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Chapter 1

Introduction

Recently, high energy physicists have arrived at a picture of the microscopic physical
universe, called “The Standard Model” (SM) which unifies the nuclear, electromagnetic,
and weak forces and enumerates the fundamental building blocks of the universe. The
mechanism of electroweak symmetry breaking is the most important ingredient in the
description of elementary particles physics. The SM incorporates the Higgs mechanism
that breaks the electroweak symmetry spontaneously through a neutral scalar field with
a non-zero vacuum expectation value (v.e.v.). In the minimal version of this mechanism
one scalar SU(2), doublet is required, providing one physical particle (the Higgs particle)
[1-4]. The Higgs particle is a hypothetical massive scalar elementary particle predicted
to exist by the SM of particle physics. The Higgs boson field is the mechanism which
extends the SM to explain how particles acquire the property of mass. The Higgs boson
is the exchange particle in this field and it is not observed yet.

CP violation is one of the crucial ingredients necessary to generate the observed
matter-antimatter asymmetry of the Universe: It is not possible to generate a baryon
asymmetry of the observed size with the very small CP violation present in the SM [5]
via the complex phase in the CKM matrix. New sources of CP violation in models be-
yond the SM can play an important role in the explanation of the observed size of this
asymmetry.

One of the most popular extensions of the SM is the Two-Higgs doublet Model
(2HDM), which is formed by adding an extra complex scalar doublet to the SM. As
a consequence there exist a variety of new sources of CP violation, which are required
to explain the matter-antimatter asymmetry in the Universe (baryon asymmetry) [6].
Various motivations for adding a second Higgs doublet to the SM have been advocated
in the literature [7-10]. The quantity p = My, /(Mzcos®Oy) = 1 like the SM at tree
level [11,12], if both Higgs fields are weak isodoublets (T" = 1/2) with hypercharge Y = 1.
After the electroweak-breaking mechanism, three of the eight degrees of freedom of the
two complex scalar doublets are absorbed by the W* and Z° bosons to be their longi-
tudinal components. The remaining five degrees of freedom form five elementary Higgs
particles. The physical spectrum of the 2HDM contains five Higgs bosons: two neutral
scalars (CP-even) h (the lightest one corresponding to the SM Higgs) and H (the heaviest
one), and the neutral pseudoscalar A (CP-odd) and two charged scalars H* in the case
of CP conservation [13]. In the most general CP-violating 2HDM, the physical Higgs
fields are linear combinations of A, H and A. A non-zero neutron electric dipole moment
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2 CHAPTER 1. INTRODUCTION

(NEDM) is a consequence of CP violation and can arise through the exchange of the neu-
tral Higgs bosons [14]. Also Weinberg proposed a gauge theory of CP non-conservation
through the exchange of the charged Higgs bosons [15]. These particles could be detected
directly at the LHC or indirectly through their contributions as intermediate states in
decay process.

The 2HDM presents a richer phenomenology due to the appearance of the charged and
two more neutral Higgs particles. Many studies advocated to constrain the parameters
of the 2HDM.

It is convenient to split the constraints into three categories:

(i) Theoretical consistency constraints: positivity of the potential [16-18] and pertur-
bative unitarity [17,18,20-22]. From the theoretical point of view, there are various
consistency conditions. The potential has to be positive for large values of the fields.
We also require the tree-level Higgs-Higgs scattering amplitudes to be unitary. To-
gether, these constraints dramatically reduce the allowed parameter space of the
model.

(ii) Experimental constraints on the charged-Higgs sector. These all come from B-
physics, and are due to b — sy, B-B oscillations, and B — 7v, [17,19]. They are
all independent of the neutral sector.

(iii) Experimental constraints on the neutral sector. These are predominantly due to the
precise measurements of the partial decay width R, for the process Z — bb, non-
observation of a neutral Higgs boson at the Large Electron-Positron collider (LEP2),
the precision measurements of the parameter Ap which measures the deviation of
the W and Z self-energies from the standard model value, and a,, = £(9—2), [17,19].

The first and third categories of constraints will depend on the neutral sector, i.e., the
neutral Higgs masses and the mixing matrix. The second category is due to physical effects
of the charged-Higgs Yukawa coupling in the B-physics sector. These are “general” in
the sense that they do not depend on the spectrum of neutral Higgs bosons, i.e., they do
not depend on the mixing (and possible CP violation) in the neutral sector.

When considering the different experimental constraints, our basic approach will be
that they are all in agreement with the Standard Model, and simply let the experimental
or theoretical uncertainty restrict possible 2HDM contributions (this procedure yields
lower bounds on the charged-Higgs mass, possibly also other constraints). An alternative
approach would be to actually fit the 2HDM to the data.

The thesis is organized as follows:

In Chapter 2, we present some basics of the SM theory such as symmetries, gauge
field theory. The spontaneous symmetry breaking is discussed and the Higgs mechanism
is presented. Also the limitations on the SM Higgs mass are mentioned.

The 2HDM theory is discussed in Chapter 3. The 2HDM Lagrangian and Yukawa cou-
pling are discussed. The CP conservation and CP-violation in the 2HDM are presented.
The general potential of the 2HDM is studied. The Yukawa coupling of the neutral Higgs
boson with top and bottom quarks are presented. Finally the SM-like Higgs boson for
the CP conserving case is studied.



The theoretical constraints on the 2HDM are studied in Chapter 4. The positivity for
the CP non-conserving case is presented. The unitarity constraint for both cases of CP
conservation and CP non-conservation are studied.

In Chapter 5, the experimental constraints on the charged Higgs sector are presented.
The constraints from the B-physics such as the B — Xg7 constraint, the constraint of the
B(B~ — 77 7,) decay and B — B oscillations are studied. The constraints from the neutral
Higgs sector are also presented, such as, the anomalous magnetic moment of the muon,
the R, constraint, the constraint coming from electroweak correction to the p parameter
and the LEP2 