generation Standard Model. Although
g9 — H accounts for 76% of the Higgs production cross section in this mass
region, the Tevatron constraints are mainly extracted from ¢¢ — WH/ZH, with
a small contribution from ¢¢ — ¢’¢’H. These production mechanisms are not
enhanced by the exotic colour-multiplet contributions. In this mass range the
main Higgs signature is H — bb; therefore, the Tevatron information translates
into 95% CL upper bounds for R,; = Br(H — bb)/Br(H — bb)sy ranging from
0.45 at 100 GeV to 1.1 at 110 GeV [44]. The addition of a sextet (octet) multiplet
implies R, values ranging from 0.33 (0.26) at 100 GeV to 0.31 (0.24) at 110 GeV,
which are slightly below the present Tevatron bounds. A mild improvement of the
Tevatron constraints could exclude sextet ot octet contributions for My between
100 and 110 GeV.

The LEP exclusion limit below 114.5 GeV [45] needs also to be re-analyzed in
view of the strong enhancement of Br(H — gg). While the production mechanism
Te~ — Z* — ZH remains unchanged in the presence of exotic quarks, there
is a large suppression of the Higgs branching fractions into bb and 7+7~ and,
therefore, of the sought experimental signal. OPAL performed a generic search
for neutral scalars decaying into an arbitrary combination of hadrons, leptons,
photons and invisible particles, covering as well the possibility of a stable scalar

(&
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Figure 4.7: Ryww.zz at /s = 7 TeV, as a function of My, with the addition of colour
sextet (SM6) or octet (SM8) multiplets.

[46]. Thus, the OPAL bound, My > 81 GeV (95% CL) [46], remains valid in
the presence of exotic colour multiplets. For larger masses, the combined LEP
analysis relies in the H — bb decay mode. Figure compares the LEP bounds
on Br(H — bb) [45], with the expected values with one (electroweak doublet)
sextet (top red curve) or octet (bottom blue curve) multiplet. Higgs masses
below 96 (92) GeV are then excluded in the sextet (octet) case.

The triplet case of a fourth quark generation has been already discussed before
[47-59]. The enhancement of o(g9 — H) is milder, about a factor of 9, but
enough to exclude Higgs masses above 110 GeV from the LHC constraints on
Ryy. The corresponding weaker enhancement of Br(H — gg) implies a much
smaller suppression of the remaining channels; in particular, for Higgs masses
smaller than 110 GeV, the bb branching fraction is predicted to be above the
LEP bound in Fig. 4.8, Therefore, in the presence of an additional (electroweak
doublet) colour quark triplet, the Higgs boson is excluded in the whole mass
range up to 600 GeV.

Note, however, that additional exotic multiplets or higher colour represen-
tations would imply a larger suppression of Br(H — bE), weakening the LEP
and Tevatron constraints. That would be the case, for instance, if the anomaly
matching condition is fulfilled with (at least two) coloured exotic multiplets, in-
stead of leptons. Thus, in the region of Higgs masses between 81 and 110 GeV
the constraints are sensitive to the assumed exotic spectrum. This is not the case
for lower or higher values of Mp; Higgs masses between 110 and 600 GeV, or
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Figure 4.8: The LEP exclusion limits on Br(H — bb) [45], as a function of My, are
compared with the expected signals in the presence of one exotic (electroweak doublet)
sextet (top red curve) or octet (bottom blue curve) multiplets.

smaller than 81 GeV, are excluded in the presence of any exotic colour multiplets
coupled to the Higgs boson.

4.4 Discussion

Present LHC data imply that a Standard Model Higgs cannot exist in the
presence of new coloured fermions coupled to it, in exotic QCD representations,
except for a small My region between 92 (81 with several exotic multiplets) and
110 GeV which could be soon excluded. Exotic quarks in higher-dimension colour
representations generate a very large enhancement of o(gg — H ), in contradiction
with the available experimental bounds. Strong limits have been already put
before in the case of a fourth quark generation, where the enhancement of the
Higgs production cross section is milder [4951].

One could certainly try to evade the experimental constraints, enlarging the
Standard Model in appropriate ways to compensate the enhancement from ex-
otic quarks. For instance, introducing additional coloured scalars with couplings
to the Higgs adjusted to suppress the gg — H amplitude . Another
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possibility is “hiding” the Higgs; i.e., opening new decay channels into invisible
modes without strong interactions [53,54,65-71], in order to suppress the visible
branching fractions. While well-motivated arguments, such as dark matter, exist
to do it, we feel that this hides the main reason behind such strong exclusion:
the intrinsic non-decoupling of the Yukawa vertex makes the Higgs boson
sensitive to arbitrary high mass scales.

The Higgs vacuum expectation value is linked to the electroweak scale, i.e.,
to the gauge boson masses My, and M. In the Standard Model this scale is also
used to generate all fermion masses through the Yukawa couplings. The known
pattern of lepton and quark masses, with very different mass scales, implies a
large variety of Yukawa couplings with magnitudes ranging from m, /v ~ 10713
to my/v ~ 0.7. This wide range of couplings/scales is not yet understood. In-
troducing additional fermions with even higher masses, would bring much larger
Yukawa couplings inducing a non-perturbative dynamical regime in the elec-
troweak sector. In fact, the Higgs production and decay amplitudes used in our
analysis are subject to potentially large electroweak corrections [59].

If a light neutral scalar boson is finally discovered, one should study very
carefully its properties in order to clarify the true pattern of electroweak sym-
metry breaking. The Standard Model is certainly a very plausible possibility,
but heavier mass scales should not couple to the Higgs boson, i.e., they should
have a different origin. Multi-Higgs models offer a much more flexible framework
to accommodate future data, but soon or later they would also face the char-
acteristic non-decoupling of the Higgs mechanism in (parts of) their extended
Yukawa couplings. A perhaps more interesting possibility is that fermion masses
could be generated through a mechanism different than the one responsible for
the gauge boson masses. Another alternative, of course, is that the Higgs boson
does not exist (dynamical symmetry breaking) or it is a composite object with
rather different properties. The forthcoming LHC data should soon show us the
option chosen by Nature to break the electroweak symmetry and hopefully pro-
vide some hints on the dynamics behind the observed pattern of fermion masses
and mixings.

4.A Anomaly cancellation

The cancellation of the triangular gauge anomalies requires [72]

Tr ({T“,T”} TC>L Ty ({T“,Tb} TC)R =0, (4.11)
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where T are the Standard Model group generators and the traces sum over all
possible left- and right-handed fermions. Owing to the algebraic properties of
the SU(2) and SU(3) generators, the only non-trivial anomalies involve one or
three U(1)y bosons, giving conditions on traces of Y and Y3, respectively, where
the hypercharge is related to the electric charge through ¥ = @Q — T3. These
relations imply that the sum of all fermion electric charges should be zero:

Y Qr=T(Y), = Tr(Y)p = 0. (4.12)
7

Let us consider N SU(2)y, fermion doublets v; with Y (v; 1) = v;, and their
corresponding right-handed singlets with Y (¢; r) = Qi = v;i + % and Y ( ; Rr) =
Ql =y — % In order to cancel the Standard Model gauge anomalies, one needs
to satisfy

N N
QZdiyi = Zdi (2Q;—1) =0, (4.13)

where d; denotes the multiplicity of the SU(3)¢ representation of ¢;. The number
of left-handed fermion doublets, va d;, should be even in order to avoid a global
(non-perturbative) SU(2) chiral gauge anomaly [73]. The normal Standard Model
generations fulfil these conditions with one quark (dq = 3, y, = %) and one lepton
(dp =1,y = —%) multiplets.

Thus, there are many possible ways of adding exotic coloured fermions to the
3-generation Standard Model, while preserving the anomaly cancellation condi-
tions. A single exotic representation with even dimension and y = 0 (Q = %,
Q' = —1) would of course be anomaly free, but it would be stable (it cannot
decay into ordinary quarks and gluons). The simplest solution to the anomaly
constraint involves two exotic multiplets with the same SU(3)¢ multiplicity and
opposite hypercharge.

The most general solution with two additional multiplets of different dimen-
sionalities is yo = —y1di/da, with di + do even. For odd-dimensional exotic
representations (d; = 15,27...), it is then possible to cancel the anomaly with
a new lepton multiplet of hypercharge yo = —y1d;. Two lepton multiplets with
Yo + y3 = —y1d1 would be needed to cancel the anomaly of an exotic representa-
tion with even multiplicity (d; = 6,8,10...). For any exotic colour representation
of dimension d and hypercharge y, the anomaly could of course be canceled with
d lepton multiplets of hypercharge y; = —y.

The figures shown in the paper refer to the simplest case of a single (elec-
troweak doublet) exotic quark multiplet, with the anomaly cancelled by exotic
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lepton multiplets. If one considers instead models where the anomaly is cancelled
through additional coloured fermions, the LHC constraints become much stronger
in the whole mass range analyzed. For instance two exotic quark multiplets with
the same SU (3)¢ multiplicity and opposite hypercharge, would increase the ratio
Ryvy (Fig. 7) by a factor close to two. Therefore the range of Higgs masses
between 110 and 600 GeV is completely excluded in any exotic model. However,
since additional coloured fermions imply a suppression of Br(H — bl_)), weaken-
ing the LEP and Tevatron constraints, an open window of allowed Higgs masses
between 81 and 110 GeV remains in this type of models.
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Abstract: 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 doublet models without tree-level flavour-changing neu-
tral 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 Z5 symmetries.
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5.1 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 6.10 (6.90). 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 — ZZ — 4¢ [3,4] and H — ~v [5,/6] events suggest indeed the assignment
JP = 0%, though more statistics is still needed to give a definite answer.

Additional (but less significant) evidence has been reported by the CDF and
D@ collaborations [7], which observe an excess of events in the mass range be-
tween 120 and 135 GeV (the largest local significance is 3.3 0). 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 (Wi, Z, 7, 9)
with the strength expected for the SM Higgs [15-24], although a slight excess of
events in the 2y 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 incorpo-
rating additional 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
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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 po-
tential preserves the CP symmetry, h and H are CP-even, while A is CP-odd; in
this case there are no AWTW ™ and AZZ couplings at tree level, which makes
the A possibility quite unlikely.

Generic multi-Higgs doublet models give rise to unwanted flavour-changing
neutral current (FCNC) interactions through non-diagonal couplings of neutral
scalars to fermions. The tree-level FCNCs can be eliminated requiring the align-
ment 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 phenomenol-
ogy [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 includes,
for particular values of its parameters, all previously considered two-Higgs dou-
blet 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 [33H43] 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 spe-
cific), 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 com-
pare our results in 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 dif-
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ferent 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 theoreti-
cal framework 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 section [5.5 The appendices include a compilation
of useful formulae as well as the statistical treatment and data used in this work.

5.2 The Aligned Two-Higgs-Doublet Model

The 2HDM extends the SM with a second scalar doublet of hypercharge Y =
3. The neutral components of the scalar doublets ¢, (z) (a = 1,2) acquire vacuum
expectation values that are, in general, complex: (0| (z)[0) = % (0, vq ¢%0a).
Through an appropriate U(1)y transformation we can enforce #; = 0, since only
the relative phase 8 = 6 — 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 (@1, ®2), where only one doublet acquires a vacuum expectation value:

i) | cospB sinp 10}
( —52 ) - [ sinf3 —cosf ] ( e*wlqﬁg > ’ (5.1)

with tan 8 = vy /v1. In this basis, the two doublets are parametrized as

G* HT
D, = . , Py = . ) 5.2
! l\}i(v—kSl—HGO)] 2 ljé(SQHSg)] (5:2)
where G and G° denote the Goldstone fields and (0|H*|0) = (0|G*|0) =
(0|G°|0) = (0]S;]0) = 0. Thus, ®; plays the role of the SM scalar doublet with
v = /v + 03~ (V2GF)Y? = 246 GeV.

The physical scalar spectrum contains five degrees of freedom: the two charged
fields H*(z) and three neutral scalars ) (z) = {h(z), H(z), A(z)}, which are re-
lated with the S; fields through an orthogonal transformation ¢9(z) = R;;S;(x).
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 [5.A] In general, the CP-odd component S3 mixes
with the CP-even fields S1 2 and the resulting mass eigenstates do not have a defi-
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nite CP quantum number. If the scalar potential is CP symmetric this admixture
disappears; in this particular case, A(z) = S3(x) andﬂ

h - cosa sina S1
<H> o [—sind coso?] <52>' (5-3)

Performing a phase redefinition of the neutral CP-even fields, we can fix the sign
of sin@. In this work we adopt the conventions My, < Mgz and 0 < & < , so
that sin & is positive.

5.2.1 Yukawa Alignment

The most generic Yukawa Lagrangian with the SM fermionic content gives rise
to FCNCs 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 proportionality parameters ¢f (f =
u, d, 1) 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 read [26]

V2

Ly = _7 HT {ﬁ [gd VMiPr — <, M:EV’PL} d+ g DMZPRZ}
1 ‘ _
o, f

where Pg [, = 1i275 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:

0 0
yﬁfj =Ri1 + (Riz +iRi3) sy, Yo' =Ri + (Ria —iRiz)sh.  (5.5)

1 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
¢1(z) and ¢2(x). Since the choice of initial basis is arbitrary, the parameters a and 3 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 5.1: CP-conserving 2HDMs based on discrete Zo symmetries.

Model <d Su q
Type 1 cotB | cotfB | cotp
Type Il | —tanfg | cot 5 | —tan
Type X | cotfS |cotp | —tanp
Type Y | —tanfg | cot 5 | cotf
Inert 0 0 0

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 FC-
NCs. 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 ¢y, which provide new sources of CP violation without tree-level FC-
NCs [26]. The usual models with natural flavour conservation, based on discrete
Zy symmetries, are recovered for particular (real) values of the couplings <, as
indicated in Table [5.1]

Quantum corrections induce a misalignment of the Yukawa matrices, gener-
ating small FCNC effects suppressed by the corresponding loop factors [25-27,60,
61]. However, the flavour symmetries of the A2HDM tightly constraint the pos-
sible FCNC structures, keeping their effects well below the present experimental
bounds [25730]E|

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

C(n) . 0
Lroxe =53 (1 +<usa) Z @i (2)

x {(Ria +iRia) (ca = <u) [du VI MLMIV M, dr] (5.6)
— (Riz —iRis) (si — <u) [wr VMM VIM, ug] } + h.c.

with C'(u) = C(uo) —log (1/10). These FCNC effects vanish identically in the Z2 models where
the alignment condition is protected by a discrete symmetry. In the most general case, assum-
ing the alignment to be exact at some scale o, i.e. C'(uo) =0, a non-zero value for the FCNC
coupling is generated when running to a different scale. However, the numerical effect is sup-
pressed by mqmi, /v and quark-mixing factors, avoiding the stringent experimental constraints
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The orthogonality of the rotation matrix R, implies the following relations
among the Yukawa couplings of the three neutral scalars:

3
1=

0 3. L0 3. o
(yf’)z =1, Z ’Z/?’\Q = 14+2|¢?, ny’ Ri =1,
1 i=1 P

3 (0] 3 (0]
>yl Riz = <au,s > i Riz = <,
i=1 =1
3 (0] 3 (0]
Z yZZ@ Riz =1iSay, Z yu' Riz = —ig, . (5.7)
i—1 i=1

5.2.2 Bosonic Couplings

The full set of interactions among the gauge and scalar bosons is given in
appendix 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 = WtW~,2Z2),

gpovy = Rit Gy + (5.8)
which implies
2
givv + givy + Gavy = (92{\/4\/) : (5.9)

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 2HDMSs 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 907272 = 9OWW - 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.

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].
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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 Since these couplings depend on still
unknown parameters, we will parametrize the corresponding interaction as

3

Explicit expressions for the cubic couplings Ao O H+H > in terms of the Higgs po-
tential parameters, can be found in appendlx - If CP is assumed to be an
exact symmetry, Agg+y- = 0.

5.3 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 corre-
sponding 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 — q¢'H), associated production with a vector boson (¢¢ — WH/ZH)
and the associated production with a tt pair (¢q/gg — ttH). The Higgs decay
channels explored so far are vy, ZZ®), WW®_ bb and 777

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

P A 7)) Br(el = 17)
T o(pp — h)sm Br(h — vY)sm
2= o(pp = ) Br(e} = 77)
o(pp = h)sm Br(h = 77)sm
9 o(pp — V(pg) Br(go? — bl_))

Hepv o(pp = Vh)sm Br(h — bb)sn

W = op = @) Brg? - VV)
V' o(pp — h)sm Br(h — VV)su

POV s Jjpd) Br(e! = 17)
M9 o (pp — ]]h)SM Br(h —YY)sM
WWii = (pp — ]]h)SM Br(h — WW)sm’ '
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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.
0 0 0
This certainly applies to uﬁ%, ,u‘giiv and p¥i which are governed by the dominant
0
production channel through gluon fusion. The same would be true for uﬁ}wjj
0 0
and M»%jj (gauge-boson fusion), and lelfV (associated production), assuming that
there is no contamination from other channels. It is convenient to express the
ratio of the branching fractions as:

Br(gp?—>X) B 1 F(@?—)X)
Br(h — X)SM p((pg) F(h — X)SM ’

(5.12)

where p(p)) measures the total decay width of the scalar ¢ in units of the SM
Higgs width,
L(#) = p(]) Tsm(h) - (5.13)

Particularizing to the A2HDM and assuming only one dominant production chan-
nel in each caseE| one finds:

0 0 0 _ _
gy = (Ra)? [Re(yf)? + Im(y; )8, ole?) ™",

: 0 0 0 _ _
uit = Cig [Re(y! ) +Im(y)?872] pled) ™,

: 0 0 _
uyy = Cog CF4 p(e])

: 0 _
pih, = Cyg (Rin)? pled) ™1,

0 0 ~
prgi = (Ra)? O3 p(e)) ™,
Q —
mwy; = (Ra)* p(ed) ™, (5.14)

where 8y = (1 — 4m} /Mig)l/ 2. The one-loop functions are given by
@7 2 o0 2
L olag o) | ZaRel) Flg)| + 8 lmi) K|
. o(99 = h)sm ‘ 5, ]__(xq)r

(5.15)

3 The contamination of the different Higgs production mechanisms in h — yy(j) is discussed

in appendix
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and

0 L(g? = v7)
Cf o= i 7TV 5.16
7 D(h = yy)sm (5.16)

1
|55 NE Q3 Fap) + Glaw)

’ 2

0 0 (2
< {| S Retu) VE @3 Flag) + Glaw)Ra + €L
f

+ \ Zlm(yfg) NL @3 /C(a;f)f}
f

with Né and @y the number of colours and the electric charge of the fermion
frzy = 4m?¢/M;Q and zyw = 4M§V/M£Q. Notice that the ratios ([5.11) are de-
fined for M o = Mpg,,. The two separate terms in the numerators of Egs. (5.15)

and (5.16) correspond to the CP-even and CP-odd structures ¢9X,, X*” and
WX, XH, with X, = G, (Fu) in the gluon (photon) case and X =
7P X5, The functions F(xy), K(xzy) 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(xy) and K(zs) 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

0
alignment factors ¢ and . In C%% we have also considered the contribution from
a charged-scalar loop parametrized by

U2

o
CHi = @ )\LP?H+H_ A(CL’Hi), (517)

with zg+ = 4M12{i /M;Q. The explicit expressions of the different loop functions
are: '

F@) = S+ @-Df@)],  G) = 2= 30+ (o - 37 1),

1:2
Alz) = —o = f(2), K(z) = =5 f(z), (5.18)
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with
—4aresin?(1/y/x) , x>1
flx) = 2 : (5.19)
[ln(itﬁvi:‘;)—m} , z<1

5.4 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 R;1. The Yukawa couplings get also multiplied by the factors
y?g, which are functions of R;; and the parameters ¢y. Moreover, the presence of
a charged scalar manifests in one additional one-loop contribution to the ¢? — 2y
decay amplitudes, parametrized through the constants C}:,?i. 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 v decay channel. Neutral scalar production via pp — t¢?5(b)
could provide complementary 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 go? —5 bb, and the measurement of scalar production with an associ-
ated vector boson (qq’ — ¢?V — (bb)V). Neutral boson production via top-quark
fusion with subsequent decay into a pair of b quarks, ¢G/gg9 — tfgo? — tf(l_)b), in



80 Chapter 5. LHC constraints on two-Higgs-doublet models

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 7 Yukawa coupling is directly tested through ¢ — 7777, the
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 gp? and its couplings, we
define the x? function as

0 2
(Mfi - ﬂk)

) = Y (5.20)
k k

where k runs over the different production/decay channels considered, fi; and oy
are the measured Higgs signal strengths and their one-sigma errors, respectively,

and ,uig the corresponding theoretical predictions in terms of the A2HDM pa-
rameters, as given in Eqgs. (5.11]) and (5.14]). Scanning over the allowed parameter
space, we then look for those sets of couplings minimizing the x? and their cor-
responding uncertainties. The details about the statistical treatment and data
used in this work are presented in appendix

We will first analyze the CP-conserving limit in section [5.4.1} where we will
also study some particular scenarios often adopted in previous works. In sec-
tion [5.4.2) 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.

5.4.1 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 Rq1 =
cos & and Ro; = — sin &, respectively, and their Yukawa couplings are real:

ylf = cos& +¢ysina, y}q = —sin@ +¢grcosa. (5.21)

The CP-odd boson A does not couple at tree-level to WHW = and ZZ (R3; = 0),
while its fermionic couplings are purely imaginary (pseudoscalar interaction):

Vi = isdi yd = —igy. (5.22)
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5.4.1.1 A light CP-even Higgs at 126 GeV

We will first focus in the most plausible possibility that the lightest scalar h
corresponds to the observed neutral boson with My = 126 GeV. The alternative
choice of the heavier field H can be easily recovered through an appropriate
change of the mixing angle, & — & — 7/2, and will be further discussed in
section 5.4.1.5] We will also consider later, in section [5.4.1.6] 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?ﬁ 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 HT contribution to the
diphoton decay width as well as the flavour constraints will be considered later
in section

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@ = 0.99700% vl = 08703,
\yg\ =0.74+0.3, ’ylh — 08405, (5.23)
and
cos & = 0.99f8:8}1, yh = —O.8J_F8j;1), )
vi| =11+03, vt =0.9+05. (5.24)

In both cases, the gauge coupling gy is very close to the SM one. Changing
simultaneously 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 2 branching ratio is obtained through a smaller
total decay width, p(h) =~ 0.6. This pushes upward the ratios u% and ,uf;,yjj,
allowing to explain part of the excess experimentally observed in these two chan-
nels. 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 vy~ chan-
nel, ufy”v ~ 1.1, while a much larger enhancement remains in the yvjj case,

ho A
Hoyyj5 7 1.5
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Figure 5.1:  Global fit to the A2HDM, in the CP-conserving case, in the planes y" — y"
(left) and y" — yl (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’%.

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 2v 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 loop-induced processes gg — h and h — v~ receive contributions
from the bottom and tau (only the v+ process) Yukawas, which interfere with the
leading top and W* (in the vy decay) amplitudes as shown in and .
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 ¢;; are large. However, this is not the case for the fitted
Yukawa values in ([5.23|) and (5.24)), 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].

In Fig.[5.1] we show graphically the results of this global fit, giving the allowed
regions in the y" —y® (left) and y” — yP (right) planes at 68%, 90% and 99% CL.
The parameters that are not shown are, in each case, set to the best global-fit
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Figure 5.2:  Allowed ranges for the Higgs signal strengths obtained from the fit
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).

point. The sign degeneracy in the 7 and b Yukawa couplings is clearly observed.
Moreover, the right panel shows a somewhat reduced sensitivity to the leptonic
coupling y'. The SM-like solution (y", ygl) = (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 remains. Similar results have also been
obtained in Ref. [24}53].

The allowed ranges, at the 1o and 20 level, for the different Higgs signal
strengths in the fit are compared in Fig. with the experimental values.
A good agreement 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.

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 we find at 68% CL that the coupling of H to vector bosons is
suppressed, sin & < 0.37, while its coupling to top quarks is very large, |yX| > 4.6.
This region of parameter space requires a very large value of |g,| in order to flip
the sign of y”, which is the top Yukawa of h. Such large values of |s,| would
then imply a significant enhancement of the production of H via gluon fusion
and can give rise to non-perturbative H'tb, Htt and Att couplings. This was
noted previously within the same context in Ref. [53].
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Figure 5.3: Global fit within 2HDMs of types I (upper left), II (upper right), X (lower
left) and Y (lower right), at 68% (orange), 90% (yellow) and 99% (gray) CL. The dashed

lines correspond to constant values of u%.

5.4.1.2 Global fit within Z; models

The usual 2HDMs with natural flavour conservation, based on discrete Zo
symmetries, are particular cases of the CP-conserving A2HDM, with ¢, taking
the values given in Table [5.1] Thus, the three alignment factors are determined
by a single parameter through the constraints ¢, = ¢4 = ¢ = cot 3 (type I),
Gu=—s; = —g ' =cotB (type II), ¢, = ¢4 = —g; * = cot B (type X) and
Su = —9;1 = ¢ = cot f (type Y), with cot § = vy /v > 0. 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
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Figure 5.4: Allowed ranges for the Higgs signal strengths in 2HDMs of type I, II, X
and Y, at 1o (black, dark) and 20 (blue, dark). Other captions as in Fig. .

in the final states 777~ and bb will be crucial to test the different Z versions of
the 2HDM |[33}43}53].

Figure[5.3shows the results of the global fit for the 2HDMs of types I, IT, X and
Y, assuming that the lightest neutral Higgs h 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 — ~v 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
cos &, which approaches cos&@ = —1 as ¢, increases.

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
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values of the top Yukawa and negative cos & is also present, but in a region much
smaller than in models I and X.

Figure 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 |¢y|, 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.

5.4.1.3 A charged Higgs and the diphoton excess

One of the most distinctive features of 2HDMs with respect to other alter-
native scenarios of electroweak symmetry breaking is the presence of a charged
scalar boson in the spectrum. The present experimental lower bound on the H*
mass is My+ = 80 GeV (95% CL) |70], assuming that the charged scalar Ht only
decays into the fermionic channels H™ — ¢5 and H™ — 7Fv,.. A slightly softer
limit M+ > 72.5 GeV is obtained, allowing for the decay HT — W+ A — Wbb,
with My > 12 GeV, and assuming a type-I fermionic structure [70]. A model-
independent bound can be extracted from the measured Z width which con-
straints the Z decays into non-SM modes, and in particular Z — HTH™, to
be below T3 SM < 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 amplitudes, thus being able to enhance or suppress the decay rate.
The exact value of the charged Higgs contribution C%i depends on the cubic
Higgs coupling Ay, i+ - and the charged Higgs mass My+. One expects however
that [Cfh.| < O(1) based on perturbativity arguments (see appendix .

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 — s
or B%-BY 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 and also favoured by the
fits shown in Fig. within the four types of Z5 models. The reason is that
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(black, dark) and 20 (blue, dark). Other captions as in Figure .

current h — WW, ZZ,~v(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 yﬁ = cos &+ ¢, sin @, in order to flip the sign of yfj 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 — <+ decay width. The best
fit region is now obtained for Yukawa and gauge couplings close to the SM limit:

cosa = 0.9879:02 Ch. = (—28+1.3) U (16.0 +1.3),
ye=10+402, il = 11403, |y = 08+05. (5.25)

The two disjoint C’I}_}i 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 which is comparable to this one). The
presence of the charged Higgs allows one to easily explain the h — ~7(j7) excess
without large modifications of the total decay rate (i.e., p(h) ~ 1.1). The fit
predictions for the pj ratios and their one and two-sigma statistical errors are
shown in Fig. In all cases, good agreement with the data is obtained.
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Figure 5.6: Allowed regions of the (|\g+m-|, Mg=+) plane, corresponding to the two
possible fitted values of C% ., at 68% (orange, dark) and 90% CL (yellow, light). The
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In Fig. we show the allowed regions of the (|\, g+ 5-|, Mg+) plane, corre-
sponding to the two possible fitted values of C’gi, at 68% and 90% CL, together
with the perturbativity bounds discussed in appendix Clearly, the solution
with a very large contribution to h — =y from the charged Higgs (C’Zi ~ 16)
is excluded if one requires the theory to be perturbative. We obtain an upper
bound for the mass of the charged 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.

5.4.1.4 Inert 2HDM

In the inert 2HDM a Z, symmetry is imposed, in the Higgs basis , under
which all SM fields and &4 are even while &3 — —®5. Terms with an odd number
of @, fields in the scalar potential are then forbidden by the Z5 symmetry,
therefore us = A¢ = Ay = 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., cos@ = 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
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of this scenario, we find a charged-Higgs contribution to the 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 M+ is greater than M}, /2 ~ 63 GeV so that C}‘Ii is real;
for lower charged-Higgs masses, it would develop and imaginary absorptive part.
The fitted negative sign of Cgi causes a constructive interference with the W=
amplitude in the h — vy~ decay width.

Note that in the limit ¢; = 0, the charged Higgs does not couple to fermions
independently 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[5.4.2.2] 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 — 7 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 C’;}i obtained in
this section also applies to this scenario.

5.4.1.5 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 A 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 gpyy couplings are suppressed by cos@ =~ 0. The absolute values of
the Yukawa couplings and all the other parameters remain unchanged. A solution
analogous to the one in Eq. , 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 — B® mixing and 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
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Figure 5.7: Left-panel: Constraint in the (My+, Ma) plane from the oblique parame-
ters S, T and U. Right-panel: Constraints from the invisible Higgs decay width in the
(IMghn!, My) 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.

suppressed. Moreover,

yl’i“ ~ |¢q| 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/g5h,)? < 0.1
for M;, < 19 GeV, and (R11)? < 1 for M}, < 81 GeV . 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 correspond-
ing A2HDM formulae are given in appendix , we show in the left panel of
Fig. [5.7|the allowed regions in the (Mp+, M4) plane. We have set My = 126 GeV
and siné € [0.7, 1]. The constraints shown in the figure turn out to be deter-
mined 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 dis-
cussed before, but its exact value depends on the assumed decay channels. The
region where both Mg+ and M4 become very heavy corresponds to uncomfort-
ably large values of the quartic couplings A; of the scalar potential and the theory
is no longer perturbative.

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 contri-
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butions from cascade decays into the observed final statesﬁ 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 v+ 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

232 aps2\ V2
[(H — hh) = ;7]\1}}; <1 - M;) : (5.26)
H

where the cubic scalar coupling Agpp, is expressed in units of v and can be obtained
from Eq. (5.43]). In the right panel of Fig. we show the constraints from our
I'(H — hh) fit in the (|Agpn|, Mp) plane. Strong bounds are obtained for the
cubic Higgs coupling, [Agnn| < 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.

5.4.1.6 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 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 vy events observed by ATLAS and CMS. This possibility
was proposed in Ref. [79] within the non-minimal supersymmetric extension of

4These effects are beyond the scope of the present work, but they could be relevant. For
example, H — AA — 7+~ could be mistaken by a two-photon signal when the photon pairs
are very collimated [78]



92 Chapter 5. LHC constraints on two-Higgs-doublet models

the SM, and has also been considered within the context of 2HDMs, both for
Zy 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 perform a global fit of the data with My = 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 parti-
cles:

ud Y = gt (5.27)
Given the presently large experimental uncertainties, we neglect the small AVV
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 — . In
both cases the dominant production channel is the gluon-fusion one. The loop-
induced decay A — 77 is only mediated by fermions. In Fig. |5.8| (left) we show
the constraints on Mpy+ and My obtained from the oblique parameters. These
masses are varied in the ranges My+ € [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.,
|cosal € [0.8,1]), as suggested by the current experimental data. In the right
panel of Fig. we show similar bounds on the plane (Mp+, My,), keeping the
light scalar mass below My = M4 = 126 GeV and taking sin & € [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.

In the scenario M, = M4 = 126 GeV, the best fit region in the A2HDM
parameter space, assuming the charged Higgs contribution to the 2+ channel to
be negligible, is given by:

cosa = 0.98 £0.2, Gy = _1,1j82,
lal = 1.2+£1.2, g =—02%58 (5.28)

The corresponding allowed ranges for the Higgs signal strengths, at 1o and 20,
are shown in Fig. 5.9 We obtain a smaller total decay width of the CP-even
boson, p(h) =~ 0.7, which produces a sizeable enhancement of the M%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 (M% ~ M% ~ 0.7). The remaining
contribution of A is to the 777~ decay channel, which is small (g is small). We



Chapter 5. 5.4 Phenomenological Analysis 93

(=2
=3
<

120
100

n
=3
=

=
400

<

=

w
g
M,,(GeV)

~
=3
<

100 200 300 400 500 600 50 100 150 200 250 300 350 400
My+(GeV) My+(GeV)

Figure 5.8: Constraints in the (Mg+, Mpy) plane for the case My, = Ma = 126 GeV
(left) and in the (Mg+, M) plane for the case Mg = Ma = 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.

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 C;; and C:;‘7 generating a large excess in the
7777 and 7 channels, exceeding the current experimental bounds.

It is important to note that for a light charged Higgs boson, very strong flavour
constraints in the ¢, — ¢z plane can be obtained from B — X sY . 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\, i+ - ~ 0). Including the charged Higgs contribution to
the 2 channel in the fit one obtains at 68% CL that C’Zi = —3.0+ 1.4, while the
alignment parameters ¢y remain weakly constrained and compatible with zero.
In the limit ¢y = 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
Mg = M = 126 GeV for which the charged Higgs mass is bounded to lie below
the electroweak scale, see Figure (right).

5.4.2 The CP-violating A2HDM

In the A2HDM the up and down-quark as well as the leptonic Yukawa cou-
plings 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 poten-
tial, the neutral scalars h, H and A are not CP eigenstates but rather a mixture
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Figure 5.9: 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 = My =
126 GeV, at 1o (black, dark) and 20 (blue, dark). Other captions as in Figure .

of CP-even and CP-odd fields, parametrized by the general orthogonal matrix
R introduced in section [5.2] 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 will defer it to future publicationsﬂ 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].

5.4.2.1 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

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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present data. We will set two Yukawa couplings to their SM values (yf’Q = 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
Ri1 = 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

0 (0]
symmetric under Im(y;fi) — —Im(yfi ). Moreover, the real and imaginary parts

of the Yukawa couplings do not interfere. The sensitivity to Im(yf?) is similar
to that obtained previously, when considering only real couplings. For tree-level
decays this is obvious from Eq. , given that the parameter 3y 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(7) = 27 + %f(T) + K(7).
For b quarks and 7 leptons, F(7;) ~ K(7y); 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

(y?g = 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 Fig. we show tgle results of the fit for a complex
top Yukawa coupling, while setting y;’ = yfi = 1. The dashed lines show

contours of constant value for ,uiz. The SM-like point (Re(yf?), Im(yf?)) = (1,0)
lies outside the 90% CL region, but becomes allowed at 99% CL. It can be seen
that the allowed region at 90% CL accommodates an enhanced v rate between
one and two times that of the SM. Within this 90% CL region, p(¢) = 1.00£0.03
as expected, since the dominant decay channel is bb; the gluon fusion cross section

0
is slightly reduced compared with the SM (C’;Dj = 0.87£0.28), while the v partial

decay width is enhanced (Cﬁ; = 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 ¢ — ~vv
amplitude. The other option would be to have a significant imaginary component
Im(yqf?), which would also enhance the v rate. Similar results were obtained in
Ref. [24].

The right upper panel of Fig. [5.10] shows the fitted values for the complex
bottom coupling, with the top and tau Yukawa couplings set to their SM values.
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Figure 5.10:  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 to be R;1 = 0.95. The dashed lines show contours of constant

0 0 0
values for p¥s (top plot), uii (bottom plot) and pr,, (tau plot).

0
The dashed lines indicate contours of constant value for ufgv. In this case the
0 0
SM limit (Re(y;" ), Im(y5)) = (1,0) lies inside the 90% CL allowed region, which
0
accommodates 0.7 < ufgv < 1.2. In this 90% CL region, the total decay width
0

is rescaled by ,0(90?) = 1.11 £ 0.67; the gluon-fusion cross section ratio is ;pgi =
1.15 £ 0.10, while the v partial decay width turns out to be slightly suppressed
0

with respect to the SM, C% = 0.89 + 0.10. Since the total decay width depends

0
strongly on the value of |yfi 2, a large variation range is obtained for p(¢?).



Chapter 5. 5.4 Phenomenological Analysis 97

In the lower panel of Fig. we show the fitted values of the complex 7
0

0 0
Yukawa coupling assuming y,,* = yzloi = 1. Contours of constant value for ,uf;'v
0
are also shown as dashed lines. We obtain that the signal strength ,uf;'v < 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

0
is observed in the ~~ 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.

5.4.2.2 A fermiophobic charged Higgs

In the limit ¢; — 0 the charged Higgs does not couple to fermions, indepen-
dently 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 parti-
cle in an experiment is therefore quite challenging, since it can only be produced
in processes involving vector bosons and/or neutral Higgs 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 ~vy
(vZ) final state only depend on one free parameter, R;;. The rescaling of the
Higgs coupling t% vector bosons in this case is the same as that of the neutral

Yukawa ones, y;fi = g 0vv / gig/{/v = Rj1, which implies that all Higgs signal

strengths are rescaled by a factor R% with respect to the SM, meaning that

0 0 0
pil = pik = ,uﬁ}m 27 = p(@Y)TIRY = R%, in any of the relevant production

mechanisms. Therefore, in this scenario the signal strengths of the three neutral
scalars are correlated:

0

2 #; _
Do = > Mwwaz = L (5.29)
©9=h,H,A ©9=h,H,A

Present data on the neutral Higgs boson are sensitive to a fermiophobic
charged Higgs through the loop-induced decay ¢? — ~7. 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 fu-
ture. Assuming that the scalar with a mass of 126 GeV does not decay into
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Figure 5.11:  Allowed regions at 68% (orange), 90% (yellow) and 99% CL (gray) for
0
a fermiophobic charged Higgs on the parameter space (RithIii); dashed lines denote
0
contours of constant u5i (left). The right plot shows the corresponding 68% and 90% CL
regions in the parameters Ayop+p- and Mpy+, setting the value of Ri1 at its best fit
point. The region where perturbation theory remains valid is indicated in blue (hashed).

lighter scalars, we show in Fig. the allowed region in the parameter space
0 0
(Ri1, Cff;). For the x? fit we have only considered real values of Cf;i, which is

true above the kinematical threshold My« > M o /2 ~ 63 GeV, as we have men-

tioned before. In the figure we also show dashed contour lines of constant ,uﬁg. It
can be observed that the preferred relative sign between the charged Higgs and
the W+ contributions to the vy decay rate is such that it causes a constructive
interference, thus enhancing slightly the v+ decay rate. The fit prefers a gauge
coupling close to the SM one (x2,, is obtained for R;; =~ 0.95) and puts the 90%

0
CL lower bound |R;i| > 0.79. The SM-like point (Ril,CfIii) = (1,0) lies outside
the 68% CL region, but is allowed at 90% CL (although close to the boundary).
0
The presence of a non-zero (and negative) Zii contribution is clearly favoured,
while the preference for a slightly reduced gauge coupling implies a small suppres-

sion of the total decay width compared with the SM (i.e., p(¢Y) = 0.85+0.19, at

90% CL). From the global fit, j5 = ut = 1.45 +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 y = 0.8 £0.2.

The right panel in Fig. [5.11] shows the corresponding allowed regions in terms
of the variables )\@? g+g— and Mpg+. The value of R;; has been set to its best
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fit point. Also shown in the figure, is the region satisfying the perturbativity
constraints discussed in appendix [5.D]

For the previous discussion we have not made any assumptions on the quan-
tum numbers of the scalar field ¢?; we have only assumed that Mg =126 GeV
and that its decay into lighter scalars is not allowed. Thus, the obtalned results
are general and apply both to a CP-conserving and to a CP-violating scalar po-
tential. It must be noted that in the limit |R;1| = 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

0
than ng /2 ~ 63 GeV, C};"i develops an imaginary absorptive part. If kinemati-

cally open, the channel @9 — 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 with the measurements for the two-photon channel.

5.4.2.3 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 Zs 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 diag-
onalizes 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 pa-
rameters of the scalar potential )\})76. The corrections to the masses are quadratic



100 Chapter 5. LHC constraints on two-Higgs-doublet models

in )%76, while the mixing between the CP-even and CP-odd states is only sup-
pressed by one power of )\56, making this effect the dominant one.

Let us assume that the discovered boson is the state A = S3+R3151 +R3259,
with R31 and Rse 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;ﬁ‘ = R31. 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 WTW~, 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 ob-
tained for natural values of the scalar potential parameters. From Eq. , one

has:
vt (22B0% - ARAL)

(55 5) (3 1)

Rgl S (530)

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 ]/\ézé%] < 107! we obtain

Rt < [(083 - 33 (313 - 327)] " 10° GV,

which implies that |Rs;| < 1072 for My > Mj, 2> 300 GeV. Of course, when either
M, ~ My or My ~ My the coefficient Rsy diverges and the approximations
used in appendix 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 > |\]v?. In this case the heavy states H, H¥ and A are nearly mass
degenerate and decouple from the light state h.

In Fig. we show the allowed values at 90% CL for (R;1, Ri2, Rig) for
a general scalar state () with mgyo = 126 GeV, assuming that the alignment
parameters ¢ (f = u,d, 1) are real. ‘We have imposed |¢,| < 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
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Figure 5.12:  Allowed regions at 90% CL (yellow) on the parameter space (Ri1,Ris),
for real alignment parameters in the ranges |s,| < 2 and [sq;| < 10 (left). The right plot
shows the corresponding 90% CL region for the parameters (Ri2, Ris).

2HDMs of types I and II, with explicit CP violation and soft breaking of the Z,
symmetry.

5.5 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 break-
ing mechanism. The current data are so far compatible with the SM Higgs hy-
pothesis, 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, satisfy-
ing the electroweak 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 2HDM phenomenology has been usually par-
ticularized to a few specific implementations, based on discrete Zy 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
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tree-level scalar sector of the minimal supersymmetric SM. However, the phe-
nomenological 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 framework, 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 -~ 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 con-
tribution 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 |¢,|, given that gpovy R g,%%,ﬂv. However, flavour constraints on a

charged Higgs below the TeV scale (from Z — bb, b — sy and B°-B° mixing)
require that |¢,| < 2, even in the most general CP-violating A2HDM. Thus, a
2+ enhancement through a constructive interference of the top and W= contri-
butions could only be possible in a decoupling scenario with an 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 2+ decay width could
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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 « 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 v+ 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 ex-
perimental 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 collabo-
ration finds now a 2v 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 2y decay mode. More
data are needed to clarify this issue.
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5.A Scalar Potential

In the Higgs basis, the most general scalar potential takes the form
Vo= i @l + pp ®Id, + {M:’, 1Dy + 1 q’;%} + A1 (@7{@1)2
+ A (@;%)2 + A (0]@1) (@5®5) + Ay (0],) (@hy)
+ [(As @]@s + A6 B[@1 + Ar D]y (@]05) + hc.] . (5.31)

The Hermiticity of the potential requires all parameters to be real except us, As,
Ag and A7; thus, there are 14 real parameters.
The minimization conditions (0|®7 (z)|0) = % (0,v) and (0|®Z (z)|0) = % (0,0)
impose the relations
1

H1 = —>\1 U2, u3 = —5 )\6 U2. (5.32)

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

1
V:jAlv‘*Hfzﬂ/gﬂa. (5.33)

The mass terms take the form

S1
1
Vo = MpiHYH™ + 3 (S1,82,83) M | S
S3
2 + ry— | | — Lo 4o
with
2 1 2
MHi = M2+§/\3U (5.35)
and
2\102 V2 \§ —v2 A}
M = VAR M7+ 0P (% —i—)\?) —v2 AL . (5.36)

—v2 \{ —v2 AL M%, +v? (% — A?)
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where AR = Re()\;) and A} = Im();). The symmetric mass matrix M is diago-
nalized by an orthogonal matrix R, which defines the neutral mass eigenstates:

M 0 0 h S
M=RT| 0o M)} 0 |R, H|=R| S |. (5370
0o 0 M3 A Ss

Since the trace remains invariant, the masses satisfy the relation
M? + M + M3 = 2M3. +v* (20 +\y) - (5.38)

The minimization conditions allow us to trade the parameters u; and pz by
v and Ag. The freedom to rephase the field ®o implies, moreover, that only the
relative phases among A5, Ag and A7 are physical; but only two of them are inde-
pendent. Therefore, we can fully characterize the potential with 11 parameters:
v, p2, |A1,..7], arg(AsAg) and arg(AsAf). Four parameters can be determined
through the physical scalar masses.

In the CP conserving limit A} = A\f = AL = 0 and S5 does not mix with the
other neutral fields. The scalar spectrum contains then a CP-odd field A = S3
and two CP-even scalars h and H which mix through the rotation matrix .
In this case, the scalar masses are given by

- 1 1
M;3=§(E—A), M12{:§(E+A)7
T2 2 2 (M R
4= Mp: +v ?—)\5 , (5.39)
where
A
Y = Mi. + 0 (2 A1+ 34 +)\5R> : (5.40)
2 2 A1 R ? 4(\R)2
A = Mz + v —2>\1+?+)\5 + 40t (Ag)?, (5.41)
and the mixing angle is determined through
B M}% — 202

We use the notation M 0 to emphasize that these are the neutral scalar masses
in the CP-conserving hrmt The cubic and quartic Higgs couplings involving the
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charged and the neutral physical scalars (without Goldstone boson couplings)
take the form,

Vs = vHYH™ (Ag 81+ M S5 — X Ss) —1—%1} (228 + 23 + A1) 9193
3
51)
—1v<2)\R—/\ —A)SS2+1MR552—2MISSS
2 5 3 4 103 9 7 0203 5010203

1 1 1
+>\1v5f+§v)\$5’§+ A55%52—§UA$s§—§vAI73§sg

3
— 5 A 528s, (5.43)

A
Vi = HTH™ ()\2 HYH™ + 73 5% £ X382 + X252 — AL S S5+ AR 5152)

1 1
+ 1 (/\3 + A+ 2)\15:{) (5152)? + 1 (/\3 + A — 2)\?> (51S3)?

1 I @3 I g2 )‘% 2 )‘17
- 5 )\6 515’3 - )\5 515253 - ? 515253 - ?
Al A9 Ao A9
Z Z S% + Z S§‘,‘ + = (‘9253)2
M oqag AT A7
+ 7 5152 + 7 7

5,53

+ =S+

51535 4+ 1515557 . (5.44)
In the CP-conserving limit all vertices involving an odd number of S5 fields van-
ish. A basis-independent discussion of the 2HDM scalar sector can be found in
Ref. [91].

5.A.1 Neutral scalar mass matrix to lowest order in CP violation

Assuming that )\}) and )\(13 are small, we can diagonalize the mass matrix 1)
perturbatively as an expansion in powers of these CP-violating parameters. The
leading corrections to the neutral scalar masses are quadratic in )\36:

— 0 0 0
M2 = M +a7* () +a3' (A)? +a5" (AAD), (5.45)
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Where M 0 denote the corresponding masses in the CP-conserving limit given in

and
o vt (M% - 2)\11)2)
Oll. - — )
[T (M 0 M£?>
0 v (2)\1@2 + ]\;[20 — M} — ]\_4,3)
012 = / ~ 3
Ij#i <M2 M3?>
@0 20\

i <M 0 Mz(?)

The physical states @9 = {h, H, A} receive corrections at first order in /\}5,6,
which are given by

h cost sin& €3 S1
H = —sin& cos&  €o3 Ss |, (5.47)
A €31 €39 1 S3
where
2
v S| ~ 1
€13 = ——— |sin& A5 +cosa Ng ) ,
(a1% - 022 ( )
2
€3 = U—2 (cosd)\é - sind)\é) ,
(813 - )
1 A I
631:—271}2(0[3)\4‘2 2)\)
1 A
=~ (2 o AL+ of )\I) (5.48)

Note that for the case of a scalar potential with a softly-broken Z5 symmetry in
the Higgs basis we have A\¢ = Ay = 0 and, therefore, e3; = 0.
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5.B Scalar Couplings to the Gauge Bosons

The scalar doublets couple to the gauge bosons through the covariant deriva-
tive and gauge-fixing terms:

2
ﬁK—i—Z(DMCI)a)T DFO+Lor = Lye —|—[,¢2 +[’¢>V+['¢2V+£¢V2 +£¢2V2 , (5.49)

i=1
where Ly is the usual gauge-boson kinetic term and the covariant derivative is

given byﬁ]
g

Dyy = O + i€QAy +i—2— Z,(Ts — Qsin® ) + ig [Ty W] + T-W,] . (5.50)
cos Oy

It is convenient to adopt the following R, gauge-fixing term (£ = 1),

1

Lor = - 5 (04"~ (0w} +iMwG*) (9, W = iMwG")
1 2
_ = H 0

: (0p2" + M), (5.51)
which cancels exactly the quadratic mixing terms between the gauge and Gold-
stone bosons generated by the covariant derivatives, so that L4y = 0, and pro-

vides the Goldstone bosons with the masses Mg+ = My = gv/2 and Mgo =
Mz = Myy/ cos Oy . Then,

Lur = = 5 (WA — 3 (@7 + 5 M3 Z,7"
— (o) (W) + Mg, wiwe, (5.52)
while
Ly = % [0uh 0" h + 8, H 0" H + 0, A" A] + 0, H 0" H~
+ 50,60 C0 — L M (Q)
+0,GT "G — ME, GTG™. (5.53)

5The weak mixing angle 0y is defined through the relation gsinfw = ¢’ cosfw = e. The
operators T4 = %(ﬂ +T>) and T3 can be expressed in terms of the Pauli matrices by T; = %
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The interaction terms between the scalar and gauge bosons are given by:
e [ Ar z +9 - e
Lypy = ie [A"+ cot (20w) 2"] [(H* 0, H™) + (G 9,G7)]

t s 20 [(609,81) + (S5 045)]
sin (26y) pt 30nm2

9 yyrut -3 -9
oW [(H™9,,85) =i (H™ 9,5)
_2 0 NP n 4
+(G™ 9,G°) =i (G™ 9,5)]

< <
+ g W [(HT 9,83) +i (H* 9,,55)

+(G* 5,6+ (Gt B, s, (5.54)
2 Lo 2 it
£¢V2 = ; Sl §MZ ZNZH+MW W,U‘W”
+ (eMw A" — My sin® 0w 2#) (GTW, + GW)) | (5.55)

1

1
5 M2 Z, 7" + M, WgWﬂ} [H2 + R4+ A% + (G°)2]

ﬁ¢2v2 — ﬁ l:
2
+ {e2 [A" + cot (20) ZM]? + % WJW#} (G*G=+H*H")

+ 0 (AF — tan by 2) {51 (W, +aw))
+ 8o (H* W, + H™W)) +1i S5 (H W) — H*W,)

+iGO (G—Wg - G+WM)} , (5.56)

with S; = Rjigog-) (cp? = {h,H, A}) and the usual notation A ‘5“ B = A(0,B) —
(0,A)B.
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Table 5.2: Higgs signal strengths in each of the channels considered in this work. Aver-
ages obtained from ATLAS and CMS data at 7® 8 TeV together with CDF and DO data
at /s =1.96 TeV. (*) We do not consider non-inclusive measurements in the 77 chan-
nel. Due to the large current errors associated with these measurements, our conclusions
would not be modified at this level.

Channel g Comment
bbvV 1.1+0.44 | ATLAS, CMS, CDF and DO [1,211,[12] (our
average)
WWjj —0.2+1.56 | ATLAS and CMS [1,2,[14] (our average)
Ww 0.76 £0.21 | ATLAS, CMS, CDF and DO [1}2l[10,11]/13] (our
average)
zZ 0.96 £ 0.26 | ATLAS and CMS [1,2] (our average)
77 (incl.) (*) | 0.894+0.86 | ATLAS and CMS [1,2] (our average)
vy 1.66 £0.32 | ATLAS and CMS [1,2] (our average)
YYij 2.18 £0.84 | ATLAS and CMS [1,2] (our average)

5.C Statistical treatment and data

To obtain the preferred values for the parameters of the A2HDM we build a
global x? function
(1 — fu)”
XX =) (5.57)
k Tk
where o; is the experimental error extracted from the data at 1 o. 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 which include the 7@ 8 TeV
data reported by ATLAS and CMS together with CDF and DO data [10-12] at
Vs = 1.96 TeV.
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For a general channel with inclusive production we have (neglecting the sub-
dominant production channels)

Ogg Br(¢? — k) '
0534 Br(¢) — k)sm

0
ppt = (5.59)
For the Higgs searches in the v channel, the ATLAS and CMS collaborations

have established different categories. To take this into account, we write the
Higgs signal strength in a given vy channel as

Mw? _ €ggF OggF +evBF OVEBF T evnova  Br(f = 77) (5.60)
Y = 0 ’ )
€ggF 0551,\/1[: + ever ovar + eva oo Br(ed = vy)sm

where the coefficients €4y vpr,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. (5.60f), 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
0(99—>80?) = Oggr = LyggOggF (5.61)

0
where the scaling of the gluon-fusion cross section Cjg was defined in section
Vector-boson fusion scales with the coefficient R;; as

o(qd — qd'¥?) = over = (Ri1)*oWr (5.62)

and similarly for the associated production with a vector boson

o(q@—V¢)) = ovg = (Ra)?oh - (5.63)

5.D Perturbativity Constraints

The charged Higgs boson contribution to ¢ — vy depends crucially on the
value of the neutral scalar coupling to a pair of charged Higgs bosons. To as-
sure the validity of perturbation theory, upper bounds on the quartic Higgs self-
couplings are usually imposed requiring these to be smaller than 87 (see [31,32]
and references therein). The cubic Higgs self-couplings are also bounded indi-
rectly in this way. In this work we consider an alternative perturbativity bound on
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Figure 5.13: Diagram contributing to the one-loop @) HtH~ wvertex correction.

the relevant Higgs cubic coupling which is more restrictive for light charged Higgs
masses. Consider the Y HTH~ one-loop vertex correction given by Fig. [5.13
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. We obtain:

where

2(X) = /Oldy /Olydz [+ + X0 —y—z-y2)] (5.65)

Allowing the correction to be at most 50% (A < 0.5) constraints the allowed
parameter space in the (Ajopg+p—, Mp=) plane to be within the blue (hashed)
region indicated in Fig. [5.6]

5.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 refer-
ence SM Higgs mass M}, 1of = 126 GeV, the most recent global fit to electroweak
precision observables quotes the values [76}/77]:

S =0.03+£0.10, T =0.06£0.12, U=0.03£0.10. (5.66)



Chapter 5. 5.E Oblique Parameters 113

The expressions for the oblique parameters in the CP conserving A2HDM are
adapted from Ref. [94]:

1
S = — {cos2& {BQQ(M}M;M,%) — MZBo(M%; M2, M?)
7TMZ
+ Boa(Mz; Mz, M3)
+ sin® & | Baa (M35 M3, M) — M3 Bo(M3: M3, M)
+ B (M3 MF M)
— Boo(Mz; M7, Mps) — Baa(Mz; Mz, M, 1)
+ M Bo(ME: M3, M,%,reo} L e
1
T = ——>— {cos’a []—"(M?{i,MIQ_,)—]—“(MIZLI,M%)JrBJ-"(M%,M,?)
167rMW5W

— 3 F(Mjy, Mj)

— 3F (M, Mp)

+ ‘F(MIQJiaMi) _3‘F(M%7Ml%,ref)

+ 3 F (M, Mﬁ,ref)} : (5.68)
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U =H(Mj) —H(MZ) + —— {sirPa Boo (M3, ; ME ., MY)
My,

+ cos? & Boo(ME; My, M%) + Bao( M7y M7., M3)

- 2322(M%/;M12-1i7M12-1i)}

1 s 2 ~ 2 2 2
— sin® & Bao(M7; My, M3)
WM% {
+ cos® & Boo(M%; M%, M3) — BQQ(M%;M%Ii,M%Ii)}, (5.69)

where
H(ME) = Ml@ {cos2d [BQQ(M‘%;M‘%,M,%) — M2 BO(M‘%;M%,M,f)}
+ sin? & [ Baa(MF: M, M) ~ M Bo(Mp: ME, M)
 Boa (M M3, M) + M3 Bo(M: M3 M,areo} - (5.10)

The loop functions are given by

Buslgsmd,m3) = 3 (A+ 1) +md— ¢
- % /01 d X log (X — ic) | (5.71)
Bo(g*;m2,m3) = A-— /01 dz log (X — ie), (5.72)
Flmbt,m3) = 1 (m}+md) - 7% log (;’g) .6
with
X =mle+mi(1l—2)—¢dz(1-2), A = L+ln47r—ny,(5.74)

4—d
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in d space-time dimensions, where g is the Euler-Mascheroni constant, and
where we have defined:

Bos(g*;mi,m3) = Baa(q*;mi, m3) — Baz(0;mi, m3), (5.75)

Bo(qz; m%, m%) — By(0; m%, m2) ) (5.76)

BO(q2§ m%a m%)
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Abstract: 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 addi-
tional scalars to further restrict the available parameter space is also discussed.
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6.1 Introduction

Experimental data from the ATLAS [1,2], CMS [3,/4], DO and CDF [5] col-
laborations 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 (125.5 + 0.2 702 GeV) and CMS (125.7 + 0.3 £ 0.3 GeV)
are in good agreement, giving the average value M = 125.64+0.35 GeV, and its
spin/parity is compatible with the Standard Model (SM) Higgs boson hypothe-
sis, JP = 07 [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 fundamental principles of the SM, however, forbids the possibility
that a richer scalar sector is responsible for the electroweak symmetry break-
ing. Unlike the addition of new fermion generations or new gauge bosons, an
enlarged scalar sector remains in general much more elusive to experimental con-
straints. 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 effects [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 Z5 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
the CP-conserving limit, were performed in Refs. [29-32] and more recently in
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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 af-
ter 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.[3638], the properties of the
additional scalar fields of the model are very different in each of these allowed re-
gions. 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 Teva-
tron data are analyzed in section discussing also the role of the loop-induced
processes Z — bb and B — X, to further constrain the available parameter
space. In section [6.3] we consider the search for additional Higgs bosons at the
LHC. The particular case of a fermiophobic charged Higgs is analyzed in sec-
tion 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

6.2 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+ H*
D, = . oy = . : 6.1
! ;E(U+51+ZG°)]> 2 [\}5(52+253)] (6.1)
Thus, ®; plays the role of the SM scalar doublet with v = (\@GF)*U2 ~
246 GeV. The physical scalar spectrum consists of five degrees of freedom:
two charged fields H*(z) and three neutral scalars ¢9(z) = {h(z), H(z), A(x)}.
The later are related with the S; fields through an orthogonal transformation
©?(x) = R;;S;j(x), which is determined by the scalar potential [32]. In the most
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general case, the CP-odd component S3 mixes with the CP-even fields S1 2 and
the resulting mass eigenstates do not have definite CP quantum numbers. For a
CP-conserving potential this admixture disappears, giving A(x) = S3(z) andﬂ

h _ cosa siné S
<H> o [—sind cosd] (Sg)' (6.2)

Performing a phase redefinition of the neutral CP-even fields, it is possible to fix
the sign of sin &. In this work we adopt the conventions My, < My and 0 < & < 7,
so that sin & 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 = —7 HT {ﬂ [§d VMiPr — <y MUVPL] d+ g DMZ'PRZ}
1 0 -
== 2 i @l [fMfPrf] + e, (6.3)
% f
where Pr = H;’E‘ are the right-handed and left-handed chirality projectors,

My the diagonal fermion mass matrices and ¢y (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

In the present analysis we neglect possible CP-violating effects; i.e., we con-
sider a CP-conserving scalar potential and real alignment parameters ¢f. The
couplings of the neutral scalar fields are then given, in units of the SM Higgs
couplings, by

h ~ .~ A .
Yy =cosa+cpsina, Yai = 1Sd1»

ny = —sin&—l— §f COS&, yﬁl = —1 Su » (64)

'Tn a generic scalar basis ¢, () (a = 1, 2) in which both doublets acquire vacuum expectation
values: (0|¢Z (2)|0) = % (0,v4 €%), we have & = a — § in the usually adopted notation. The
angle « determines h and H in terms of the CP-even fields and tan 8 = v2/v1 is the ratio of
vacuum expectation values. Given that the choice of basis is arbitrary, the parameters a and
[ 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].
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Table 6.1: CP-conserving 2HDMs based on discrete Zo symmetries.

Model Sd Su q
Type 1 cotB | cotfB | cotf
Type 11 —tanf | cot 8 | —tan
Type X (lepton-specific) | cotf | cotf | —tanf
Type Y (flipped) —tanfB | cot 8 | cotf
Inert 0 0 0

0
for the fermionic couplings and (ky' = 9OV Jg L,V =W, Z)

Kl = cosa, k= —sina, Ko =0, (6.5)
for the gauge couplings. The CP symmetry implies a vanishing gauge coupling
of the CP-odd scalar. In the limit & — 0, the h couplings are identical to those
of the SM Higgs field and the heavy CP-even scalar H decouples from the gauge
bosons

6.2.1 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., |cos@| ~ 1 [32]. A global

fit of the parameters (cos &, sy, <4, ) to the latest LHC and Tevatron data gives
(x2,;,/dof ~ 0.73)

|cosal > 0.90 (0.80), (6.6)

or equivalently sina@ < 0.44 (0.60), at 68% CL (90% CL). The resulting con-
straints on the Yukawa couplings of h are shown in Figure The charged
Higgs contribution to the h — v amplitude has been assumed to be negligible
in this fit. The global fit determines the relative sign between y” and gpyv 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 vy
channel [32], is ruled out by current data at 90% CL.

2 The scalar mixing is often parametrized in terms of o/ = & + 5 so that kY = 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 6.1:  Allowed regions in the planes y" —yl (top-right), y! —y" (bottom-left) and
yl —yl (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 Z5 model of type II is also indicated at 90% CL (black). Top-left panel:
Allowed region in the space (y?,y%, yl') with cosa > 0 at 68% CL (orange).

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, 4, signs. The decay widths, normalized to the SM prediction,
can be written in terms of the modified Higgs couplings as,

I'(h = vy) h h . N2
Th o ) = (0.28yl — 0.004 /4 — 0.0035 9" — 1.27 %)

2
+(0.006 % +0.003y}')" , (6.7)

where we have neglected a possible charged Higgs contribution to A — 2v, and

F(h/—>gg) h h 2 h 2
Th 5 g0 = (1069} —0.065;)" + (0.0994)" . (6.8)
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The last terms in and are the absorptive contributions from 777~ and
bb loops. Neglecting the charged Higgs contribution to h — vy is well justified if
the charged Higgs is very heavy and/or if the cubic Higgs self-coupling hH ™ H ™
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[6.1]shows the 68% CL allowed regions in the space
(yﬁ,yg,ylh) with cos@ > 0. Four disjoint possibilities can be observed, which
can be characterized by the relative signs of ygyl to that of /4;}{/; four additional,
equivalent, solutions are found flipping simultaneously the signs of yj} and cos a.
We restrict in the rest of this work to the solutions with cos@ > 0. The other
panels show the projections in the planes y/ —yf* (top-right), ¥ —y" (bottom-left)
and y"'—yl (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
ylh 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 Il model (;, = —1/¢, = — tan 8), usually assumed
in the 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(’j and ylh
couplings, making a straight line with slope +1 in the yg — ylh plane. The yg 1 <0
region with cos & > 0 requires a relatively large value of tan 8 to flip the s{gn of
ygl. Similar arguments can be made for the other types of 2HDMs with NFC.
For instance, in the type I model (gu’ 41 = cot B) 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
provided 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 [6.4] show the allowed values for the alignment parameters
Sf, at 68% (orange, dark) and 90% (yellow, light) CL, as function of sin &. Since
y" has the same positive sign as cos@ and a similar magnitude, the product
|sy| sin & cannot be large. Therefore, |,| gets tightly bounded at large values of
sin & as indicated in Figure [6.2l On the other hand, as sin & approaches zero,
all information on ¢, is lost since in this limit the h couplings are SM-like. The
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Figure 6.2: Allowed values for s,, at 68% CL (orange) and 90% CL (yellow) CL, when
cosa > 0.
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Figure 6.3:  Allowed values for sq; at 68% CL (orange, dark) and 90% CL (yellow,
light) in the regions where y% > 0 (left) or y! > 0 (right), keeping only solutions with
cosa > 0.

same behaviour is observed in Figure [6.3] which shows the allowed values for
the alignment parameters ¢; (left panel) and ¢ (right panel), in the regions with
yg >0 or ylh > 0, respectively. Important bounds on the magnitudes of ¢; and g
are obtained, again, as long as sin & # 0.

A quite different result is obtained in those regions where the Yukawa cou-
plings are negative (again, with cos@ > 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 ys,l, given
that cosa@ ~ 1. Within the 90% CL allowed region, yg < 0 requires ¢g < —2.3,
while ylh < 0 implies ¢ < —2.7. When sin& < 0.1, the corresponding values for
|sq,1| become very large: ¢q; < —24.
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Figure 6.4: Allowed values for the alignment parameters ¢q;, at 68% CL (orange) and
90% CL (yellow), in the regions where y < 0 (left) or yl < 0 (right), keeping only
solutions with cos & > 0.

6.2.2 SM-like gauge coupling, s ~ 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 prop-
erties from the SM have been observed could be pointing towards a decoupling
scenario. In the decoupling limit 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?), M5 ~ M3 ~ Mgﬁ > v2. The decoupling limit implies
that |«%| — 1, the opposite however is not true. In the limit |}| — 1, the
masses of the additional scalars, H, A and H*, can still be of the order of the
electroweak scale [40]EI

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 h(126) boson properties, for example at a
future Higgs factory [40]. 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

3 In the Higgs basis [32], the decoupling limit occurs for s > v?, where ps is the coefficient
of the quadratic @;@z term in the scalar potential, while keeping perturbative quartic scalar
couplings |\; /47| < 1. The limit |x%| — 1 without decoupling arises when 3, \s — 0; i.e., for
vanishing ‘1>J{‘1>2 and <I>];<I>1<I>];<I>2 terms. For a recent discussion see also Refs. [34,411[42].
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Figure 6.5:  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 fived at
Mpg+ =200 GeV (yellow, light) and 500 GeV (orange, dark).

scalars lie around the electroweak scale. We will assume in particular that the
charged Higgs lies in the mass range My+ € [80,500] GeV.

Deviations from the SM in the gauge-boson self-energies constrain the mass
splittings between the additional physical scalars of the 2HDM. The induced
corrections to the oblique parameters have been calculated in Ref. and sum-
marized for the conventions adopted here in Ref. . To satisfy the precision
electroweak constraints, the mass differences |My+ — Mp| and |My+ — My| can-
not be both large (> v) at the same time. If there is a light charged Higgs
below the TeV scale, an additional neutral boson should be around and vice
versa. Figure shows the 1o oblique constraints on the My — M4 plane, tak-
ing My+ = 200 GeV (yellow, light) and 500 GeV (orange, dark), while varying
cosa € [0.9,1]. The bounds on the mass splittings from the oblique parame-
ters, 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 Mg+ < 500 GeV. This is the scenario we will be interested in the fol-
lowing, 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 contribu-
tions. The measured B? — BY mixing and the Z — bb decay width require for
example that |g,| < 1.5, for a charged Higgs below 500 GeV . A more subtle
condition can be derived from the radiative decay B — Xv. The relevant Wilson
coefficients for this process take the form C$T = C; gas + [su|? Ciun — (S754) Ci uds
where C; 4, and C; 4 contain the dominant virtual top contributions. Thus, their
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Figure 6.6: Allowed 90% CL regions in the planes sina — g, (top-left), yi — yl* (top-
right), y — y" (bottom-left), and yl — yl (bottom-right), from a global fit of LHC and
Tevatron data together with Ry, and Br(B — X,v), within the CP-conserving A2HDM.
The mass of the charged Higgs is varied within Mg+ € [80,500] GeV and cosa > 0.
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Figure 6.7:  Allowed 90% CL region in the plane <, — <4, from LHC and Tevatron
data together with Ry, and Br(B — X,v), for y% < 0 (left) or y* > 0 (right), with
Mp+ € [80,500] GeV and cosé@ > 0.

combined effect can be very different for different values of the ratio ¢z/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,



136 Chapter 6. Towards a general analysis of LHC data within 2HDMs

the B — X,v rate excludes a charged Higgs mass below 380 GeV [48] at 95% CL
for any value of tan 5. In the more general A2HDM framework, a much lighter
charged Higgs is still allowed, but in a very restricted region of the parameter
space ¢, — sq [45H47].

Semileptonic and leptonic meson decays (B — Tv7, D(yy — v (uvy), B —
D™7u,), have been analyzed in detail within the A2HDM in Refs. [45,49]. These
processes put bounds on the combinations ¢,g /M%Ii and on ¢gg /M?{i, but the
(tree-level) charged Higgs contribution decouples very fast. Given that we allow
the possibility of a relatively heavy charged Higgs, M+ < 500 GeV, semileptonic
and leptonic decays will not provide complementary 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 /]

In Figure we show the effect of including B — X,y and R, = I'(Z —
bb) /T(Z — hadrons) in the fit of (cos &, s, 54, ;) While varying My« € [80,500] GeV
and, as usual, keeping only solutions with cos@ > 0. The down-quark and lep-
tonic alignment parameters are varied within |¢z;| < 50 to maintain perturbative
scalar interactions for bottom quarks and tau leptons. The charged Higgs contri-
bution to the 2+ channel is also neglected in this fit; therefore, M+ 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 hH+ H~ 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 [6.4]
In the yg — yg plane, it can be observed that a significant part of the previously
allowed region is excluded by flavour observables when compared to Figure [6.1]
This is due to the effect of Br(B — Xyv) which induces severe constraints in the
plane ¢, — ¢4, as shown in Figure [6.7]

For the case yg > 0, collider data do not put any bound on g, ¢ 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 yg < 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 |¢,| is slightly more constrained by Rp; when Mg+ <
500 GeV, one finds |¢,| < 1.5 for sin @ ~ 0 while a stronger limit is obtained for

“The current excess observed by the BaBar collaboration in exclusive b — crv transitions
can only be 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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larger values of sin @ due to LHC and Tevatron data. The corresponding allowed
regions shown in Figures and remain almost identical after adding the
flavour observables and, therefore, are not shown here.

6.3 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, Egs. (6.4))

and (6.5)) imply the sum rules

W = s (6.9
‘y}qf—(y?f = 1—\11?2, (6.10)
riyf = 1—rbyl (6.11)

The first one is just the trivial trigonometric relation between sin @ and cos &,
which implies that the gauge coupling ggy v goes to zero when gy approaches
the SM value. The lower bound on |cosé@| 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 (6.10]) constrains
the difference of the magnitudes of the H and A Yukawa couplings. When the

mixing angle & becomes zero, y? =1and ‘yﬂ = ‘y;ﬁ“ = ¢¢. Relation (6.11)) shows

that whenever h has a flipped sign Yukawa (k7 ~ 1, y}‘ ~ —1), the corresponding
Yukawa coupling of H must be very large y}{ Klg ~ 2. This sum rule plays a crucial
rule in the restoration of perturbative unitarity in WZ W, = f f scattering and
is behind the particular shape of the allowed regions in Figure [6.4, The allowed
values for ﬁf{/ and y}l, obtained in section m from h(126) collider data and
flavour constraints, imply, due to the sum rules, the following 90% CL bounds:

yH |2 — [y 2 € [0.6,0.5], Ky v € [-0.17,0.5],
WH 12— AR e [-1.2,09], iyl € [-0.3,0.7] U [1.3,2.5],
w12 = [y € [~1.3,1.0], Kt ylt € [=0.5,2.5]. (6.12)

A generic h(126) boson with modified couplings to fermions and gauge bosons
would violate perturbative unitarity at high energies, in certain physical pro-
cesses. Partial-wave unitarity bounds would be violated for example in WEL W, —
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ff inelastic scattering at a scale /s ~ A = 167v?/(my |1 — y? Kk%|) [51]. For
flipped-sign Yukawa couplings, n}‘} ~ 1 and y}‘ ~ —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 RV V coupling would also lead to a violation of perturbative unitarity
in W; Wi — W, W} elastic scattering; for & = 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 additional scalar states are light enough. In the processes consid-
ered previously, WZF W, = f f and wo WZF — W WZF , 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 im-
portant implications for the properties of the additional Higgs bosons but only
subtle effects in the h(126) phenomenology. Relatively large values for the align-
ment parameters ¢;; are needed to flip the sign of yil given that |/-;}“/| ~ 1,
implying that the additional Higgs bosons H*, H and A should posses very large
couplings to bottom and/or tau leptons.

The couplings of the missing Higgs bosons H*, H and A, and therefore their
phenomenology, are very different in each of the allowed regions shown in Fig-
ure It thus seems appropriate to discuss the search strategy for additional
scalar states and the experimental constraints in each allowed island separately.
An obvious question to address is how future Higgs searches at the LHC, com-
bined with low-energy precision experiments 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 yJIZI 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 gpyy = 0. In this case, the production of the additional scalars
can occur for example through the ZHA, ZHT*HT, W*HTH and WTHTA
couplings or through the scalar potential. In the limit sin @ = 0, the h(126) data
does not provide any constraints on the alignment parameters ¢ (see Figures
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and . This opens a more interesting possibility with ’y}q ‘ = ‘y?‘ = ¢y; 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 |¢4| 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 qg — tbH—, can be considerably
enhanced in this case. If on the other hand || is very large, heavy neutral
scalars would probably decay dominantly into leptons, opening the interesting
possibility of discovery in the very clean ® — p™p~ channel. The charged Higgs
also, would be expected to decay dominantly into a 7v, pair in this case.

The situation is rather different in the other three regions with flipped-sign
Yukawas: (a) y% < 0 and y' > 0, (b) ¥ > 0 and y' < 0, and (c) ygjl < 0.
As shown in Figure [6.4] 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 the coupling with
top-quarks could be greatly suppressed.

6.3.1 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 pos-
sible to set more general limits. For instance, a very light charged Higgs would
modify the Z boson decay width if the channel Z — H*H ™ is open. Since the
coupling ZH+TH~ is completely fixed by the gauge symmetry and does not de-
pend on any free parameter of the model, the constraint F%OH'SM < 2.9 MeV (95%
CL) on non-SM decays of the Z boson implies My+ 2 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 — W A de-
cay is kinematically allowed. Assuming that M4 > 12 GeV and a type-I Yukawa
structure, the limit My= > 72.5 GeV was obtained in H+ — WTA — Wtbb
searches [54].
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In this section, we consider the LHC searches for a light charged Higgs pro-
duced via t — HTb, in the decay channels H* — 7 v, [55,56] and HT — ¢5 [57],
which are kinematically limited to Mg+ < m; —my. 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
(Mg=+,Su,4,51)- 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 — M 4 plane will appear as those shown
in Figure [6.5] We refer the reader to appendix for relevant formulae used
here. To a good approximation, the branching ratio for ¢t — H'b is given by

['(t — H'b)

Br(t — H™b) ~ 1
W YY) = S S T S B (6:13)

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 channels 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(H™ — 7tv), while current searches for quark decay modes
are usually interpreted as limits on Br(t — H'b) x Br(H" — ¢35). 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(HJr —¢8)+Br(HT — d_))}. 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

T(HY = cb) Vel (lsal*mg + lsul*m?)
DHT —cs5) — |Ves]? ([sa]>m2 + |sul?m2)

T(H" =cb)  NolVal? (sal*mi + lsul*m?)
D(HT —7tty,) mZ|q[? '

(6.14)

We can observe that the decay channel Ht — ¢b can be important, compared
with HT — ¢35, in certain regions of the A2HDM parameter space in which
the strong CKM suppression (|Vu| < |Vs|) is compensated by a hierarchy of the
alignment parameters [58]. Indeed, for |¢q| > |u|, |si| the decay channel Ht — cb
becomes significant compared with H™ — ¢3, 77v,, as shown in Eq. (6.14)). This
does not occur in the 2HDMs of types I, II and X, due to correlations between
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Figure 6.8: Left-panel: Allowed values for ¢,sq4 as a function of the charged Higgs mass
(yellow-light) obtained from the experimental 95% CL upper bounds on Br(t — HTb) x
[Br(H* — ¢5) + Br(H* — cb)] and Br(t — H*b) x Br(H* — 7Fv). Allowed values for
SuSd from Br(B — Xs) are shown in blue-dark. Right-panel: Similar constraints on the
combination |¢,s| from direct charged Higgs searches. The alignment parameters have
been varied in the range |¢,| < 1 and |sq;] < 50.

the parameters ¢y—, 4, see Table In the type-Y 2HDM, on the other hand,
the limit |s4] > |sul,|s| is achieved for large tan 3; in this case, however, the
Br(B — X4v) constraints forbid a light charged Higgs because ¢, = —1/c4 [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;| where this channel
becomes important.

In Figure 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 — HTb) x [Br(HJr —¢8)+Br(HT — 05)} and Br(t —
H*b) x Br(H' — 77v) set an upper limit on |¢,q|/MZ+ of O(< 1073) GeV 2.
Leptonic B, D and Ds meson decays put weaker constraints on this combination,
ust/M?. € [—0.006,0.037] U [0.511,0.535] GeV~2 at 95% CL [45]. Moreover an
upper bound on the combination |54 is obtained from direct charged Higgs
searches. Semileptonic and leptonic meson decays, on the other hand, only con-
strain the combinations ¢, and ¢4¢; [45]. For both decay rates: I'(t — H'b) and
T(H* — widj, 71v), see Eqs. (6.17) and (6.18)), terms proportional to ,cq or G,
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 [46,147]
on the (Mp+,s,sq) plane are also shown in Figure They are given by the
two narrow (blue, dark) horizontal strips. We observe that, with the exception
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Figure 6.9: Region in the M= —cusq (left) and My+ —|s,q| (right) planes which satisfy
the condition Br(H™ — WTbb) > 10% (yellow, light) and Br(H™ — Wbb) > 20% (red,
dark). The alignment parameters have been varied in the range |s,| <1 and |sq;| < 50.

of the small region for which My« ~ [140,150] GeV, the upper strip is already
excluded by direct H* searches. B — X, impose no additional constraints on
the combination (M=, |s,q|). For all given points in Figure we find that
|su| < 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 HT — t*b — W Tbb can also play an im-
portant role for a light charged Higgs when Mpy+ > My +2my, see appendix [6.4]
This decay is normally very suppressed for a large region of the parameter space.
It has been previously analyzed in Refs. [59H63] and it was found that it can bring
a sizeable contribution to the total charged Higgs decay rate in the Zs models
or in the MSSM when Mpg+ > 135-145 GeV, depending on the model and on
the chosen value of tan 5. In the A2HDM it can bring sizeable contributions to
the branching fraction, of the order of 10-20%, already when Mpy+ < 110 GeV.
Figure shows the regions satisfying the condition Br(H™ — W*bb) > 10%
(20%), in the planes My+ — ¢u5q and Mg+ — |s,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 [6.8] If we reanalyze the previ-
ous 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 [g,¢4| < 1.5. Thus, we con-
clude 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
Sf=ud; = 0 and hence, H + does not couple to fermions at tree-level, all ex-
perimental constraints are trivially satisfied. Other production mechanisms and
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decay channels would have to be considered in this case to experimentally probe
such scenario.

6.3.2 Neutral Higgs searches

The ATLAS and CMS collaborations have searched for additional neutral
Higgs bosons up to masses of 1 TeV in the ¢ — ZZ and ¢ — WW channels
164/65]. 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 bounds on the relevant cross
section o(pp — ¢ — VV), using ~ 5 fb~! and ~ 20 fb~! of collected data at
Vs = 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~1 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+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 ~ 1071 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
kyl as determined in Eq. , are shown in Figure (yellow-light). Cur-
rent experimental limits on o(pp — H — ZZ) are also included in Figure
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 My €
[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
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Figure 6.10: Allowed values (90% CL) for the combination ki yH due to generic sum
rules, taking into account h(126) collider data and flavour constraints (yellow-light).
Ezperimental limits on o(pp — H — ZZ) are also included, shrinking the allowed region
to the purple-dark area.

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 At this point however, this does not have any impact on the allowed
regions found in Figures and

In Figure we show the allowed regions (yellow-light) obtained in sec-
tion considering the h(126) collider data together with the flavour observ-
ables Ry and Br(B — Xv). The allowed regions get reduced when taking into
account the limits from direct searches of additional scalars at the LHC (purple-
dark). The most important effects are a lower bound on " and a smaller allowed
area in the ¢, — sin @ plane, which are mainly due to the present experimental
upper limits on o(pp — H — ZZ); current searches in the 7t7~ and W+W~—
channels put weaker constraints. The production cross section via gluon fusion
scales as (g9 — H)E o |y |2 = |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 WTW ™) 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 — ZZ).
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Figure 6.11:  Allowed regions in the planes sin& — s, (top-left), y* — yl (top-right),
yh —yh (bottom-left), and y! — y!" (bottom-right) at 90% CL, from a global fit of h(126)
collider data together with Ry and Br(B — Xs7), 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 M4 € [150,600] GeV, shrinking the allowed
region to the purple-dark area, see text for details.

6.4 The fermiophobic charged Higgs scenario

In the limit ¢f—, 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 the HT couplings to fermions are naturally evaded in this
case. It is also known that when || = | cos @| =~ 1 (which is presently favoured
by LHC and Tevatron data), the process h — 2+ provides a unique place were
non-decoupling effects can be manifest if My+ ~ 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}‘ = /ﬁ;’{“/, which makes this scenario very predictive in the neutral scalar
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sector. The h — 2+ decay width is approximately given in this case by

I'th — vy 2

where C’Zi encodes the charged Higgs contribution to the h — 2+ decay width.
More specifically, Clie = v?/(2M7.) N+ - Alzg=) with xye = 4M7, /M?,
the cubic Higgs coupling is defined through Ly g+ - = —v Apg+g- hHTH~ and
the loop function A(x) is given by

72
Alz) = —z — Zf(m) ) f(z) = —4arcsin®(1/y/x). (6.16)

Here we have assumed that My+ > My /2 ~ 63 GeV so that C?Ii does not con-
tain an imaginary absorptive part. The cubic Higgs self coupling A, g+ - 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 &, C’Zi), treating C’Zi as a free real vari-
able. 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 (cosd, C%.) = (0.99,—0.58) with
Xn/dof =~ 0.65. In Figure (left) we show the allowed regions at 68%
(orange), 90% (yellow) and 99% (gray) CL in the variables (sind, Cl,.). In the
right panel of Figure the resulting constraint on CI}—LIi at 68% CL is shown in
terms of the cubic Higgs coupling Ay, g+ - and the charged Higgs mass Mp+. 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 (\,g+pg—, Mpy+)
is slightly tilted towards negative A+ - values, since the best fit point prefers
a small negative charged Higgs contribution to the h — 2+v decay amplitude.

At 90% CL, we find for the Higgs signal strengths ugb =l = 'uiI}VW,ZZ =
cos? & € [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 WW ™ and ZZ are sensitive to
the gauge coupling /1{}’ and to cubic scalar couplings relevant to describe possible
non-SM decay channels like H — hh. In the following we assume that the later

®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 6.12:  Allowed regions at 68% (orange), 90% (yellow) and 99% CL (grey) for
a fermiophobic charged Higgs in the plane sin & — CIZi (left). The right plot shows the
corresponding 68% CL (orange) region in the parameters A\pg+ - and Myg=. The region
where perturbation theory remains valid is indicated in light-blue.

can be neglected, this implies that the analysis presented here is only valid in
certain regions of the parameter space. We find then that ,ugfm g7 = sin® & < 0.26
at 90% CL. Considering the current experimental limits on ;J,II}{VW 77 , 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 sin & — 0, since H decouples
from the vector bosons and the fermions. Associated charged Higgs production
with a W+ boson via neutral Higgs decays, go? — H* WT, 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 |gnp+w+/9ga+w=| = |sina/ cosa| < 0.6 at 90% CL, while g4p+y+
is completely fixed by the gauge symmetry . Since the charged Higgs does not
decay into fermions at tree level, branching fractions for H* — 90? 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 Z5 symmetry is imposed
in the Higgs basis so that all SM fields and ®; are even under this symmetry while
®y9 — —Py. 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 cos@ = 1. If furthermore one
assumes that there are no open decay channels other than the SM ones, only the



148 Chapter 6. Towards a general analysis of LHC data within 2HDMs

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 C%. € [-1.9,1.2] at 90% CL (x?2,/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.

6.5 Comparison with other works

Following the discovery of the h(126) boson, a large number of works have
appeared, analyzing the implications of collider data within the framework of
2HDMSs. The majority of these analyses have been performed assuming NFC [12-
27], thus restricting considerably the Yukawa structure of the model and the phe-
nomenological possibilities. The ATLAS and CMS collaborations were initially
observing a significant excess in the diphoton channel. The most natural explana-
tion 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 ac-
commodated 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 con-
straints 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. Phenomenological studies within 2HDMs with NFC,
relevant for the search of additional scalars, have been done in Refs. [13-16}19,24,
25,41,/68-70]. Promising production mechanisms 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
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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 signa-
tures 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—Z7Z7Z -4 ({=e,u) and A — Zh — €bb, assuming an integrated luminos-
ity 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 parame-
ters 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 preci-
sion 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. [73-76] 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 Zo symmetry as particular limits while, at the same time, suppresses
flavour changing transitions in low-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



150 Chapter 6. Towards a general analysis of LHC data within 2HDMs

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 sec-
tors 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 quantum 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 simpli-
fying assumptions 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 col-
liders. 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.

6.6 Summary

We have studied the implications of LHC and Tevatron data, after the first
LHC shutdown, for CP-conserving 2HDMs, assuming that the h(126) boson cor-
responds to the lightest CP-even state of the scalar spectrum. The phenomeno-
logical analysis has been done within the general framework of the A2HDM,
which contains as particular limits all 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: |kil| < 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 2 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.
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We have discussed the role of flavour physics constraints, electroweak preci-
sion observables 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,7) set important constraints on the quark Yukawa
couplings, 3! and yg, 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 y”. Regarding direct charged Higgs searches at colliders, decays of the
charged Higgs into a cb pair and three-body decays H+ — 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
experimental 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 h — ~+ amplitude. Another
reason is that in this case many simple relations arise between the properties
of the neutral Higgs bosons, making 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 — 2+ amplitude.

6.A Useful formulae for a light charged Higgs

A light charged Higgs with Mg+ < m¢+ my can be produced at the LHC via
top-quark decays. The relevant partial decay widths are given by

Lt — Wty = 9% [Vi|? AY2(m2. m2. M2
( - ) - 647Tm3 (mtambv W)
t

2 2\2
X (mf —|—m§ + (thme) — 2M3V> ,
w
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Figure 6.13: Feynman diagram for the three-body charged Higgs decay HT — t*b —
W+bb.

|Vip|?
F(t—>H+b) = m Al/z(m?,mg,Mg[i)
t

x [(m +mg — M) (misal® + mileul?)
— dmim? Re(gdq)} , (6.17)
with A(z,y, 2) = 22 + 3%+ 22 - 2(zy + 22 +yz) and g = 2Myy /v. QCD vertex cor-
rections to t — H*b and t — Wb 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(HY -1+ _ " 1— my M 2
( — Vl) 87'['1}2 MIQ_]i H* ’gl’ )

- ch“/"|2 17 o (M :t)
T owdy) = 2L A2 2 2 02 L as\Mpx)
D(HT — udj) = IVEm A2 (M, m? m3.) (1+ 3 - )

+ 4m3i m?lj Re(sq g{j)} , (6.18)

where N is the number of colours. Running MS quark masses entering in these
expressions are evaluated at the scale Mg+, and the leading QCD vertex correc-
tion to H+ — ud has been taken into account [78].

When the charged Higgs mass satisfies Mg+ > My + 2my, three-body de-
cays of the charged Higgs mediated by a virtual top quark can be relevant, see
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Figure The decay width for H+ — t*b — WTbb is given in the A2HDM by

- - Ne ¢*Vp|*
C(HT — t*b — Wtbh) =
(T = 00 = W) = o3 M2
G(s23, 513)
d dspg —~223)513) 6.19
X/ 823/ 513 [823_mt2]27 ( )

where

G(s23,513) = {MVZV(MP:’,) +2 (p2p3)(p1p2)} {‘§u|2 mi — |sq|? mi kﬂ

+ [Mm3 (psk) + 2m3 (p2ps) (p2k)|

x 215 (p1k) + 2mP Re(susy)] , (6:20)
with:
k=pa+ps, kK =s, (pp3) = %(813 —2my), (6.21)
(p2p3) = 1( 03 — M, —mj), (p1p2) = = (MZs +mi — s93 — 513) .

2 2

The integration limits are:

. 1
S%m = Km {(M%Ii — MI%V)2 — |:)\1/2(M?_Ii7 8137M3V)
2
Te——
1
sax P {(MIQ:[i — MZ)? - {/\I/Q(ngiasl&MI%V)

2
— A2(s13,m3,m)| } (6.22)

with

Amj < s13 < (M= — Mw)*. (6.23)

6.B Statistical treatment and experimental data

The experimental h(126) data used in the fit can be found in Tables and
[6-3} experimental uncertainties are assumed to be Gaussian. To obtain the pre-
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Table 6.2: Ezperimental 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) || —0.31+£1.25 | Ref. [2] | 1.57+£1.13 | Ref. [4]
WW (ggF) 0.79+052 | p=—-0.2 [[076+035 | p=—0.3 |
WW (VBF+VH) || 1.6+1.25 Ref. [2] || 0.24+1.14 | Ref. [4]
ZZ(incl.) 1.5+0.4 Ref. [2] | 0.92+£0.28 | Ref. [4] |
v (ggF) 1.6 £ 0.6 p=-03 || 047+049 | p=-0.6
vv(VBF+VH) 1.76 £1.28 | Ref. [2] 1.6+1.14 | Ref. [4]

Table 6.3: Experimental data from CDF and D@ at \/s = 1.96 TeV.

’ Channel H i ‘Comment‘

bb(VE) || 1.59£0.71 | Ref. [5)
77 (incl.) 1.7£2.0 Ref. [5]
WW(incl) || 0.04+0.84 | Ref. [5]
yy(incl.) || 5.97+£3.25 | Ref. 5]

ferred values for the parameters of the A2HDM we build a global x? function. For
some channels the correlation coefficient p between different production modes
can be estimated from the 68% CL contours provided by the experimental col-
laborations, assuming that the Ax? = x? — x2.., is well described by a bivariate
normal distribution. This information is taken into account in the fit. The 68%
and 90% one-dimensional confidence level (CL) intervals are given by Ay? = 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 lat-
est B — X, experimental measurement, Br(B — X¢Y)g,>1.6 gev = (3.41 &
0.22) x 107% [79]. The theoretical prediction of this quantity is obtained follow-
ing Ref. [80]. The calculation of R, within 2HDMs was detailed in Ref. [81]; the
experimental value is Ry = I'(Z — bb)/T'(Z — hadrons) = 0.2162940.00066 [32].
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Abstract: After the recent discovery of a Higgs-like boson, the possibility of
an enlarged scalar sector arises as a natural question. Experimental searches for
charged scalars have been already performed with negative results. We analyze
the phenomenology associated with a fermiophobic charged Higgs (it does not
couple to fermions at tree level), in two-Higgs-doublet models. All present ex-
perimental bounds are evaded trivially in this case, and one needs to consider
other decay and production channels. We study the associated production of a
charged Higgs with either a W or a neutral scalar boson, and the relevant decays
for a light fermiophobic charged Higgs. The interesting features of this scenario
should result encouraging for the LHC collaborations to perform searches for such
a particle.
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7.1 Introduction

The recent discovery of a boson with mass around 125 GeV by the ATLAS
[1-4], CMS [5H7], DO and CDF [81|9] collaborations is the first direct hint of the
electroweak symmetry-breaking mechanism. The experimental data confirm that
it is a Higgs-like scalar with couplings compatible with the Standard Model (SM)
predictions. However, this new particle could belong to an enlarged scalar sector.

In order to give mass to fermions and gauge bosons while preserving gauge
invariance, the SM assumes the presence of one SU(2) electroweak scalar doublet
with a non-zero vacuum expectation value. However, no fundamental principle
or symmetry forbids the presence of additional scalar doublets. The simplest ex-
tension of the SM is the two-Higgs-doublet model (2HDM) [10,{11], which leads to
a richer scalar sector and very interesting phenomenological implications |1244].
Generic multi-Higgs doublet models give rise to unwanted flavour-changing neu-
tral current (FCNC) interactions, which are found to be very suppressed experi-
mentally. The FCNCs can be eliminated at tree level by requiring the alignment
in flavour space of the Yukawa matrices [15]. The so-called aligned two-Higgs-
doublet model (A2HDM) contains as particular cases the different versions of
2HDMs with discrete Z; symmetries while at the same time introduces new
sources of CP violation beyond the CKM phase.

The main feature of the 2HDM is the presence of three neutral and one
charged Higgs bosons. Finding extra neutral or charged scalar bosons would
be a clear signal of an extended scalar sector. The ATLAS [45,/46] and CMS
collaborations [47] have performed direct searches for a charged Higgs particle.
However, since no excess has been found over the SM background, this only
allows us to further constrain the parameter space of the various types of 2HDMs;
recent analyses within the A2HDM have been performed in [12-14]. In their
searches, both collaborations assume that the charged Higgs is produced in a
top-quark decay (t — H'b) and that it decays dominantly into fermions; i.e.,
H* — q,qq, [Tv;. However, all experimental bounds would be trivially evaded
for a fermiophobic charged Higgs, i.e., a charged scalar which does not couple to
fermions at tree level. In order to probe such scenario, other production channels
and decay rates would have to be considered. Although such analyses have not
been yet performed by the LHC collaborations, they become more compelling
as the experimental bounds on a non-fermiophobic charged Higgs are getting
stronger, at least in the low mass region. The fermiophobic scenario is a simplified
model that, if it turns out to be the one preferred by Nature, would allow us to
measure (or at least estimate) for the first time the parameters of the scalar
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potential. This is usually a rather difficult task in more generic 2HDM settings.
It is also worth mentioning that a fermiophobic charged Higgs is present in the
inert 2HDM [48,/49], where one of the neutral scalars is a nice candidate for dark
matter [32135,37,/5058]. The discovery of a fermiophobic H* particle could be
interpreted in this case as an indirect signal of the presence of dark matter.

In this work, we shall focus our analysis on the search of a light fermiophobic
charged Higgs HT, with mass in the range My+ € [My,, My + Mz] so that only
a few relevant decay modes are kinematically open. We will study the two most
important production channels for a fermiophobic H*: associated production
with either a W¥ boson or a neutral scalar. Due to their similarity with the SM
Higgs production channels, one expects them to be experimentally accessible at
LHC energies. Next-to-leading order (NLO) QCD corrections will be included for
both cross sections, and the bounds on the various parameters of the model from
the current LHC data [12] will also be taken into account. The main features of
the A2HDM are briefly presented in section 2. Section 3 discusses the calculation
of the various decay rates and production modes. Finally, in section 4 we perform
a phenomenological analysis, assuming different scenarios for the scalar spectrum,
and conclude in section 5 with a summary of our results. Some technical details
are given in four appendices.

7.2 The Aligned Two-Higgs-Doublet Model

The 2HDM extends the SM with a second scalar doublet of hypercharge Y =
%. The neutral components of the two scalar doublets acquire vacuum expectation
values that are in general complex, <O|¢)((ZO) ()]|0) = % vg €% (a = 1,2), although
only the relative phase § = 05 — 6, is observable. It is convenient to perform
a global SU(2) transformation in the scalar space (¢1, ¢2), characterized by the
angle § = arctan (v2/v1), and work in the so-called Higgs basis (®1, ®3), where
only one doublet acquires a vacuum expectation value:

Gt HT
élzl 1 S 'GO ‘| ) ¢2:l 1 S. S ] 3 (71)
—ﬂ(v—l- 1+ ) 75( 2+1 3)

where G* and G° denote the Goldstone fields. Thus, ®; plays the role of the SM
scalar doublet with v = \/v} + v3 ~ (v/2Gr)~ /% = 246 GeV.

The physical scalar spectrum contains five degrees of freedom: the two charged
fields H*(z) and three neutral scalars ) (z) = {h(x), H(z), A(z)}, which are re-
lated with the S; fields through an orthogonal transformation ¢?(z) = R;;S;(x).
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The form of the R matrix is fixed by the scalar potential |14], which determines
the neutral scalar mass matrix and the corresponding mass eigenstates. A de-
tailed discussion is given in appendix [T.A] In general, the CP-odd component
S3 mixes with the CP-even fields S; 2 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(x) and

h _ cosa sina S
(H) o [—sind cosd] <52>' (7.2)

Performing a phase redefinition of the neutral CP-even fields, we can fix the sign
of sin@. In this work we adopt the conventions M; < Mgz and 0 < & < 7, so
that sin & is positive.

The most generic Yukawa Lagrangian with the SM fermionic content gives rise
to FCNCs 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 [15]; 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 proportionality parameters ¢ (f =
u, d,l) 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 read [15]

V2

Ly = —~=H{aaVMiPr— <« M{VPL]d + q7MPrl}
1 0 -
== 2 i@l [FMfPrf] + e, (7.3)
% f
where Pgr 1, = 1i275 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:

0 . ? : *
Yoy = Rir + (Rig + i Riz) sai » Yo' =R+ (Rizg — i Riz) < - (7.4)

As in the SM, all scalar-fermion couplings are proportional to the correspond-
ing fermion masses, and the only source of flavour-changing interactions is the
Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix V' [59,60]. The usual
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models with natural flavour conservation, based on discrete Z9 symmetries, are
recovered for particular (real) values of the couplings < [15].

The full set of interactions among the gauge and scalar bosons is given in [14].
The coupling of a single neutral scalar with a pair of gauge bosons takes the form
(V=W,2)

gpovy = Rit gy » (7.5)

which implies g21v+9% v+ 94y = (9hay,)%. Thus, 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.

In the following analysis we are also going to need the coupling of a neutral
scalar with a pair of charged Higgses. We have parametrized the corresponding
interaction as:

£@0H+H7 = —U Z A(P?H+H7 (p? H+H_ (76)
?

Explicit expressions for the reduced cubic couplings )\Lp? +H-, in terms of the
generic Higgs potential parameters, can be found in [14].

The phenomenological constraints on the A2HDM parameters have been stud-
ied in detail in Refs. |[12H21]. For a light H + loop-induced processes dominated
by top contributions (ex, Z — bb, B°~B° mixing) impose a tight (95% CL) up-
per bound on the up-type alignment parameter: |g,| < 0.77 (1.7), for Mg+ = 80
(500) GeV. Owing to the much smaller fermion masses, the constraints on the
down-type (and lepton) parameter are very weak; one imposes instead [¢4| < 50
to guarantee a perturbative Yukawa coupling. In the popular type-II 2HDM
(su = —1/sqg = —1/g = cot f), the decay B — X,y excludes charged Higgs
masses below 380 GeV [61] at 95% CL, because the SM and charged-Higgs con-
tributions interfere constructively. This is no longer true in the more general
A2HDM framework, where one only gets a combined correlated constraint on
Mpy+, ¢, and ¢z, which allows much lighter values of the charged-scalar mass in
a restricted region of the parameter space g,—cg [16-18].

The symmetries of the A2HDM protect in a very efficient way the flavour-
blind phases of the alignment parameters from undesirable phenomenological con-
sequences. The experimental upper bounds on fermion electric dipole moments
provide the strongest constraints on Im(cy), but O(1) contributions remain al-
lowed at present |20]. For simplicity, in section we will restrict our analysis
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to the CP-conserving limit and, therefore, will consider real alignment parame-
ters. The LHC data require the gauge coupling of the 125 GeV boson to have
a magnitude close to the SM one. Assuming that it corresponds to the light-
est CP-even scalar h of the CP-conserving A2HDM, the measured Higgs signal
strengths imply |cos@| > 0.90 (0.80) at 68% (90%) CL [12-14]. Direct searches
for a heavier neutral scalar (H) provide upper bounds on |sin &| as a function of
My, which at present result in a weaker constraint on the mixing angle [12].

In the following we will explore the intriguing possibility that the charged
scalar could be fermiophobic, i.e., that its tree-level couplings to fermions vanish
(Su,ay = 0). All current experimental bounds are then trivially avoided, in par-
ticular the flavour constraints [16]. The Yukawa couplings of the h(125) boson
scale in this case, with respect to the SM ones, with the same factor as the gauge
couplings: y}‘ = R11 = cosa. The global fit to the Higgs signal strengths results
in the slightly improved bound | cos @| > 0.86 at 90% CL [12].

In the fermiophobic (and CP-conserving) limit, the CP-odd scalar A has also
vanishing Yukawa couplings. Therefore, it only couples via multi-Higgs interac-
tions with an even number of A bosons, or through its gauge couplings (AW*HT,
AZh, AZH, A2Z?, A>°W*W~, AH*W¥~, AH*WTZ). Thus, a light A boson
might be very long-lived. While this could have cosmological implications, it is
not in conflict with the relic-density constraints [32,33}50-58].

A more specific version of the fermiophobic scenario is provided by the inert
2HDM [48,/49], which assumes a discrete Z; symmetry in the Higgs basis such
that all SM fields and ®; are even (®; — ®;) under this symmetry while the
second (inert) scalar doublet is odd (®o — —P2). In this restricted case, there
is no mixing between the CP-even neutral scalars h and H; i.e., cos@ = 1. The
spectrum of the inert 2HDM is described in appendix [7.A.1

7.3 Decay and Production modes

We are going to analyse the possibility of having a fermiophobic charged
Higgs with a mass in the restricted interval My+ € [My, My + Mz]. In this
region, the only relevant decay rates are Ht — Wty and Ht — W), We
are mainly interested in the one-loop suppressed decay H* — W™~, the only
two-body kinematically allowed decay mode, but we need to account also for the
tree-level decay into a W™ boson and a neutral scalar, which cannot be both
on-shell simultaneously for the whole considered kinematical region. Thus, we
shall consider three-body decays like HT — W ff mediated by the neutral
scalars ¢ and HT — @) f,, fq mediated by a virtual W, where f,f; stands for
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quark pairs g,qq, or lepton-neutrino pairs [Tv;. The loop-induced decay HT —
fufs has a strong Yukawa suppression m?c /v? and, therefore, it is irrelevant for
this discussion. When surpassing the My + Mz threshold, the one-loop decay
H*™ — W*Z would enter the game and we would also be close to the top-quark
production threshold. The analysis of these two extra decay modes lays beyond
the goal of this paper.

7.3.1 HT - Wty

The first process that we are going to analyse is H*(k + q) — W (k)v(q).
Owing to the conservation of the electromagnetic current, the decay amplitude
must adopt the form:

M = T e (q) e, (k),
T = (¢"k-q—k'g") S + i e Plyqs S, (7.7)

where S and S are scalar form factors. To obtain this expression, we have con-
sidered the most general Lorentz structure for the effective I'* vertex, and have
imposed the electromagnetic current conservation condition g, I'*” = 0. All terms
proportional to ¢* and k¥ have been also eliminated, as they cancel when con-
tracted with the polarization vectors of the photon and the W boson. Note that,
accidentally, the Ward-like identity &, I'** = 0 also holds for ([7.7)).

In the unitary gauge, the decay proceeds at one loop through the three sets of
diagrams shown in Fig. fermionic loops (set 1), scalar loops (set 2) and loops
with both gauge and scalar bosons (set 3). Each set is transverse by itself, i.e., of
the form given in . We can then decompose the result into the three separate
contributions: S = S(1) + S(z) + S(3) and S = 5(1) (the only contribution to the
structure e*V*? k,, gp comes from the fermionic loops). One can further simplify
the calculation of S(;) by only considering the terms of the transverse set j that
contribute to the structure k#¢”. In order to calculate these contributions, one
only needs to compute diagrams 1.a and 1.b for the first set, 2.a for the second
set and 3.a for the third one.
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Figure 7.1: One-loop diagrams contributing to HT — W+ in the unitary gauge.

We obtain the following expressions for the form factors:

aNc|Vpl? ! !
Sy = “omus, /0 dx/o dy [Qex +Qy (1 — )]
8 —gum% x(2zy —2y+1) + gdmg (1 —2)(1 —2zxy) (7.8)
Mg x(x—1)+mi(1—a)+mic+ (Mj —Mi )ay(l—x)’ '
Qv ) 1 1
2 _
y zy (1 —x) (7.9)

Ma,x(x—l)—FMiQ (I—a)+Mioa+ (M§ —Mi)zy(1—2)
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(6] ) 1 1
S = Z Ri1(Ri2 — iRi3) /0 dac/o dy z?

21V 8y,
2Mj, + (Mps + M, — M2) y (z — 1)
X - ,
M3, 2 + M;? (1—a)+ (M3 —Mi ) ay(1—x)

(7.10)

2
g — O‘NC’th’/ldgg/ldy Qi+ Qp (1 —2)]
0 0

2T U Sy,
umi x + sami (1 — )
Mg z(@x—1)+mi(1—a)+mic+ (Mj —Mi)ay(l—x)’
(7.11)

X

with s, = sinf,,. The calculation of S(3) has been also performed in the Feyn-
man (£ = 1) gauge, where additional diagrams with Goldstone bosons are present,
verifying that these expressions are gauge independent. Our results are in agree-
ment with the recent calculation of the HTW ™~ effective vertex in Ref. [62].
This calculation was also done many years ago by several groups [63-66] using a
somewhat different notation.

The H* — W' decay width is easily found to be:

M3, M2, \° N
THT > Why) = &= (1- W SIP+1S1) . 7.12
( 0= g (1maps) (SP+IsP). (12)
This one-loop decay rate is in general much smaller than the tree-level decay rates
of a charged Higgs into fermions. However, it becomes relevant if the charged
Higgs is fermiophobic (sf — 0). In this case, the first set of diagrams (which has
only been presented for completeness) does not contribute.

7.3.2 HT™ - Wt
The H* decay rate to on-shell W+ and ¢? bosons is given by
D(HY = W) = - R+ RE) AY2(M2y, M, M3
( — ‘101) 1653\; M]:%[:t MI%V ( z2+ 7,3) ( 50?’ H*> W)a
(7.13)

with the usual definition of the lambda function A(x,y, 2) = 22 + 32 + 2% — 2zy —
2xz — 2yz.
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Figure 7.2: H* - W ff process mediated by the virtual neutral scalars 9 (left)
and HY — @ f, fq mediated by a virtual W (right).

The corresponding three-body decay rate to W+ ff, with off-shell neutral
scalars (Fig. left), takes the form:

_ o? NI m2 (M p+ —Mw)?
T(HT = W*ff) = ¢ _f / dsa3
( ) 128w st M3 . My, 4m?
4m2 1/2
X N2(MEy, MY, s03) (1— f)
523

X Z (Rig — iRi3) (Rjg + iRj3) Mij , (7.14)
2

where Né stands for the number of colours of the fermion f, 3 for quarks and 1
for leptons, sa3 is the square of the fermion-antifermion invariant mass and

0 pUx 0 0
M = (s23 — 2m%) Re(y?l yi' ) —2m7; Re(y}oz ys’) (7.15)

J

Obviously, the b-quark contribution will dominate because of the global factor
m% Therefore, we will neglect the other fermionic final states.

For the decay HT — ¢ f,f4, with an of-shell W (Fig. right), we are
going to consider all possible final states, quarks and leptons. We exclude the
top quark, since this process is well below its production threshold. Neglecting
the final fermion masses, the sum over all kinematically-allowed decay modes
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amounts to a global factor
Q= (3+NC >y |Vuidj|2> =9, (7.16)
Ui=u,c dj=d,s,b

where the unitarity of the CKM matrix has been used. The total decay width can
be expressed as an integral over the fermion-antifermion invariant-mass squared:

. Q 302 (RE +R%) [Mux—Mpo)*
I(H" — SO? Z fuld) = < 12 13 / © dsos
( = ) 9 6dmsi M. o
)\3/2(M2i7M207823)
x 02 o (7.17)

(523 — M;)?

7.3.3 Charged-Higgs Production

In order to see if the fermiophobic scenario can be experimentally probed, one
needs an estimation of the production cross sections for different channels. Here
we will consider two possibilities, the associated production with a neutral scalar
and the associated production with a W boson (Fig. [7.3). The q,qq — HT ¢!
production process is by far the most interesting channel, as it requires the least
number of new parameters. For initial-state massless quarks, the leading-order
(LO) partonic cross section reads

g* Vud*  (RL+RE) \3/2

5(quiy — HT¢Y) =
o (@u %) = T8 a N, @ (5— M2,)?

(3, Mfre, M20),  (7.18)
where § is the partonic invariant-mass squared. The NLO QCD corrections are
available and can be expressed in a very simple form, as shown in appendix [7.C]
The associated production with a W boson can proceed through either qq or
gg fusion. The partonic LO cross section for the ¢q fusion process, is given by

g9 my 1
128 w M3, 82 v N,

QN

6(qq — HTW™) =

4m2 1/2
x A3%(3, M?., MZ,) (1— f’)
S

X Z (Rig + iRi3) (Rjg — iRjg) Mj R (7.19)
b,J
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Figure 7.3: LO contributions to the charged-Higgs associated production with a
W boson (diagrams a, b) or a neutral scalar (diagram c), in the fermiophobic
scenario.

with the reduced amplitudes

2 ©Y ¥}
(58— ) (yq yq )_2mq Re(yq'yq”)
5—

Ny = M2 +iMgoT o) (8 — M2, — iMoT o)
w; PP

= (7.20)
(
We have kept the dependence on the initial quark masses, since otherwise the qq
Yukawa coupling vanishes. This implies a strong suppression of this production
mechanism by a factor mg Jv2.
The gluon fusion mechanism dominates by far the previous one. The corre-
sponding LO cross section at the partonic level takes the form

ozg TI%
4096 73 v4
X Z i2 + ZRZ;?, (R iRjg) gi]- s (7.21)

6lgg — HTW™) = N32(5, M?., ME,)
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where Tr = 1/2 is the SU(3) colour group factor and the reduced amplitudes G;;
are given by

0 @0 " 0 0 "
G = Z Re(y(fz)Re(yq,])f(:cq)}"(a:q/) +Im(y?fl)lm(yqﬂ)IC(a:q)lC(a:q/)
ij = 2 2 - 2 2 : ’
" (8§ — Mcp? + ZMSD?F‘P?) (8§ — ng — ZM¢?F<P§;)
(7.22)
with z, = 4mg /8. The explicit expressions of the different loop functions are:

T

Fla) = S+ (@ - D), K@) = —5 f@),  (123)
with
—4arcsin?(1/y/1), x>1
f(z) = — 72 : (7.24)
[In(%)—m} , x<l1

We have regulated the propagator poles with the term M ?F¢?, both in Egs. @P
and , because in our analysis one of the neutral scalars will, most likely,
reach the on-shell kinematical region. NLO QCD corrections to the gluon fusion
channel are also available and will be taken into account; the details are given in

appendix [7.D]

7.4 Phenomenology

In the following phenomenological analysis, besides the fermiophobic charged-
Higgs assumption (¢ — 0), we are also going to consider that the Higgs potential
is CP-conserving. The consequence of this last hypothesis is that the CP-odd
neutral Higgs A will also be fermiophobic, as we have mentioned before in section
moreover A+ - = 0. This means that the decay H+ — W+A* - Wtff
does not occur and A does not contribute either to H+ — WT~. The charged-
Higgs production amplitudes mediated by a virtual A also vanish. The CP-odd
scalar can contribute to H* production in a direct way through the ¢,q; — W* —
H™ A production channel or, in an indirect way, by modifying the total decay rate
I‘@), which regulates the pole in the CP-even scalar propagators ((p? = h, H),
through decays like ¢ — AA or ¢) — AZ. The decay H — Ah cannot occur
at tree level because all cubic vertices of the scalar potential involving an odd
number of A fields vanish in the CP-conserving limit. The total decay width Fw?
is the sum of all the decay rates explicitly presented in appendix [7.B]
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In our particular case, the expressions for the Yukawa couplings simplify and
become equal to the reduced scalar couplings to two gauge bosons. They are
given by

y;% = z%gd“j =Ry =cosa, y}{ = ggI}Sj‘l\‘///I;/ = R9; = —sina, (7.25)
y? = gayy = Ra1 =0. (7.26)

Even within the restricted range of charged-Higgs masses we are interested
in, My+ € [My, My + M|, the possible phenomenological signals depend on
the choice of masses for the remaining scalars. In the following subsections, we
will therefore consider different scenarios for the scalar spectrum. The first part
of the analysis will be dedicated to the study of the various decay modes of the
charged Higgs and the second part will focus on estimating the production cross
sections.

7.4.1 Decay rates and branching ratios

One of the two CP-even scalars should correspond to the Higgs boson discov-
ered at the LHC, but a broad range of masses is allowed for the other two neutral
scalars. We will consider the following four scenarios, which cover the different
possibilities:

1. My =125 GeV and MA,H>Mw+Mz.
2. M, =125 GeV and M4 < My + Mz < My.

3. My = 125 GeV < My < Mw + Mz and three different options for A
(MA<MH, Mg < My < My + Mz and MA>Mw—|—Mz).

4. My =125 GeV, M, =90 GeV and My < My + My.

7.4.1.1 First Scenario

In the first scenario the mass of the lightest CP-even scalar is set to My, = 125
GeV. Therefore, the strong constraint on the scalar mixing angle, from the global
fit to the light Higgs boson signal strengths using the LHC data, must be used:
|cosal > 0.9 at 68% CL |12H14]. The masses of the remaining neutral scalars
are considered to be greater than My + My so that decays of a charged Higgs
into an on-shell H or A are kinematically forbidden. In the limit cos@ — 1, the
only surviving decay amplitude (not proportional to sin &) is the contribution of
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Figure 7.4: Charged-Higgs branching ratios as functions of Mg+ € [My, My +
My], for cosa = 0.9, My € [My + Mz, 500 GeV] and \,g+pg- = Agg+g- = 1
(top-left), 0 (top-right) and -1 (bottom-left). The corresponding total decay
widths are shown in the bottom-right panel (Af = MH+H-, )\ffl = A\gg+H-)-

H to the amplitude S(5y. Thus, in this limit the branching ratio of H T Wty
is 100%; all the other decay channels vanish.

If weset cosa = 0.9, \p,g+g- = Agg+g- = 1, vary the charged Higgs mass in
the region My« € [My, My + Mz] and My from My + Mz up to 500 GeV, we
obtain the branching ratios (top-left) and total decay width (bottom-right) shown
in Fig. [7.4] The width of the branching ratio bands reflects the variation of the
input parameters in the mentioned ranges. The same consideration is valid for the
following scenarios. The decay channel H* — W~y dominates for My+ < Mj,.
When the charged Higgs is kinematically allowed to decay into an on-shell h,
then HT — hf,fq rapidly becomes the dominant channel as My+ grows. The
remaining HT — W*bb branching ratio stays at a few percent level or less for
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the whole allowed region. The total decay width approximately grows from 10~
up to 1078 GeV, in the region dominated by the radiative HT — W~ decay,
and sizeably increases up to 107° GeV, once the hf,fy production threshold is
reached. The tree-level decay rates are significantly larger than the loop-induced
one. Flipping the sign of cos & leads to an equivalent solution with a sign flip of
the coupling Ay, g+ p—. This is also valid for the next scenarios.

If, instead, we consider all the previous settings but taking this time A\, g+ - =
Agr+m- = 0, then the only amplitude that contributes to the H+ — W~ de-
cay channel is S(3), which is suppressed by a factor sin&. As shown in Fig.
(top-right), this channel remains the dominant one up to Mg+ 2 My, but with a
sizeably smaller decay width (bottom-right). The HT — W*bb branching ratio
is also more sizeable, raising up to the 10% level.

Let us now consider A\, g+y- = Agg+r- = —1 and everything else as previ-
ously. In this particular case the amplitudes S) and S(3) interfere destructively
and, as a consequence, the decay HT — Wtbb competes with Ht — Wtr.
Thus, the Wb decay channel can dominate in some cases. However, as soon
as the charged Higgs reaches Mg+ 2 Mjy, the dominant decay mode is again
H* — hf,f4, as in the previous cases (Fig. bottom-left).

7.4.1.2 Second Scenario

In the second scenario the mass of lightest CP-even scalar is set to My, = 125
GeV and My > My + My, as in the first one, but this time we assume the CP-
odd Higgs boson A to have its mass below the W Z threshold (M4 < My + Mz).
The decay of the charged Higgs into an on-shell A is then kinematically allowed,
but into an on-shell H is forbidden. The same constraint as before is considered
for the scalar mixing angle. Taking the limit cos& — 1, this time there are two
surviving decay amplitudes, HT — WTy and H* — Af, f4.

Let us consider cosa = 0.9, Ay,g+g- = Agg+yg- = 1 and M4 = 90, 130 and
150 GeV. For each value we shall vary My from My + Mz up to its allowed
upper bound from the oblique parameters (at 68% CL) |12H14], with a maximum
limit of 500 GeV. We obtain then the branching ratios and total decay widths
in Fig. We observe that for My = 90 GeV (top-left), when kinematically
allowed, the decay to an on-shell A boson rapidly becomes the dominant one as
M+ increases. For this configuration the Wbb channel is insignificant. When
My = 130 GeV (top-right), which is close to M}, the decays into an on-shell h or
A boson compete. However, the decay to Af, f; still dominates even if the masses
are similar because of the relative suppression factor sin? @ of the hf, fq width.
As M4 becomes heavier, M4 = 150 GeV (bottom-left), the decay rate into an
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Figure 7.5: Charged-Higgs branching ratios as functions of My« , for Ayg+g- =
Agg+g- = 1, cosa = 0.9 and My = 90 (top-left), 130 (top-right) and 150
(bottom-left) GeV. My is varied from My + My up to its permitted value by the
oblique parameters. The bottom-right panel shows the corresponding total decay
widths.

on-shell A boson does not grow as rapidly as in the previous cases; thus, hf,fy
dominates over Af,f; in the considered region. For the last two configurations,
that is M4 = 130 and 150 GeV, the Ht — WTbb decay channel can also bring
sizeable contributions.

The total decay width in this scenario can reach as high as 1072 GeV, see
Fig. (bottom-right). This is approximately two orders of magnitude larger
than in the previous case and it is due to the tree-level decays, as we mentioned
earlier. The maximum values are reached for the smallest mass of the CP-odd
scalar (M4 = 90 GeV).
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It is worth mentioning that, just as in the previous scenario, the Wbb branch-
ing ratio can be sizeably increased by decreasing the W+~ decay width through
a sign flip of the )‘30? g+g- couplings, creating destructive interference among
the various loop contributions. The same consideration is also valid for the next
scenario.

7.4.1.3 Third Scenario

In this scenario the mass of the lightest CP-even scalar is also set to My, = 125
GeV, while the heavy CP-even Higgs boson H has its mass in the range My <
My < My + M. For the mass of the remaining CP-odd scalar we consider three
different possibilities: a) My > My + My, so that the decay into an on-shell A
is forbidden; b) My < Ma < Mw + Mz, and ¢) My < My < My + Mz. In
the last two situations the H* boson could decay into any of the three neutral
scalars. Again, we use the LHC constraint |cosa| > 0.9 at 68% CL. In the
limit cos & — 1, there are three possible surviving decay channels: HT — W+,
H* — Hf,f; and, when kinematically allowed, Ht — Af,fa.

For all three cases we set A\ g+ = Agg+g- = 1 and vary cos @ € [0.9, 0.99].
In Fig. [7.6]| we show the H* branching ratios (top-left) and total decay width
(bottom-right) when My = 140 GeV and M4 > My + My (first case). To
illustrate the other two possibilities, we set (Mg, M4) = (140, 150) GeV (Fig.|7.6
top-right) and (Mg, M) = (150, 140) GeV (Fig. bottom-left). The total H*
decay widths for these two last configurations are very similar to the first one.

The H* decay into an on-shell h boson has a global relative suppression factor
of tan? & with respect to the decay into an on-shell H and sin? & with respect
to the decay into an on-shell A. Therefore, when hf,f; competes with H f, f4,
the later one dominates as cosa@ — 0.99 (Fig. upper-left). When all three
channels compete, the decay rate into the heaviest scalar boson grows the slowest
and, therefore, brings a sub-dominant contribution to the branching ratios.

7.4.1.4 Fourth Scenario

In this last scenario we are going to set the mass of the heavy CP-even scalar
to My = 125 GeV; therefore, the LHC bounds translate into |sin&| > 0.9 at 68%
CL. The mass of the light CP-even scalar will be set to M;, = 90 GeV. As for the
CP-odd one, we will consider three possible values: M4 = 150, 140 and 110 GeV.

In order to safely avoid the stringent constraints on light scalar masses from
LEP [67,/68], we need to have very suppressed decay and production channels.
In our particular case with ¢; = 0, CP-conserving potential, and My > M,
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Figure 7.6: Charged-Higgs branching ratios as functions of My« , for Ayg+g- =
Agg+g- = 1, cosa € [0.9,0.99], My = 140 GeV, My > My + My (top-
left); (Mg, Ma) = (140,150) GeV (top-right) and (Mp,My) = (150,140) GeV
(bottom-left). The total decay width for the first case is also shown (bottom-right).

(therefore the decays h — AA and h — AZ are forbidden), we have the simple
relation I', = cos? & F,SLM. Here T'y, is the total decay rate of the light CP-even
scalar boson with My, < My = 125 GeV, and I‘%M the corresponding decay rate
in the SM for a Higgs boson with the same mass Mj,. The cos? @ suppression
factor is common to all allowed h — ff decay modes, and cancels out in the
branching ratios. The same suppression factor appears in the LEP production
rate, so that the signal strengths, relative to the SM, are then given by
L o(ete”™ — Zh) Br(h — X) 9 .

= = 7.2
X = Glete = Zh)su Br(h — X)su > @ (7.27)
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with X = bb and 7t7~. Thus, we have a global suppression factor cos?@. The
LEP constraints from the 777~ channel, which are the strongest ones in our
case, can then be avoided by setting cos? @ ~ 0.02 (sin@ =~ 0.99). The OPAL
collaboration has also performed a decay-mode-independent search for a light
neutral scalar and found the upper limits cos?a < 0.1 (1) for M) < 19 (81)
GeV [67], which are weaker (in our case).

It is worth mentioning that in we have ignored the charged-Higgs con-
tribution to the h — 7 decay rate. If however, we choose to enhance it through
the H* loop contribution, it would only further suppress the fermionic branching
ratios, weakening the bound on sin &.

With all this being said, we set sin@ = 0.99. In Fig. [7.7 we plot the
H? branching ratios for M4 = 150 (top-left) and 140 GeV (top-right), taking
AMH+H- = Agg+p-- In both plots we can observe that, when kinematically
allowed, the tree-level Ht — hf, f; decay dominates. In this case, this decay no
longer has a suppression factor as its partial width is proportional to sin? & ~ 1.
The suppression factor appears now in the H f, f; decay mode with a partial de-
cay width proportional to cos? &. This is why, when M4 ~ My, the decay into
an on-shell A boson dominates over the decay into an on-shell H. Both A and H
contributions are, however, very suppressed due to their heavy masses. It is also
worth mentioning that a small variation of M4 can produce a significant change
(roughly, one order of magnitude) in Br(H+ — Af,f;), as can be seen in Fig. n
(top-left and top-right).

For the last case we set M 4 to 110 GeV. The perturbativity bounds on neutral
scalar couplings to a pair of charged Higgses, for the considered region of the
charged Higgs mass, are roughly given by \)\@? gl < 5 (here ) = h, H)
[14]. In order to see the impact of these two parameters on the H* branching
ratios, we will vary both independently in this region. The result, shown in
Fig. (bottom-left), is that W~ and hf,fs compete, even after crossing the
h production threshold. Since M4 is lighter than in the previous two cases, the
Ht — Af,fq branching ratio can also reach higher values. The total decay rate
for this configuration is also shown in Fig. (bottom-right).

As we have seen, in the four proposed scenarios, the configuration of the H+
branching ratios depends very sensitively on the chosen parameters. However, we
can draw some important conclusions. There are only a few decay channels to
be analysed and the largest decay widths are the tree-level ones, corresponding
to the on-shell production of scalar bosons. Thus, the number of decay channels
decreases as the number of neutral scalar bosons that are heavier than the charged
Higgs (i.e., ng > Mp+) increases. The W+~ decay mode can bring sizeable
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Figure 7.7: Charged-Higgs branching ratios as functions of Mg+, for sina = 0.99
and My = 90 GeV. The trilinear couplings are set to A\pg+H- = AgH+H- =
1, with Ma = 150 GeV (top-left) and Ms = 140 GeV (top-right), and
MH+YH- A\HH+H- € [—5,5] with M4 = 110 GeV (bottom-left). The total de-
cay width (bottom-right) for the last case is also shown.

contributions below and close to the the on-shell production threshold of a scalar
boson. Short after this threshold is reached, as My+ grows, the H™ — Wty
branching ratio rapidly decreases. As we have shown, the H* — WTbb decay
can dominate over H* — W™+ in some cases, depending on the values of the
Aw? g+ couplings. If a fermiophobic charged Higgs is finally discovered in this
mass range, the precise values of its mass and branching ratios would provide
priceless information about all other parameters. The masses of the remaining
scalars would also be highly constrained by the electroweak oblique parameters.
These constraints were used in our second scenario, because they put an upper
bound on Mp;; we did not mention them in the other cases, since they do not bring
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additional constraints. The mean lifetime of a fermiophobic charged scalar is
short, ranging from 10! to 10723 s, making its direct detection very compelling
at the LHC.

7.4.2 Production cross sections

In order to estimate the total hadronic cross sections for the various produc-
tion channels, we need to convolute the partonic cross sections with the corre-
sponding parton distribution functions (PDFs). Here we will use the MSTW
set [69]. Moreover, we will compute the cross sections at the NLO; i.e., in-
cluding the LO QCD corrections, for which simple analytical expressions can
be obtained [70}/71]. For the ¢,qq — Hﬂo? associated production, the O(as)
contributions simply correspond to the QCD corrections to the Drell-Yan pro-
cess quqq — W™, integrating over the virtuality of the W boson. As for the
HTW ™ associated production, the needed QCD corrections can be easily ex-
tracted from the SM Higgs production channels ¢¢ — h and gg — h. At the
LHC, gg — H*W ™ production dominates over qg — H+*W~. For typical LHC
hadronic center-of-mass energies, i.e., \/s ~ 14 TeV, the latter only corresponds
at LO to a few percent of the total pp — HTW ™ cross section, so we can safely
neglect it. The detailed expressions of the hadronic cross sections and the QCD
corrections are given in appendices [7.C| and [7.D] In order to estimate the theo-
retical uncertainty of the QCD enhancement factor K = onro/oLo, we vary the
factorization (up) and renormalization (ug) scales for on 1o, keeping both scales
fixed at their central value pur = ur = § for oro.

When one of the intermediate scalar bosons reaches its on-shell kinematical
region, one needs to estimate also its total decay rate. The explicit expressions
for the tree-level scalar decay rates are presented in appendix

7.4.2.1 H'y) associated production

Assuming the most general scalar potential, the LO partonic cross section,
given in Eq. , is proportional to the combination of rotation matrix elements
R? = (R%, +R%). We take away the explicit dependence on the scalar-potential
parameters, plotting in Fig. [7.8] (left) the ratio o(pp — HT¢Y)/R? at /s =
14 TeV, as a function of Mg+, for different values of ng which can be interpreted
as the mass of any of the three neutral scalars of the theory.

As expected, the cross section reaches higher values for lower scalar masses.
The most interesting case is of course Mw?:125 GeV, which could constitute a
very good detection channel, since we already know that there is one scalar with
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Figure 7.8: LO production cross section o(pp — HT¢Q)/R? at /s = 14 TeV
(left), as function of My=, for different values of My. The QCD K factor is
shown (right) for Mo =125 GeV and different choices of ur and pp

that mass. If we consider ¢? to be the light CP-even scalar of the theory, the
cross section is suppressed by a factor R? = sin?&. The measurement of this
production channel can be experimentally challenging due to the small value of
the cross section.

QCD corrections provide a mild enhancement of the cross section. The result-
ing QCD K factor is shown in Fig. . (right), for M, 0= = 125 GeV and different
choices of pur and pp. Its central value is around 1 2 similarly to other cross
sections of the Drell-Yan type.

7.4.2.2 HTW™ associated production

For this specific production channel we are going to consider two alternative
possibilities: we can either identify the 125 GeV boson with the lightest CP-even
scalar h, or with the heaviest one H. In the first case (M}, = 125 GeV), the scalar
H can be heavy enough to reach the on-shell region and, therefore, it is necessary
to regulate the propagator pole with its total decay width. In the second case
(My =125 GeV), both M, and My are below the HTW ™ production threshold
for the whole considered range of charged Higgs masses. Therefore, there is no
need to regulate the h and H poles (assuming their total decay widths to be
small).
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A) M, = 125 GeV.

Let us first estimate the size of the H decay width for three representative
values of My (150, 200 and 400 GeV) and different choices for the cubic scalar
couplings. The CP-odd mass M4 will always be taken within the 68% CL range
allowed by the oblique parameters. In the following discussion, we set cos @ = 0.9
and ignore the loop-induced decays H — gg and H — <7, which are suppressed
by a sin? & factor with respect to the SM.

For My = 150 GeV, the H boson does not reach the on-shell region (its
mass is below the HTW ™ threshold) and its total decay width is in principle
not needed to regulate the propagator pole. However, 'y can induce sizeable
effects for small M 4 and large values of the cubic coupling Agya4. This is shown
in Fig. [7.9| (upper-left). When M4 > My /2, the H width is small because its
only relevant tree-level decays are H — bb, WW and ZZ. However, extra decay
channels like H — AA or H — AZ are open when one allows A to be light.
This possibility is exemplified in the figure, taking M4 = 50 GeV and Agaa =0
(therefore H — AZ is the only extra channel), and also for |[Agaa4| = 0.1, 1
and 5. The width I'y varies roughly from around 1073 up to 100 GeV for the
considered parameter configurations.

Let us now consider My = 200 GeV. If the CP-odd boson satisfies M4 >
Mg — My =~ 110 GeV, then the channels H — AA, AZ are closed. The open de-
cay channels are H — bb, WW, ZZ as before, plus two extra ones: H — HT*WF
(up to Mpy+ =~ 120 GeV) and H — HYH~ (up to Mpy+ = 100 GeV). When
kinematically allowed (and if [Agg+m-| is not too small), the decay into two
charged scalars is the dominating channel. There is also a sizeable contribution
from H — H*WT when this decay mode is open. The predicted values of I'y
are shown in Fig. [7.9] (upper-right) for different values of |Agp+p-|. If we take
instead M4 = 50 GeV, the channels H — AA, AZ open. The H decay width is
shown for this configuration in Fig. [7.9| (lower-left), as a function of the charged
Higgs mass, taking [Agaa| = 0,5 and |Agg+g-| = 0, 5. The total H decay
width obviously increases with increasing values of [Aga4| and |[Agg+pg-|- In the
considered range of cubic couplings, I'y can vary between 1 and 200 (70) GeV
when H — HYH™ is allowed (forbidden, My+ > My /2).

Taking a heavier mass My = 400 GeV, the electroweak oblique parameters
imply very stringent restrictions on M4: the only value that roughly satisfies
these constraints for the whole considered range of the charged Higgs mass is
My = 140 GeV. For this configuration, all the channels we have considered before
are kinematically allowed. Besides, there is an extra one, the decay into two light
CP-even scalars H — hh. Thus, we have three unknown couplings Ay a4, Agnh,
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Figure 7.9: Total H decay rate as a function of My« for a) My = 150 GeV
with different values of M4 and [Agaal (top-left), b) My =200 GeV and My >
My — Mg with different values of \* = |Ayg+pn-| (top-right), ¢) My = 200 GeV
and Ma = 50 GeV with different values of |Agm+p-| and |Amaal (bottom-left),
and d) Mg = 400 GeV and M4 = 140 GeV with different values for the set of
couplings (|Amaal, [ Aunnl, [ Ngg+a-1) (bottom-right).

and A g+ pg-- The lower-right panel in Fig. shows the resulting values of I'fy,
taking (|)‘HAA’7 ’)‘Hhh|7 |>‘HH+H*D = (07070)7 (57070)7 (07570)7 (0707 5)7 and
(5,5,5). The total H decay rate grows from around 30 GeV when the three cubic
scalar couplings are zero, up to approximately 150 GeV when their values are
(5,5,5).

Fig. (left) shows the predicted LO production cross sections at /s = 14
TeV, for representative values of My and I' 7, which cover the range of possibilities
we have just discussed: (Mpy, T'y) = (150,1073), (150, 50), (200,1), (200, 80),
(400, 30), and (400, 150) GeV. The cross section is very small when both CP-even
scalars are off-shell. For My = 150 GeV, o(pp — HTW ™) is roughly smaller
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Figure 7.10: LO production cross section o(pp — HTW ™) at /s = 14 TeV
(left), as a function of My«, for My = 125 GeV, cosa = 0.9 and different
values for the pair (Mpy, T'y) in GeV. The QCD K factor is shown (right) for
(Mp, Tg) = (400,30) GeV and different choices of ur and pp.

than 1073 pb. With My = 200 GeV and a large decay width I'y; = 80 GeV, the
cross section stays below 1072 pb; however, with a smaller width 'y = 1 GeV,
the cross section is enhanced by approximately two orders of magnitude (three
orders of magnitude with respect to the previous cases), in the region where My
is on-shell (Mpy+ < 120 GeV).

The most interesting case is when My = 400 GeV, because the cross section
gets enhanced by the on-shell H pole, reaching higher values around 0.1 pb. The
QCD K factor for this H mass and I'yy = 30 GeV is given in Fig.[7.10] (right), and
it is practically constant in the whole range of M +; it approximately corresponds
to the K factor for the production of a SM Higgs with a 400 GeV mass. Its central
value is around 1.9. A very similar K factor is obtained for I'yy = 150 GeV,
although with a smaller cross section.

Thus, a heavy H boson would be the most favourable situation from the
experimental point of view, with production cross sections between 1072 and 1 pb
at /s = 14 TeV, depending on the value of I'fy, which are potentially measurable
at the LHC. As we have seen, they are increased by a factor of ~ 2 by the NLO
QCD corrections. For the other configurations both CP-even scalars are off-shell
and the value of the cross section decreases by a few orders of magnitude, which
results pretty challenging for the LHC, if not impossible. Nonetheless, these small
values could turn out to be measurable in the future if the LHC luminosity is
increased by a factor of 10, as planned for its High-Luminosity option.
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Figure 7.11: LO production cross section o(pp — HYW ™) at /s = 14 TeV (left),
as a function of Myx, for My = 125 GeV, sina = 0.99 and M, = 20, 80, 100
GeV. The NLO QCD K factor (right) is shown for My = 20 GeV and different
choices of ur and pp.

B) My = 125 GeV.

In this case both CP-even neutral scalars are off-shell and their decay widths
can be neglected (assuming they are small). The scalar mixing angle must be
small enough to avoid the LEP constraints, thus we take sin & = 0.99, as we have
done before in the analysis of branching ratios. The mass of the light scalar will
be set to My, = 20, 80 and 100 GeV. The predicted LO production cross sections
at /s = 14 TeV are shown in Fig. (left). For the chosen values of Mj, they
range in between 107° and 10~% pb. These values are extremely small and lay
below the experimental sensitivity attainable in the near future. This scenario
is thus, the most challenging experimentally. The computed K factor, Fig
(right), has a similar value to the one obtained in the previous scenario.

7.5 Conclusions

The recent discovery of a Higgs-like boson has confirmed the existence of a
scalar sector, which so far seems compatible with the SM predictions. As it is
widely known, an enlarged scalar sector is not forbidden by the symmetries of the
electroweak theory, and there exists a broad range of possibilities satisfying all
experimental constraints. The direct discovery of another scalar particle would
represent a major break-through in particle physics, opening a window into a
new high-energy dynamics and providing priceless information on which type of
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extension, amongst many theoretical models of the scalar sector, is preferred by
Nature.

Here we have focused on a particular 2HDM scenario, characterized by a
fermiophobic charged Higgs, which would have evaded all experimental searches
performed until now. It is a quite predictive case, since all Yukawa couplings
are determined by the mixing among the neutral scalars. We have assumed
a CP-conserving scalar potential and have restricted our analysis to the range
M+ € [My, My + Myz], so that only a few decay modes are kinematically open.
We have presented detailed formulae for the loop-induced decay HT — W',
which becomes very relevant in this mass region, and for the tree-level three-body
decays of the charged scalar. We have analyzed the parameter space of the model,
in order to characterize the possible values of the H* decay width and branching
ratios, taking into account the constraints from LHC, LEP and flavour data.

The two most important production channels for a fermiophobic charged
scalar have been investigated, including NLO QCD corrections: the associated
production with either a neutral scalar or a charged W; i.e., quqq — HT¢Y and
gg — HTW~. The predicted cross sections are small in most of the parameter
space, making the experimental search challenging, but they become very size-
able (> 1073 pb) for large values of the mass of the heavy neutral scalar H. In
some extreme cases, cross sections between 0.1 and 1 pb are obtained. Thus,
the detection of a fermiophobic H* at the LHC seems plausible in the near fu-
ture. The interesting features of this possible scenario should encourage specific
experimental searches for such a particle in the LHC data.

7.A Scalar Potential
In the Higgs basis, the most general scalar potential takes the form
_ i i i « gl )2
Vo= g0 @1 + o @10 + [ @[@s + 5 40| + N (@)
2
Ao (@105)" + Ay (0f@r) (@1@s) + M (0],) (@l
+ [(As ®]@ + A6 B[@1 + Az D]Dy) (@]D5) + hc.] . (7.28)

_l’_

The hermiticity of the potential requires all parameters to be real except us,
A5, Ag and A7; thus, there are 14 real parameters. The minimization conditions
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(0|®7 (z)]0) = % (0,v) and (0|® (x)|0) = % (0,0) impose the relations

1
H1 = *)\1 U2, u3 = *5 )\6 1)2. (729)

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

1
V:—ZA1U4+V2+V3+V4. (7.30)

The mass terms take the form

S1

1
V2 = M%Ii H+H_ + 5 (51,52753) M SQ
Ss3

1 1 1
= M}.H"H + 5M,%hZ + §MIQ{H2 + iMﬁAQ, (7.31)

with

M3e = ps+ %)\3 v? (7.32)
and
2102 V2 \§ —v2 A}
M= | VA& ME.+0? (% + A?) —v? X\ . (7.33)
—v2 )\ —v2 )\ M. +0? (3 - 2F)

where AR = Re()\;) and A} = Im();). The symmetric mass matrix M is diago-
nalized by an orthogonal matrix R, which defines the neutral mass eigenstates:

M =R MpR, o =RS, (7.34)

where we have introduced the shorthand matrix notation

M 0 0 h S
Mp = 0 M% 0 , L= H , S = S
0o 0 M3 A S5
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Since the trace remains invariant, the masses satisfy the relation
M? + My + M3 = 2Mpe +v* (20 +\g) - (7.36)

The minimization conditions allow us to trade the parameters pu; and ps by
v and Ag. The freedom to rephase the field ®5 implies, moreover, that only the
relative phases among A5, A\g and A7 are physical; but only two of them are inde-
pendent. Therefore, we can fully characterize the potential with 11 parameters:
v, po, |A1,.7], arg(AsAg) and arg(AsA%). Four parameters can be determined
through the physical scalar masses |14]. The matrix equation

(MRT —RT Mp) = 0 (7.37)

relates the scalar masses and mixings. Summing the second row with (—i¢) times
the third row, one obtains the identity (imaginary parts included):

A
UZ)\GRil + [MJ%Ii - Mzg + 1)2(?4 + )\5)} ('Riz — iRZ‘3) + 22"0%\573,‘3 = 0.

(7.38)
This proves in full generality that
2 2
(Riz — iRi3) M‘”O;MHi = (Riz —iRi3) (% + X5 ) + 2iRishs + Rinde
= )\H+G_¢g. (7.39)
Taking instead the first row, one gets:
(2\0% — Mgg) Ri1 + VAR — v ARz = 0, (7.40)

which generalizes the usual relation determining tan & in the CP-conserving limit
(R13 = Ra23 = 0). It also proves that the following identity holds in general

M2,
Tgi Rii = 2R M + 1Rz e + (RZ’Q - ’LRzg))\g = )‘G+G*go? . (7.41)

Here, similarly to Eq. (7.6]), we have parametrized the Goldstone terms of V3 in
the form

(UAH+G_@Q HT G ) +h.c.) + v Agigop0 GTGTYY) C V3. (7.42)
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These identities generalize the ones from [72], that are valid only in the CP-
conserving limit of the scalar potential. They turn out to be very useful if one
works in R¢ gauges with a fully general potential.

Using again Eq. , the orthogonality of R implies:

ZR% M;o = 2007, ZRilRiQ MZQ = \?,
i ‘ p i

ZRiIRB Mi? = —)\é’l)2. (7.43)

Eq. (7.38) gives the additional orthogonality relations.

> Ri1(Riz — iRis) MZQ = \v?, (7.44)
: 2 2 2 (M

> Ria(Riz — iRis) Mg = Mg+ +v (? +)\5>, (7.45)

'S Ris(Riz — iRis) M2y = Mo + 0224~ » 7.4

ZZ i3(Riz — iR3) o0 = Mpx +v (?— 5). (7.46)

The first identity reproduces in complex form the last two real equations in ([7.43)).
Separating the real and imaginary parts of the last two relations, one gets:

A
SIRh M2 = Mps +0* (T 4+AF) (7.47)
A
SORE MZ = M + U2(?4 -8, (7.48)
> RiaRis Mj? = 2\l (7.49)

7.A.1 Inert 2HDM

Imposing a discrete Z5 symmetry such that all SM fields remain invariant
under a Z, transformation, while

(I)l — @1, q)g — —CI)Q, (750)

one makes the second scalar doublet inert: linear interactions of ®9 with the
SM fields are odd under a Z, transformation, and thus forbidden [48,/49]. In
particular, ®5 is fermiophobic. This inert scalar doublet can only interact with
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the other fields through quadratic couplings. The lightest neutral component of
®5 is then a very good candidate for dark matter.

The Z5 symmetry implies a significant simplification of the scalar potential,
because all terms with an odd number of &, fields vanish: u3 = A\g = A7 = 0.
Moreover, making an appropriate rephasing of ®9, A5 can be taken real. There-
fore, the neutral mass matrix becomes diagonal and there is no mixing
among the neutral scalars (R = I). The neutral scalar masses are given by:

A
M7 = 2\0°, M} = Mz + <24+>\5> v?,
A
M?% = MZe+ (24 - )\5> v?. (7.51)

7.B Heavy neutral Higgs decay rates

In this section we are going to write down the tree-level on-shell two-body
dominant decay rates of a heavy neutral Higgs. All the formulae presented here
are, as in section completely general (no assumptions are made on the Higgs
potential and the A2HDM Yukawa structure is assumed). The decay rate of a
neutral scalar to a pair of massive fermions is given by:

_ NIm2M Am?2 | 3/2
(A _ e e (1 20
0 0 Am2 .\ -1
X [Re(yf’)2 —I—Im(yfl)2 (1 f) } : (7.52)

M?,

k3

where ch is 1 for leptons and 3 for quarks. The decay into two gauge bosons
reads (V =W, 2Z)

M3, ov AM2A\1/2
0 _ 2 i _ %
L(p; = VV) = R - ( Mei(?)

k3

AMZ  12M}
x (1- W7, + i, ). (7.53)
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with 6z = 1 and dy = 2. Other channels that can bring important contributions
are ) — cp?cpg and ¢ — H*H~. The corresponding decay widths are given by

v? )\20 0,0 4M20 1
0900 0\ 1/2
(el = &5¢)) = o537 (1- MQOJ) , (7.54)
¥i P

T(! = H'H) = (7.55)

2 42
v )\W?HJFH_ ( 4M1%Ii)1/2
I S L 7
¥i M‘P?
where, for the charged Higgs interaction Lagrangian we have used the parametriza-
tion given in ([7.6)) and we have parametrized the cubic interaction of the neutral

Higgs fields as
0,0, 0

Lo = —% oo P06 (7.56)
Explicit expressions for these couplings can be found in [14]. Here we didn’t con-
sider the off-shell ¢! — Lp?*np?* decay mode because in addition to its kinematical
suppression it also depends on the unknown parameter A 04040 and would not
bring useful information. The last two processes that must be taken into account
are @) — )7 and ¢ — HTW~. We have

L@} = ¢)Z) = (RisRj2 ~ Ria Ry3)” M
X )\3/2(M£?,MZ£,M§), (7.57)
D HYW) = (Rh+RE) o
¥i
X A?’/?(Mjg,Mﬁ,i,M&V). (7.58)

Again, the scalar couplings to gauge bosons are taken from [14].
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7.C  QCD corrections to pp — H'¢,

For the Ht¢? associated production, we write the LO hadronic cross section
as

oLo = /Tl dr/:iﬂf Z [QU($,/1«F)(jd(T/x,MF)+(jd(w,up)qu(7'/x”uF)}

qu,qd

x 610(5 =Ts), (7.59)

where we have introduced the shorthand notation 610 = 6(quga — HT¢Y), for
the partonic cross section given in Eq. . As usual, the partonic invariant-
mass § must be expressed as a fraction of the hadronic center-of-mass energy s,
that is § = 7s. The lower integration limit is given by 79 = (M g+ +M@Q)2/s. The
PDFs ¢;(x, ur), for a given quark flavour ‘i’, depend on the momentum fraction
x and the factorization scale up.

The NLO cross section, that includes first-order QCD corrections, can be cast
in the simple form [70}|71]

oNLO = 010 + Aogg + Aoy, (7.60)
where Aoz and Aoy, are given by

as(ur) (1 Vdx
Doy = S8 [ar [0S
TO T

Qu,qd

x| u(@, 1) Ga(r /o, 1) + Qala, ) qu(r /2, o) |

X /Tl dz 61,0(752) weg(2), (7.61)

o/T

Doy = U [ar [P8 5 [gu(esie) atr /o, 0r) + (o) (o)

qu,qd

+ Ga(w, 1) g/, i) + 9(@, ) Qalr /7, ) |

1
X / dz 61,0(782) wgeg(2) , (7.62)
To/T
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with pp the renormalization scale and

weq(2) = —Pgq(2) log (ﬁ)
S e g rae (B2 ],
Weg(2) = —% Pyy(2) log ((1—1%)27'3) + é [1 + 62 — 7z2} . (7.63)

The Altarelli-Parisi splitting functions P4 and P, are given by
41 1+22 3 1, 5
Pul2) = 3 [W + 5801 - 9], Pylz) = 5 24 (=27, (T64)

where F; is the ‘4’ distribution defined as F (z) = F(x)—46(1—x) fol dx' F(2'),

-/ale g(Z) ({(Z)Z>+ = -/aldz <g(z)—g(1)) if —g / dZ

7.D QCD corrections to pp - H"W~

(7.65)

The LO hadronic production cross section for the dominant gluon-fusion chan-
nel (in the heavy top-mass approximation) can be cast in the simple form

Ldx R
oLo = / dT/ —g x, 1ur) 9(1/x, uF) 6Lo(8 = 75), (7.66)

where 610 stands for the partonic cross section 6(g9 — HTW™), given in
Eq. (7.21), and 79 = (Mpy+ + My)?/s. At the NLO, the cross section can
be written as [70,/71]

ONLO = 0LO + Aayet + Aogy + Acgg + Aoy, (7.67)
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where:
virt ! ! dx A virt
Aoyt = /dT/ g (z,pur) g(T/2, uF) 6LO(TS) Wy (7.68)
1 1 de
Aoy, = / ar [ g(asie) ol o)
L dz
x / Y b10(r82) wey(2), (7.69)
T0/T %
aos(kr) /1 /1 dx
Ao, — Qs\HR) [7, [ 0T
91 T o T r T Z
a0:d
X |:q(.’L',,U,F)g(7—/x,/.LF) +g(.’IJ,,U,F) q(T/q’.qu)
+ 4@, 1) 9(7 /2, ) + gl pr) a7 /2, por) |
L dz
X / — 01L0(752) wyq(2) , (7.70)
T0/T R
1 14
Aogg = aS(MR)/ dT/ ax
v - B
0.q
x [ a(w, p) G(r/, 1r) + @@, i) a(7 /2, o) |
L d 32
X / % bro(rsz) 22(1— 2)3, (7.71)
T0/T R 27

with the functions w

virt

Wyq

virt

99+ Wgg and wgq given by

11 33 —2N 2
S T M A | KR
7r+2+ 5 og(TS),

= Byl log (ME) - oy g1 (B2

—122(2— 2+ 2%) log(1 — 2),

2
< HE L 5
= 2P ()log(— Y 149, - 72

9 gq(z) 0og (75(1—2)2) —'I— z 32 9 (77)
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where Py, and Py, are the Altarelli-Parisi splitting functions

33 — 2N
+ 2

ng(z):6[<1iz)++i—2+2(1—2)} 6 (1-2),
Pylz) = % H(lz_Z)Q . (7.73)
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Abstract: We study the contribution of new sets of two-loop Barr-Zee type
diagrams to the anomalous magnetic moment of the muon within the two-Higgs-
doublet model framework. We show that some of these contributions can be quite
sizeable for a large region of the parameter space and can significantly reduce, and
in some cases even explain, the discrepancy between the theoretical prediction
and the experimentally measured value of this observable. Analytical expressions
are given for all the calculations performed in this work.
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8.1 Introduction

Now that a SM-like Higgs particle has been experimentally discovered [1-5],
the possibility of an enlarged scalar sector becomes very plausible. In this analysis
we are going to use the anomalous magnetic moment of the muon as a probe
for new physics and study new contributions to this observable within the two-
Higgs-doublet model (2HDM) framework. The anomalous magnetic moment of
the muon has been extensively analysed within the Standard Model (SM) and its
numerous extensions. Even if the SM prediction still suffers from large theoretical
uncertainties (mostly hadronic and electroweak) it is a nice place to look for new
physics. The latest result for the discrepancy between the SM prediction and the
experimental measured value is given by [6-28]

Aaf™ = af — aSM = 262(85) x 107" (8.1)
Here we will study the two-loop Barr-Zee type [29] contributions to Aa, that
have not been analysed previously within the 2HDM. We show that some of
these diagrams can bring rather sizeable contributions for a quite large region of
the parameter space and therefore can reduce the value of the difference between
theory and experiment given by . We also show that other sets of these type
of diagrams bring small contributions and can be safely discarded. For the calcu-
lations we use the most generic Higgs potential and the generic Yukawa structure
of the aligned two-Higgs-doublet model (A2HDM) [30|. Thus, we also re-examine
the classical Barr-Zee type diagrams [6,(7,31-42] expressing their contributions
in terms of the three independent complex alignment parameters ¢, ;. All the
results are given in analytical form. The phenomenological analysis is made as-
suming a CP-conserving Lagrangian. However, all the generic formulae given in
this work can be used for future, and more complete, analyses without assum-
ing CP-conservation. Additional constraints coming from the flavour sector and
global fits to the LHC data are also taken into account [43H52].

In the first part of this paper, section [8.2] we present the relevant features
of the A2HDM. In section [8:3] we present the one-loop results in terms of the
generic A2HDM parameters. In section [8.4] we present the classical two-loop
Barr-Zee results and the calculation of the new sets of this type of diagrams that
can potentially bring sizeable contributions to the anomalous magnetic moment.
Section [8: is dedicated to the phenomenological analysis for the CP-conserving
case and the presentation of the relevant contributions. Finally, we conclude in
section [8.6] with a brief summary of our results. One appendix is also given, with
technical details for the calculation of a particular set of Barr-Zee type diagrams.
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8.2 The Aligned Two-Higgs-Doublet Model

The 2HDM extends the SM with a second scalar doublet of hypercharge
Y = % It is convenient to work in the so-called Higgs basis (®1, ®2), where only
one doublet acquires a vacuum expectation value:

G+ H*
1 = ;i(wslﬂ'a())] ) (I)Qzl\}i(52+i53)] (82
where G* and G° denote the Goldstone fields. Thus, ®; plays the role of the SM
scalar doublet with v = (v2Gr)~1/2 = 246 GeV. The physical scalar spectrum
contains five degrees of freedom: two charged fields H*(z) and three neutral
scalars ) (z) = {h(x), H(z), A(r)}, which are related with the S; fields through
an orthogonal transformation ¢?(x) = R;;S;j(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 [43-45].
In general, the CP-odd component S3 mixes with the CP-even fields 572 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(z) = S3(x) and

h - cosa sina S
<H> o [—sind coso?] <52>' (8.3)

Performing a phase redefinition of the neutral CP-even fields, we can fix the sign
of sin@. In this work we adopt the conventions My, < Mgz and 0 < & < , so
that sin & is positive.

The most generic Yukawa Lagrangian with the SM fermionic content gives rise
to FCNCs 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 [30]; 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 proportionality parameters ¢ (f =
u, d, 1) are arbitrary complex numbers and introduce new sources of CP violation.
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In terms of the fermion mass-eigenstate fields, the Yukawa interactions of the
A2HDM read [30]

V2

Ly = Y HT {ﬂ [§d VMiPr — <y MJV'PL} d+ g I;MZ'PRZ}
1 0 -
— = S yf e [FMyPrf] + he., (8.4)
0. f
where Pg f, = 1ﬂ:275 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:

0 . g : *
yizl = Ri1 + (Riz + i Rs3) Sd,l s yqu =Ri1+ (Ri2 — i Ri3) Su - (8.5)

The usual models with natural flavour conservation, based on discrete Z, sym-
metries, are recovered for particular (real) values of the couplings ¢¢ [30]. The
coupling of a single neutral scalar with a pair of gauge bosons takes the form
(V=W,2)

gpovv =Rt gy » (8.6)

which implies g21v+9% v+ 94y = (9hay,)%. Thus, 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. Again, for further details
about the interaction Lagrangian as well as the Higgs potential, needed for the
calculations in this work, see [43-45].

8.3 Omne-loop contribution

At the one-loop level, the contribution of the 2HDM extension of the SM to
the anomalous magnetic moment of the muon is given by the two well-known
diagrams shown in Fig. The explicit expressions for these contributions, in
terms of the most generic Higgs potential and the A2HDM Yukawa structure,
are given by
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Figure 8.1: One-loop contribution to Aa, in two-Higgs-doublet models.
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for the neutral Higgses and
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U T S22 M2 [ d (m2 /M7 )e(l—z) -’ (88)

for the charged Higgs. These contributions have been previously analysed in
16,131,|36L/53-56] .

It’s a known fact that the two-loop Bar-Zee type diagrams dominate over
the one-loop contributions. The two loop contributions have a loop suppression
factor of (a/7) but also have an enhancement factor of (M?/ mi), where M stands
for the mass of heavy particles running in one of the loops: M+, my, ng, etc.
This last factor usually dominates over the first one. Furthermore, in the usual Z9
models, there is an extra enhancement (suppression) factor from tan 3 (cot j3) for
some diagrams. In the aligned model there is a lot more freedom to independently
enhance or suppress any contribution through the alignment parameters ¢;. We
shall see next, that for somewhat large values of these parameters, there are new
Barr-Zee contributions that have never been taken into account, and can bring
quite sizeable contributions to (g — 2),.

(8.7)
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Figure 8.2: Two-loop Barr-Zee type (with an internal photon) contribution to
Aay, in two-Higgs-doublet models .

8.4 Two-loop contribution

The Barr-Zee type contributions with an internal photon, i.e., Fig. 82 di-
agrams (1) and (2), have been extensively analysed within the 2HDM and also
in minimal super-symmetry (MSSM) framework [6}|7,31-42]. Diagram (3) from
Fig. is also of the Barr-Zee type and could, in principle bring important con-
tributions. Given that the coupling to a pair of gauge bosons of the recently
discovered scalar particle is close to the SM prediction [43], one expects the con-
tributions from the remaining scalars to be somewhat suppressed (by a factor
Ri1). However, we shall see that this statement is not correct, and that this
contribution is quite sizeable.

Similar contributions to the ones shown in Fig. B.2] but with the internal
photon replaced by a Z boson have been also analysed in the literature [33].
These contributions have a relative suppression factor of order 1072. This factor
is in part due to the vectorial couplings of Z to leptons, which are the only ones
that survive for both scalar and pseudo-scalar bosons [33], and in part from the
7 propagator which introduces a new mass scale M. Therefore we will ignore
these contributions in our present analysis.

This is, pretty much, the summary of all the mechanisms that are usually
considered in the literature. However, there is no reason a priori to discard other
similar Barr-Zee contributions with a charged Higgs H* substituting the neutral
scalars ), and a W boson substituting the internal photonﬂ These diagrams are
illustrated in Fig.[8.3] On one hand, one expects a relative suppression factor with
respect to the contributions of the diagrams from Fig. due to the propagator

1Similar contributions, however, with sfermionic loops within the MSSM framework have
been previously analysed in [57].
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Figure 8.3: Two-loop Barr-Zee type (with a charged Higgs and an internal W
boson) contribution to Aa,, in two-Higgs-doublet models.

Figure 8.4: (Generic two-loop Barr-Zee type contributions, with two internal
charged Higges (left) and two internal W bosons (right), to Aay, in two-Higgs-
doublet models.
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of the W boson (note that in this case we don’t have the additional suppression
factor due to the gauge boson couplings to leptons, as in the Z case). On the
other hand, one must also expect to be able to re-enhance these contributions
with the ¢¢ (or tan ) parameters, and therefore, obtain sizeable contributions at
least in some regions of the parameter space.

In this analysis we shall calculate the contribution from these new diagrams
and demonstrate, that in fact, all of these new sets can bring rather sizeable
contributions to the anomalous magnetic moment of the muon in a quite large
region of the parameter space. For completeness we shall also present the classical
two-loop results in terms of the most generic Higgs potential and in terms of the
generic Yukawa texture of the A2HDM.

Before moving on to the next section and presenting the analysis, there are
a couple of related cases that are worth discussing. They are shown in Fig. [8.4
where the grey circles stand for the same loop contributions as in Fig. 8.3 (exclud-
ing the fermionic loops for diagram (B) which is just a pure SM contribution).
The contribution from the first case (A), will have a relative suppression factor
mi /M3, with respect to the contributions of diagrams from Fig. So we can
safely discard it. The contribution coming from the second set, Fig. [8.4] (B),
does not have this suppression factor, thus we can expect, at least in principle,
a rather sizeable effect. Details of the the full calculation of this last set of dia-
grams, together with other technical details are given in appendix Roughly
one obtains a contribution of O(10~!) which is rather small and we shall not
include it in this analysis.

Next we move on to the analysis of the set of diagrams shown in Fig. [8.3
which is the main goal of our paper.

8.4.1 Gauge invariant effective vertices

The calculation of the two-loop Barr-Zee type diagrams can be separated in
two parts. We will first calculate the ¢ — vy and H — yW™ one-loop effective
vertices and obtain analytical and rather simple expressions. With these expres-
sions, the calculation of the second loop becomes quite trivial. The effective
vertices can be written in a generic gauge-invariant transverse form:

iT" =i (g"k-q—k'q")S + i koqp S, (8.9)

where ¢* is the momentum of the incoming real photon and k” is the momentum
of the out-going virtual gauge boson (see Fig. [8.5), and where S and S are
scalar form factors. In order to obtain this expression we have considered the
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=i

k, v v (W)

Figure 8.5: Feynman rule for the gauge-invariant one loop effective vertices gp? —
vy and HT — WTH.

most generic Lorentz structure for the I'" vertex, and we have imposed the
electromagnetic current conservation g, ' = 0. All terms proportional to ¢*
have also been eliminated as they cancel when contracted with the polarization
vector of the photon. As the W boson is off-shell, in the actual calculation of
the effective vertex there will also appear some other Lorentz structures than the
ones shown in . However in some cases, these gauge-dependent contributions
vanish when calculating the second loop or they are cancelled by some other non
Barr-Zee terms, as it is nicely shown in [58]. If this was not the case, when
summing the proper non Barr-Zee contributions to the gauge dependent Barr-
Zee terms, the result must be gauge independent. As the gauge dependence from
the Barr-Zee terms is cancelled by other sub-dominant topologies, we also expect
this contribution to be sub-dominant. Therefore, we shall discard these terms in
our analysis.

The gauge independent contribution from each set represented by the generic
topologies in Fig. [8:2]and Fig. [8.3]is transverse by itself, i.e., of the form given in
; we can therefore decompose the results into eight separate contributions.
For the ¢ — v effective vertex S = Sa) + Sez) + S3) and S = S’(l); as for the
H*T — W™ vertex we have S = Sy + S(5) + S and S = 5’(6). Note that the
only contributions to the ek, gp structure come from the fermionic loops.
Furthermore, one can adopt our strategy from [45], and further simplify the
calculations of S(;) by only considering the terms that contribute to the structure
kM q".

It is worth mentioning the following technical detail. When performing the
calculations for the first loop, after introducing the Feynman parametrization and
after integrating over the four-momentum, one obtains a denominator similar to

Kx(z — 1) + M2z + MZ(1 —2)+ k- q2yx(1 —2)] ', (8.10)
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where M, are the masses of heavy particles running in the loop, i.e., My, my,
Mpyx+, ete. It is a very common assumption that the photon is “soft" so one can
ignore the k - ¢ term as a good approximation. This term, in fact, can be safely
ignored without making any assumptions on the “softness” of the photon. Keep-
ing track of this term, one can observe that it simply vanishes when calculating
the second loop integral. However, this happens accidentally for diagrams (1) to
(6); for the WW+ effective vertices calculated in appendix this is not always
the case. Thus, having checked that these terms play no role in our present case,
we will discard them already at the one-loop level in order to give simpler and
more elegant expressions for the form factors S(;) and S’(i). After performing the
four-momentum loop integral we obtain the following expressions for the scalar
form-functions

N o™ f z(l—z) -1
Say = ij L Q2 N Re(y / da k:2 1_90) - (8.11)
G am% 2 arf ©? ! 1
Say = szj — QF N¢ Im(yf ) /0 dx E E——— m?, , (8.12)
av 1 x(z—1)
Se) = ZZ: g/\ng+H* /0 dzx (1 —x) — M2, (8.13)

for the ) — y7 vertices with a fermionic or a charged Higgs loop, in agreement
with [41]. As for the third diagram, we find

M, x(3z(4x — 1) +10) — M2, z(1 — x)
_ i
Se) = ZZ 21 v “/ e Kae(l—z) — M2, - (819

The new gauge-invariant scalar form factors coming from diagrams (4) to (6) are
given by:

aNg [Vl
5(4) - 2TV Sy / dz
[Qex + @Qu(1 — 2)] [cumiz® — cami(1 — x)?]

k2x(1—z) —mi(l —z) — miz ’

(8.15)
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5 caNe |V
S(4) - 2TV Sy / dx
Qi + Qu(1 — 2)] [ — cumiz + cqmi (z — 1)] (8.16)
k2x(1 —z) —mi(l — z) — miz ’ '
5(5) = 47T1} s Z Rzl i2 — ZR@?, / dxm
- , 8.17
k2z(1 — x) —M%,a:—Mig(l—x) (8:.17)
Qv
S(G)  drws Z )‘@OH+H* (Riz —iRi3 / dx
(e —1) (8.18)

X Y
kx(l—x) — MZ .o — Mio(l — )

i

with sy = sin 0y, and 6, the weak mixing angle.

8.4.2 Contributions to Aaq,

Using the effective vertices from the previous section for calculating the second
loop, ignoring suppressed terms proportional to higher powers of mi /M? (with
M a heavy mass) in the numerator and the muon mass in the denominator, we
obtain the various contributions to the anomalous magnetic moment of the muon.
The first two contributions are the well known classical results [6}(7,[31H41]

2
M) = 3 2, .03 et meto) 70 ()

= 47302 M‘i?
0 ~ m2
+ Im(yf) Tm(y}") I(U(M;‘ )] . (819)
@7
Aa® — am2 R A 2 M- 92
Ay _28 3M2 e(yl ) QOH+H~ F 2, ) (8.20)
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The third contribution simply reads

2 2
3) _ N Y ¢; 3) ( Miv
Aalg)_Zi 5 Re(y] )Rﬂﬂ)(Mio). (8.21)

(3

As for the new contributions, given by the last three sets in Fig. their con-
tributions are given by

am? N¢ |V;fb|2 1
Aa® = 2 / d 1—
U= 393 s2 w2 (M%. — M) Jo v {th + @ :c)}

x | Re(sasi) miz(1 — z) + Re(sus)) miz(1 + ) |

2 2 2 2

my mb my mb
_g( MM 8.22
X[Q(Mf{i’M?{i> g(M%,’M%,)]’ (8.22)

2
am
Aal®) = H Re|sf Ri1(Riz — iRi
“u 64w3sgvu2(M§Ii—M§V)zi: e[d Ria(Riz — iRuw)|

1
x / doa? [ (MEs + M, — M%)(1 - 2) — 4MF |
0 7

2 2
X g(W, Z)—g(1,1> , 8.23
l M2, M2, (8.23)
2
am
Aal® = & Re|q (Riz — iRi3)| A -
“u 64%35‘2”(M12{i—M3V)22,: el (Ria = 1Ra)| Ao
1 M20 M? M20
X deaz?(z —1 Q(l, S01’)—9( Hi, ¢i). 8.24
| dwa >[ ) 9 (8.24)

We can also consider the contribution from a lepton and a neutrino loop by
replacing Q; — 0, my — 0, Qp — —1, my — my, g — ¢ and ¢, — 0 in (8.22))
and where my; is the mass of the considered lepton. However, these contributions
turn out to be very suppressed due to the smallness of the lepton masses and we
shall ignore them in our present analysis. The needed loop functions are given
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by
FOw) =% [ ar 20 . . 5 (x(lw_ x)) 7 (8.25)
FO(w) = ‘;/01 dz — g;(11 — <x(1w— x)> : (8.26)
FO () = / dr—~ i I?m) In <x<1°’_ x>> : (8.27)
FOw) =3 / dz iz ;1_) I(iolwx)_ (=) (x(lw_ x)> ., (8.28)
and

In (wax +wb(1 - :L‘))
@ W) = =1~ 2) 8.29
g(w’w)_x(l—m)—wax—wb(l—x)' (8.29)

8.5 Phenomenology

In the present analysis we neglect possible CP-violating effects; 7.e., we con-
sider a CP-conserving scalar potential and real alignment parameters ¢y. The
fermionic couplings of the neutral scalar fields are then given, in units of the SM
Higgs couplings, by

y}‘:cosd+<fsind, yle:iCd,l»

ny = —Sind—f—ngOSd, yf == _/L'gu ) (830)

0
and the couplings to a pair of gauge bosons are simply (Hf} = g ovv / 9}%\//{\/7
V=W>2)

/@]‘1/ = Riu1 = cosa, Kl = Ry = —sina,
Kt = Ra1 = 0. (8.31)
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We shall separate the phenomenological analysis in two parts. For the first part
we will analyse the individual contributions from the various Aaﬁ) factors for
different coupling and mass configurations. As for the second part we shall sum
all these contributions choosing a few relevant scenarios compatible with collider
and flavour bounds and also with constrains from the oblique parameters. Also,
we will identify the lightest CP-even Higgs with h and take M, = 125 GeV for

the whole analysis.

8.5.1 Individual Aag) contributions

As we know from global fits to the LHC data, the Yukawa couplings of the
discovered scalar boson are SM-like, however with quite large experimental errors.
The coupling of h to two gauge bosons is constrained by |cosa@| > 0.8 at 95%
CL [43]. Here we shall always take the positive solution, cos@ > 0 (flipping the
sign of cos & leads to an equivalent solution with a sign flip of the couplings ¢y).
Choosing the positive solution for cos @, the top Yukawa coupling must also be
positive. We shall vary it in the range y” € [0.8,1.2]. As we know, at least for
now, there is no experimental sensitivity to the relative sign of the down-type
or leptonic Yukawas with respect to the up-type Yukawas. Therefore we shall
be less restrictive with the ygl couplings and allow them to vary in the range
yé‘yl € [—1.5,1.5]. As for the alignment parameters, we will vary them as follows:
—1 < ¢, < 1 compatible with all flavour constraints and direct charged Higgs
searches [43| for a broad range of the charged Higgs mass, and —50 < ¢gz; < 50
to safely avoid the non-perturbative regime. We shall also vary y}{ in the same
regions as the ¢y parameters (in the limit cos& — 1 we obtain yfj = ¢r). The
remaining parameters are the couplings of the neutral scalars to a pair of charged
Higgses. In order to safely satisfy the perturbativity bounds [44] for a broad
range of Mg+, we will impose \A¢?H+H_\ < 5.

The one-loop well known contribution from the various scalars are shown in
Fig. The contribution of / is small and positive for the whole considered range
of the coupling |ylh| The contribution of H is also positive and, its contribution
can be of some significance only for large values of |ylH | and small values of My
simultaneously. The contribution of the CP-odd scalar is negative and it is only
relevant for large values of |g| and low values of it mass mass, similar to the
previous case. As for the charged Higgs contribution, it is always negative and
very small, thus irrelevant, at the one loop level.

The two-loop results are presented next. The contribution of h, associated
with a top-quark loop, to Aa,(}) is shown in Fig. (top-left). It is positive
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Figure 8.6: One-loop scalar contributions to Aa, as functions their couplings to
fermions from h (top-left), H (top-right), A (bottom-left) and H* (bottom-right).

for ylh y" < 0. The contribution of the same scalar h associated with bottom
and tau loops is much smaller, of O(107!3) or less for the whole considered
parameter space, and is not shown here. The contribution of H for different
mass configurations and for different fermionic loops is also shown in Fig.
This contribution is proportional to the ylH coupling which can be large. Thus
is turns out to be non-negligible even for the sub-dominant bottom-quark and
tau-lepton loops. The top-quark loop contribution can be large for all considered
mass settings as long as ylH is large, and it is positive for ylH yH <0, as we
can observe in Fig. (top-right). The bottom-quark loop contribution can
be additionally enhanced by the coupling yé{ , thus, it can overcome the mass
suppression. This contribution is positive for ylH yf < 0, see Fig. (bottom-
left). Similar considerations about the enhancement factor (yi1)? can be made
for the tau-lepton part, however this contribution is always negative, as shown in
the bottom-right panel of Fig. 8.7

The contribution of the CP-odd scalar to Aa,(}) is probably the most interest-
ing yet. It has been extensively analysed in previous works [6}7,131-37]. For low
values of its mass and large values of ¢g; it can reach values within or close to
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Figure 8.7: Contributions to Aa&l) from h (top-left) and H (top-right) with an as-
sociated top-quark loop, and from H with an associated bottom-quark (bottom-left)
and tau-lepton (bottom-right) loop, as functions of their couplings to fermions.

the two-sigma region of Aay?, as it is plotted in Fig. Its value is positive for
Sust < 0 (g5 > 0) for the top (bottom) quark loop contribution and is always
positive for the tau loop contribution. This last case is not shown. It is worth
mentioning, however that the tau loop contribution is somewhat larger than the
(absolute value of the) bottom contribution. Even if the tau-lepton has a relative
mass suppression, the bottom-quark has a charge suppression that is in general
larger.

For Aag) we only have two possible contributions, from h and H (in the CP-
conserving limit the vertex AH ' H ™~ vanishes [44]). The contribution of the light
scalar h is relatively small for the whole considered parameter space, Fig. [8.9]
(left) and that is due to the fact that y)' € [~1.5,1.5] whereas y/ can be much
larger. The contribution of H can be quite large depending on the configuration
of the masses (Mp+, Mp) (GeV). It reaches its largest value for low masses of
both Mg+ and Mg and large values of the product of the couplings ylH AHHAH--
However, even for lower values of the couplings but with low masses (or large
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Figure 8.8: Contributions to Aa&l) from the CP-odd scalar A, associated with
a top-quark (left) and bottom-quark (right) loop, as functions its couplings to
fermions.
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Figure 8.9: Contributions to Aa,(f) from ¢ = h, H as functions of the product

0
of the couplings y?pi Ao+~ for various charged Higgs masses (left) and for
various configurations of (My+, My) (GeV) (right).

masses and large couplings) the contribution can be non-negligible. For details
see Fig. (right).

The next contribution we focus on is Aa/(f’). The contribution from the light
scalar is small, of O(107!1) or less (after subtracting the SM), therefore we can
safely neglect it. The H contribution however, is non-negligible. It reaches higher
values (and it is positive) for low values of My and large positive values of the
product Ro1 yf! (= sin? & — ¢ sin @ cos @) as it is plotted in Fig. (left). As we
have already mentioned before, this diagram should not be neglected, as it can
introduce sizeable effects for some regions of the parameter space.
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Figure 8.10: Contribution to Aa,(f’) from H (left) as function of the product of
the couplings Ro1 ylH for various mass configurations. Two-loop dominant con-

tribution from the top-bottom quark loops to Aa,(fl) (right).

Now we move on to the analysis of the charged Higgs contributions of the
Barr-Zee type diagrams (Fig. , which is the main goal of this paper. It is

obvious from Fig. |8.10| (right) that the Aagl) contribution is non-negligible for a
large region of the parameter space, except for very small values of the product
|sw 7). For a charged Higgs with a low mass, say 90 GeV, and large negative
values of ¢ ¢, this contribution alone can explain around 35 % of the measured
discrepancy. This looks very appealing, because with the exception of a very light
CP-odd scalar, the previous contributions cannot reach such large values. For
the plot shown in Fig. [8.10| (right) we have chosen ¢; = 0. However, a variation
of ¢4 in its allowed interval [—50, 50] only produces a shift in the plotted values of
order 10712 or less. This is obviously due to a relative suppression factor mg /m?
and therefore this contribution can be safely ignored.

Last, contributions Aal(f)) and Aa,(fj) are shown in Fig. and Fig. [8.12
They are a little bit smaller, however they can reach values up to 1071°. Again
this happens, for small mass configurations and large values of the corresponding
couplings. We can see in Fig. that both h and H contributions can be very
similar, however, they cannot be simultaneously positive (if the product of the
three couplings ¢; R;1 R;2 is chosen positive for one scalar, for the other must
necessarily be negative). On the other hand, both h and H contributions from

Aags) can be simultaneously positive, and of similar value. Thus, when summed
up they can play an important role in the total value of Aa,,.

We have proven thus, that these new Barr-Zee contributions must not be ig-
nored, as they might sizeably modify the theoretical prediction for this observable
within the 2HDM framework.
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Figure 8.11: Contributions to Aaf) from @9 = h, H as functions of the product
of the couplings g Ri1 Ria for various charged Higgs masses (left) and for various
configurations of (M, My+) (GeV) (right).
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Figure 8.12: Contributions to Aaff) from @9 = h, H as functions of the product
of the couplings  Riz Ao+~ for various charged Higgs masses (left) and for
various configurations of (Mg, My+) (GeV) (right).

8.5.2 Total contribution to (g —2),

Thus, we have seen that the dominant contributions of the new Bar-Zee type
diagrams come from the mechanisms (3) (Fig. and (4) (Fig.[8.3). All the other
new contributions are sub-dominant. Now, it is interesting to put all these results
together, and show the total effect on Aa,, for a few relevant scenarios. In Fig.[8.13
(left panel) we show Aa, as a function of ¢ for positive values of this coupling
and for a few scenarios given by cos@ = 0.9, ¢, = —0.8, ¢¢ = —20, M = 125
GeV, \yg+a- =0, Apg+ - = —5. The masses (in GeV) of the remaining scalars
are chosen the following way: My = Mg+ = My = 250 (lower orange curve),
150 (middle blue curve), My = My+ = 150 and M4 = 50 (upper green curve).
Similar to the previous case, but this time for negative values of ¢, in the right
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Figure 8.13: Total Aa,, contribution as a function of g for different coupling and
mass configurations.

panel we have chosen the following parameter configuration: cosa = 0.9, ¢, = 0.8,
Sd = 2, Mh =125 GGV, )‘hHJrH* = 0, )\hHJrH* =5 and MH = MHi = 250 GeV
and My = 40 GeV (upper green curve) or Mg = Mpy+ = 350 GeV and M4 = 50
GeV (lower orange curve). As expected, from the analysis of the various Aa,(f)
individual contributions, one obtains a significant contribution for low masses of
the scalars (especially for low M 4) and large couplings. We can also observe that
in some cases we do not need the maximum allowed value of || in order to reach

the two-sigma region of Aaj’?; a value around || ~ 30 might just be enough.

8.6 Conclusions

It is a common belief that only a restrained number of diagrams, namely (1)
and (2) from Fig. can significantly contribute to Aa, in 2HDMs and in most
of the previous analyses [6}7,31-37], a CP-odd scalar in the low-mass range is
enough to explain, or reduce, the discrepancy between theory and experiment.
In this work we have shown that the extra degrees of freedom of the A2HDM
given by the ¢y parameters, can also explain this discrepancy in some region of
the parameter space, and if not, they can significantly reduce it in most cases.
We have also seen that the W loop contribution associated with a heavy scalar
H (diagram (3) from Fig. [8.2)) can bring important contributions even if it has
a global suppression factor Ro;. This contribution is positive for negative values
of ¢;. The most interesting case is, however, the fermionic loop contribution
(diagrams (4) from Fig. [8.3)) with the dominant part given by the top-quark.
The last two diagrams (5) and (6) are also interesting, as they can sum up to
an O(10%) of the total contribution. Also, we have seen that not all of these



Chapter 8. 8.A WWr effective vertex contribution to (g —2), 229

new contributions can be made simultaneously positive, however the total Aa,
is positive for most parameter configurations.

A highly interesting scenario, that we defer for future work, is to consider
CP-violating effects. The imaginary part of the parameters of the potential and
especially of the Yukawa sector might be able to bring somewhat sizeable effects.

8.A WWy effective vertex contribution to (g —2),

In this section we present the explicit calculation of the contributions from
Fig. 8.4 (B) to (g — 2),. The 2HDM contributions to the one-loop WWr effec-
tive vertex are shown in Fig. where last diagram stands for the one-loop
renormalization counter-term. For this calculation we have followed the renor-
malization prescription described in [59]. Following this prescription one does
not need to renormalize the gauge-fixing Lagrangian. Thus, we simply worked
in the Feynman gauge [44]. Working in this gauge, one also needs to take into
account WG+ (Fig. and G*GTy effective vertices. The last set (GTGT7)
will give rise to contributions to the anomalous magnetic moment that will have
a relative suppression factor of mi /M3, (just as in case (A) of Fig. for the
H* H¥~ effective vertex), and therefore will not be taken into account.

The one-loop counterterms for the needed WW+~ and WG~y vertices are given
by

1
T =ie DM oy, QD =ieg™ o (Ow +0g= +0n),  (8.32)

where i eT'P" is the tree-level WV~ vertex and where we have defined the G¥,
WH and M%V renormalization constants as

Zyw =1+ ow , Zar =14+ 0g+ , Zy =14 6p . (8.33)

The needed W and G* self-energy diagrams needed for the calculation of these
counter-terms are shown in Fig. 816 As we can see, no tadpole diagrams are
present. At one-loop level, using the renormalization prescription from [59], tad-
pole diagrams do not contribute to the W mass renormalization. On the other
hand, they do not contribute to the wave-function renormalization either as they
do not generate any four-momentum dependence. Thus, for our present calcula-
tion we need not to worry about tadpoles.

One last technical issue is the W — GT mixing that occurs at one-loop level.
The gauge fixing Lagrangian cancels exactly the tree-level mixing between the
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Figure 8.14: One-loop contributions to the WW =~ effective vertex. The last dia-
gram stands for the one-loop counter-term.

=

Figure 8.15: One-loop contributions to the W GE~ effective vertex. The last dia-
gram stands for the one-loop counter-term.
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Figure 8.16: One-loop W' self energy diagrams needed for the vector boson wave-
function and mass renormalization, and G* self-energy diagrams needed for the
charged Goldstone boson wave-function renormalization.
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Figure 8.17: One-loop doubly contracted Ward identity. The grey circles stand
for the one-loop self energies.

gauge and Goldstone bosons generated by the covariant derivatives. This mixed
term, when renormalizing the Lagrangian is in fact, counter-term for the W — G+
self-energies, as it is nicely explained in [59]. For this calculation, however, we
don’t need to worry about this mixture. As we are going to ignore the propagator
corrections, and these corrections are related to the W — G* mixing through the
Ward identities (for example the doubly contacted identity shown diagrammat-
ically in Fig. , we are also going to ignore the one-loop mixing in order to
preserve these identities.



232 Chapter 8. New Barr-Zee contributions to (g —2), in 2HDMs

Using the on-shell scheme, working in D = 4 + 2¢ dimensions (e < 0), the
expression for dy reads dyy = 5‘(,{1,) + 5‘(,[2,) + 51(,3), with:

2 2 1 20112
1 _ My, . 2 M 1 / 20(1 — 2)1 M
Oy ) zi:!RzQ—i-Rz:a! (4m)? (3€ + A dr 2z(1 —z)ln 2 ) ,
(8.34)
2 2¢ 1 Z2( 772
@ = M spa o (L oy T OM)
oy, = 2 zi:Ru (4m)? (3€ —I-/O dr 2x(1 —z)In 2 ) , (8.35)
(3 _ _4My 2 1 / bl —)
ow = 2 ;Rﬂ (4m)2 Jo dx EL2(MI%V) . (8.36)

in agreement with [60]. The wave function renormalization counter-term for the
charged Goldstone boson is given by dg+ = 5(Gli + 5(Glj)t -+ 5gi with:

2 2 32
1 (MZo — M) Loox(l—a)
o) = - Ris + Rig> —2 / s 8.37
ox (47{')2 zﬁ:’ 2 + 3‘ '1}2 0 X az(MgV) ) ( )
M4y
1 0 z(1—x)
00 = — Ry —o / do — " 8.38
G* (471')2 zﬁ: il 02 0 L C_LQ(M‘%V) ) ( )
2¢ 2 1 ~207 12
@3 _  p My 2 12,1 / 2 a”(Miy)
%Gt = T ZRl B | do (3% = 6o+ ) In
! z(z —1) 2 2 2

Last, the W mass counter-term is given by dp; = (55\}[) + 5551) + (5](\3) + 55\? + 5551)
with:
2e 1 1

o _ 1w
Opp = 0 (4m)? zi:|Ri2+Ri3|2 {(E_1>(M]2{i+M£? 3

Miy)

1 2 M2
+ / da zaZ(Mgv)m“(MZW)}, (8.40)
0
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(2 _ 2
A = o e D [ ()00 + 5
1 =2 2
+ / da 2&2(M5V)1na(ﬁfm}, (8.41)
0
1 =2 2
5\ = 4MW “ ZR i+ / dr n W) (%W)}, (8.42)
€ 0 n
() _ _2Mpe p* g1l M
0= T [zt In 5 1] (8.43)
2¢ M2
G _ M w11
5 = =y Z el B (8.44)

Here we have defined 1/é = 1/ + yg — In(47). The functions a?(p?) and a?(p?)

are given by:

a*(p?) = —p* (1l —2) + Mb @ + Mps (1—2), (8.45)

a(p®) = —p*z(l —x)+ Mz() x4+ ME (1—

Now, we move on and present the expressions for the one-

x) . (8.46)

loop WW ~ effective

vertices from Fig. The considered kinematics and the assigned Lorentz
indices for this process are Wt (k — q,p) + v(¢, ) — W (k,v). Discarding all
terms proportional to ¢#, the first and second diagrams give:

e MW 26

Z ‘RzQ + Rz3| [ prj

2

+/ da:/ dyJ’ZWZ(l—x)lna—;‘

10
;w

)
+/dm/dy 2

e } , (8.47)
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M2
Cppy . € My 2e
T =i E:R [_7FW

=2
+ d:n dpr“VQ(l—:v)lna—
(a) M
Jp‘)w
d / d 8.48
+/ v Y — M2 -2y k- q} (8.48)

Again, ' is the tree-level vertex function and it is given by

PR = gM (—k — @) + ¢"P(2¢ — k)" + ¢"P (2k — )" (8.49)
The sum of diagrams (3), (4) and (5) gives

v . €
i If?‘f+4+5) 47T A2 1)2 / dm/ dy -

- g QP — 210" + 40
x _ . (8.50)
k2 — M2 —-2yk-q

With diagram (6) we have to be specially careful. Its explicit expression reads

M32
cppy o € My
ZF(G)—Z(4 2 gt

(kP = qP) e Z |Rio + iRi3|*

1 1 bZ
x / de (20— 1) (5 +1n 7) (8.51)
0
Integrating over x, the pole and the u-dependence vanish. We are left with a

logarithm that depends on the four momentum and that we need to integrate in
the second loop. Using the expansion (6 < 1)

1
InA=(4°~1)+0(0), (8.52)
0
we can write the previous expression as

2 é
puv . € MW WY (1.Pp P <_1) . TR o2
o) =g 2 9 W a5 Zi Rz + iR

1 20 — 1) 2°(1 — z)°
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and use the Feynman parametrization

5 1—21 1—z1—x2
1 G / dxl/ dacg/ dxs x16 !
A A2A3A4 P 0

1
(21A1 + 22As + x3A3 + (1 — 21 — w2 — w3) Ay)

X (8.54)

KR

in order to solve the second loop (taking the limit § — 0 at the end of the
calculation). We obtain a similar expression for diagram (7):

i Fpuu € MW uv

. b oo (F1)° 2
@ = "an2 2 9 (K" = ¢") 5~ ZRn

(22 —1)2%(1 — 2)°
/d S i yss=TLED

Contributions (8) and (9) vanish as their expressions are terms proportional to
g". Finally, diagrams (10) and (11) read

e Mg ) .
PTi0) = gy g2 W 2 Rz iRl

/d:p (22 — 1) +1 ;) (8.56)
M2
Zréjﬁy)*i(;) ngupk,V 2EZR2
T
/ dz (22 — 1) +1n17), (8.57)

which can be treated exactly as diagrams (6) and (7). The previously introduced
tensorial functions are given by:

JOR = g (1 = 22)K” + 2y(2 — 1)¢")

+ " (1 —22)k” + 2(x — 1)y + 1)¢”) — 22 g"" k* , (8.58)
J(%w = —2k*((2z — 1)k — 2y(z — 1)¢") ((1 — 22)k”
+(2(z - Dy +1)¢”) , (8.59)

I = 9" ((xy —y +2)¢" — zk")
— " (zk” + ¢"(y —zy + 1)) + 22 ¢g"P kM, (8.60)
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and,

QF =k (1-22)+¢" (2zy -2y +1),
J'=kK'(1-2z)+q"2y(z—1). (8.61)

The scalar functions are given by:

b= —z(1—xz)(k* - M?—-2k-q),
& =—z(1—x)(k* - M3?),
& =—x(1—xz)(k* - M?), (8.62)
with
1\42:]\4—2?+]\412fi M2:M—£?+M—V2V (8.63)
e x I R r )

Next we present the GTW~ effective vertices from Fig. The kinematics and
Lorentz indices are given by G (k —q) +~(q, u) — W (k,v). Thus, the one-loop
expressions are:

M?, — M?

iT) = —iﬁMW e 2; Ria + iRig|2 —— ;2 i [g“”% +

+ /Oldx/oldy (29““(1x)lnz)22( kQ—Aj)%[(jV2yk-q) |, (8.64)
iTly = —i@MW e ;7231 Uf? [ g’“’% +

+ /Old:c/oldy (29‘“’(1—3:)1112%— kQ_J\_i%KjVka'q) |, (8.65)
iD= —i@ My ;R?l ]\go /01 dx /01 dy % e _QA%VQV_Q;;k e (8.66)
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irw — g ¢ My 2627{ 9"

@~ " o2
d d K lna2
; ; y(g (1 —2)ln—

(T\)

cpuv _ o € 26 3
iT = 1(47r2 o ZR [~ 9" (5 +1)
2 GH
d d Wix—1)hn= + — — .
+/ a:/ Yy 39 (z )n‘u +$k2—M§—2yk-q)}’(868)
T =i My g™ u2 ST R2 My (1 "o i 8.69
i (6)_l(47r)2 wg zZ: i1 7,2 (E-i- ; x nﬁ), (8.69)
T — € uy  2€ o+ R |2
v (7)_1(47r)2 72 i3
M2, — M%. 1 2
3 H 1 bX
XT<E +/0 dx lnﬁ), (8.70)
L 2M3 ! e
B W2 dr In X ). 71
i Ilg) Z(47r) ZR ( | nMQ) (8.71)
The tensorial functions are given by:
KW =k (22— 1)k —2y(x — 1)¢") , (8.72)
G = g (K*x(z —2) — 2(x — D) (zy —y — Dk - q)
+ k(2 — 1) (zy + 2y — 4)¢” — z(z — 2)K"). (8.73)

All other functions are the same as previously. Note, that for the previous ex-
pressions of the one-loop effective vertices, we have maintained the k - ¢ structure
in the denominator (in contrast to the H=W effective vertices) because here, in
some cases, this structure does contribute to the final result.

Inserting all these expressions into the second loop we finally obtain the ex-
pression for the total contribution to the anomalous magnetic moment of the
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muon. Subtracting the SM contributions we have

2 1
[6% m
A :7—“/d
T gz w2 Jg

x (YRAA-Asu + Y[R +iRis|* B+C ) , (8.74)
with the functions A, B and C given by:

A=-z(l—-2z)ln S — 5 __
3 Mg, 2z (Mg, — M32)

N 6(z — 1) M2 + (—122% + 30z — 55) M2,
6(Mf, — M)

M2, (N2 /M)

+ = MY x(20 — 1) — 2Myy, + AMEM? z(1 —
2IWV(WV_M}%)Q( (20 — 1) — 2M{y + AMF M2 2(1 - )

ID(M)%/MI%V) T4 4
08, 2P (M} 2(162 — 9) + My, (82 — 42)

+2M2, M2 (—62° + 102% — 302 + 21))

z(l—xz)

50
A=) aa g2 o 9V 922 rrd
08, B0 (M (302 — 82 — ) + 20 My M2y — M), (8.75)

7 a>(M3,) 1 M2 —2ME (z — 1)
B:§az(l—x)lnM7%V—|—§(2x—1) M2~ M2
| O MGOE 2 (M~ M Pa )
2(Mfy — Mg) AMi, o (M)
M In(MZ /M)

2 _ 2 -
6(]\/[5[/ — M2)? (MW2$(7 6x) + Mg (102 9))

(M2 — M) MZ In(MZ /M)
i 2 2
N O D) (4MF (1 = 2) + M2 (22 — 1))

X

+
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2(M2 ) 2(M2 )
+ —— (2(1 —2) M3i1n + 2z M2 In—-"2) - (8.76)
4M§V( M2 #5 MI?V )
M2, M2 —92 72
a“(Miy)
= R 322 + 42— 6)In —— Y2
¢ Z( AMZ, M2 * “4( v Ar=6)In gy 2 )
2 _
n 2M2 MVQV oM, M 6 '

All the functions that carry a SM sub-index are obtained from the original ones

by replacing Mw? with My everywhere, where My, is the mass of the SM Higgs.
The numerical values that we obtain for this contribution (for My 4 g+ < 500
GeV) are typically of O(107!1) both positive or negative, which is two orders
of magnitude below Aaj™, therefore we shall not take it into account in this
analysis.
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9. UPDATED FITS FROM RUN 1

In the following we shall present the updated analysis of some of the relevant
parts of the studies and model fits performed in Chapters 5 and 6. The latest LHC
combined analysis (at 7 and 8 TeV) from the Atlas and CMS collaborations [1]
has been recently released and, as expected, the data are getting more and more
precise. This obviously allows us to further constrain the parameter space of
the A2HDM. However, the impact of the new data on the phenomenology of the
fermiophobic charged Higgs (Chapter 7) and the analysis of the new contributions
to (¢ — 2), (Chapter 8) will not be affected, as these analyses were performed
under very generic assumptions on the parameter space.

As we shall shortly see, the impact of the new data on the parameter space
of the 2HDM will be somewhat sizeable when compared to the previous results,
however the main conclusions will roughly, remain the same. In the following
we shall present a comparison between the results with the old data [2-9] from
Chapter 6, and the ones obtained with the new [1] LHC data (Fig. [0.1}9.4); CP
conservation is assumed.

As one can immediately observe, the parameter space shrinks when including
the new data. The already usual relative sign degeneracy for the yg and ylh with
respect to y” coupling is obviously still present. Hopefully one could be able to
discriminate among these four regions with more precise data and complementary
flavour experiments.

The allowed regions for down-type Yukawa coupling are no longer connected
(at 90% CL) as it can be observed in Fig. and In the same two figures
one can also appreciate that the yfj isles are somewhat displaced inwards (toward
the (0,0) origin) which reflects the fact that the data prefers values for these
couplings that are mostly a little bit above their SM value or smaller.

Similar considerations can be made for the ylh coupling. The isles correspond-
ing to the degenerate solutions are no longer connected either, thus, the allowed
regions at 90% CL have also been quite significantly reduced. These isles, how-
ever, have not been displaced inwards by the new data, as in the previous case.

As for the up-type Yukawa, it roughly lives in the same domain (Figs
9.3), perhaps a bit reduced. Its relative sign with respect to the Higgs coupling
to gauge bosons is still SM-like, just as in the old analysis. The possibility of
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Figure 9.1:  Allowed 90% CL regions in the yil‘ — ylh plane from a global fit
of the old LHC and Tevatron data (left) and of the latest ATLAS and CMS
combination (right), together with the Ry and Br(B — Xv) flavour constraints,
within the CP-conserving A2HDM. The mass of the charged Higgs is varied within
My« € [80,500] GeV and cosa > 0.
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Figure 9.2: Same as in Fig. for the yl — yg plane.

having positive interference (non SM-like) between the W and top-quark loops
for the H — ~~ decay was discarded, as the excess for the experimental value of
the signal strength for this channel decreased sizeably.

Finally, the strong correlation in the ¢, — ¢z plane, which is due to the flavour
constraints, mainly b — sv, is obviously still present. As the LHC Higgs data
provides (for now) information mainly on the Yukawa parameter space, roughly
speaking one can always find values for the ¢z; parameters that satisfy this cor-
relation. We would be able to significantly reduce this region (in half) when
disentangling the sign degeneracy among the Yukawas, or on the contrary, if we
are able to reduce this parameter space with more and more precise flavour data,



Chapter 9. Updated fits from Run 1 247

B ae e o o
2+ 90%CL A2HDM LHC+Tevatron - of
[ cosa>0 A
£ X Br(B-Xsy) s —
: oF
P ]
O b h L
v r 1 no
-1t 1 -1t '?m"
L ] e
-2 ®:SM N _of
Eov ]
-0.5 0.0 0.5 1.0 15 2.0 25 . : : : :
yh -0.5 0.0 0.5 1.0 1.5 2.0 2.5
u

va

Figure 9.3: Same as in Fz'g for the yl — ylh plane.
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Figure 9.4: Same as in Fz'g for the ¢, — ¢4 plane.

we might be able so solve the Yukawa sign puzzle. An experimental upper bound
on |cos@| could also do the trick. Remember that the Yukawa couplings in the
CP-conserving regime are given by
y? = cosa + ¢ sina, (9.1)
thus as cos@ — 1 all information on the alignment parameters ¢ is lost. An
upper bound on | cos &| would then prevent such loss and would significantly help
us reduce the parameter space if the bound is sufficiently precise.
With all this being said, we can conclude that this last release of combined
data between the two experimental collaborations has helped us to improve a
little bit our phenomenological analysis and we can only hope for more of this to

come in the next years. Generic conclusions as well as a brief summary of the
relevant results of this Thesis will be given next.
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CONCLUSIONS

The discovery of the scalar boson with mass around 125 GeV has certainly
opened the gate to a new era. The Standard Model seems to work perfectly and
the spontaneous symmetry breaking mechanism is no longer a fairy tale. How-
ever, there is lots of room, and also need, for new physics, as many fundamental
questions remain open. Nevertheless, all Standard Model extensions must fulfil
all precision fits and experimental bounds on the new particles and interactions
introduced by these models. In this work we have studied two types of such
extensions, both of them related to the Higgs sector.

Quantum Chromodynamics postulates that gluons belong to the adjoint rep-
resentation (of dimension 8) of the SU(3)¢ colour group and that quarks and
antiquarks belong to the fundamental representation (of dimension 3). There
is, as we have mentioned, no fundamental principle that forbids the existence of
fermions belonging to higher representations. We have seen that, both the run-
ning of the strong coupling and the collider data put severe constraints on any
type of new strongly-interacting fermions coupling to the Higgs boson. In fact,
we can conclude that such QCD particles could only exist provided that their
masses do not originate in the SM Higgs mechanism, as they would extremely
enhance the Higgs boson production cross section, in contrast with the already
measured cross section.

For the second part we have extensively analysed the Two-Higgs-Doublet
Model extension of the SM. In the first two chapters dedicated to the 2HDM
(Chapters 5 and 6), we have studied the implications of the LHC data on the
allowed scalar spectrum both in the CP-violating and the CP-conserving cases,
as well as the particular limits based on discrete Z; symmetries. The current
data are so far compatible with the SM Higgs hypothesis however, at the time
(Paper II, Chapter 5), there was a slight excess in the diphoton channel observed
by both experimental collaborations. This channel is particularly interesting due
to the fact that the decay of the Higgs into two photons occurs at the one-loop
level and it is thus, sensitive to new charged particles that couple directly to
the Higgs or to flipped sign (with respect to the SM) Yukawa couplings, or even
complex Yukawas. We have analysed all these possibilities. We have also fitted
the collider data on the Higgs signal strengths from the ATLAS, CMS, CDF
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and D@ collaborations, within our framework. Even with large experimental
uncertainties, interesting conclusions can be obtained regarding the preferred
regions in the parameter space of the model. The possibility that a CP-even
and a CP-odd Higgs bosons have quasi-degenerate masses near 125 GeV was
also tested. The excess in the v channel can occur in this case due to the
contributions from both scalars.

In Chapter 6 we extended the analysis from the previous paper and updated
the bounds with the latest LHC and Tevatron data. We also discussed the role
of electroweak precision observables and took into account flavour constraints
(B = Xy, Z — bb, etc.) to further restrict the parameter space. The Higgs
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. The flipped-
sign solution for the top-quark Yukawa coupling, which was preferred by the fit in
the previous analysis (Chapter 5) (with the data released before Moriond 2013)
in order to explain the excess in the 47y channel was found to be excluded at
90% CL. A sign degeneracy in the determination of the bottom and tau Yukawa
couplings however remains.

We have also considered experimental searches for additional Higgs bosons at
the LHC especially for a charged Higgs. Regarding the charged Higgs searches
at colliders, its decays into a cb pair and three-body decays H+ — t*b — W+bb
were found to 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.

By the time the present work was completed new experimental data were
available from the ATLAS and CMS collaborations regarding the Higgs boson
signal strengths. Therefore, we have added an additional chapter, Chapter 9, with
updates of some of the relevant bounds on the parameter space of the model. As
the data are getting more precise, our model gets further constrained. However,
roughly speaking, the main conclusions remain the same. We have seen that
the main effect after including the new data, is that the parameter space visibly
shrinks, and that the isles formed by allowed regions of the down-type Yukawa
couplings are no longer connected (at 90% CL) and they are slightly displaced
towards the (0,0) origin. Roughly speaking, these Yukawas prefer regions where
there values are just a little bit above their SM value or smaller. The bound
on the Higgs coupling (normalized to the SM) to a pair of WW bosons remains
the same | cos@| > 0.8 at 90% CL. The degeneracy of the sign of the down-type
and leptonic Yukawas (with respect to the up-type coupling) is still there and
we might just be able to disentangle it with much more precise collider data
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on the Higgs signal strengths and with also more precise complementary flavour
results. Perhaps what we are missing are some new observables sensitive to this
relative sign, that might just do the job. Lacking the direct detection of new
extra particles, the proof of a wrong sign Yukawa coupling would definitely prove
the existence of beyond SM physics and would give us some hints on where the
new particles might be hiding.

The next chapter (7) was dedicated to the study of the phenomenology of a
fermiophobic charged Higgs (that does not couple to fermions at tree level). As
all experimental bounds are evaded trivially we have analysed the corresponding
relevant decays and production channels. We have focused our study on a light
fermiophobic H* with mass in the range My+ € [My, My + M|, where only
a few decays are possible. The dominant production channels are found to be:
associated production with either a W boson or a neutral scalar; NLO QCD
corrections have been included. Also, we have taken into account the constraints
from LHC, LEP and the flavour sector. The predicted cross sections are small in
most of the parameter space, thus making the experimental searches challenging.
However, they become sizeable (> 1072 pb) for large values of My (the mass of
the heavy neutral scalar). Some special cases give rise to cross sections between
0.1 and 1 pb. The analysis presented here should encourage experimental searches
for such a particle at the LHC.

In Chapter 8 we have analysed the anomalous magnetic moment of the muon
and the contribution to this observable from new sets of two-loop Barr-Zee type
diagrams. We have also presented the one and two-loop classical results in terms
of the generic A2HDM parameters and the generic scalar potential. Analytical
results are always given together with details of the calculation. Contrary to the
common belief that only a restrained number of diagrams (the classical Barr-Zee
diagrams) can significantly contribute to this observable, we have shown that
these new contributions can be quite large in some regions of the parameter
space, and that they can significantly reduce, and in some cases even explain, the
discrepancy between the theoretical prediction and the experimentally measured
value of (g — 2),.

These last two analyses, are minimally affected by the new released exper-
imental data by the LHC collaborations, as they were performed under very
generic assumptions on the parameter space.
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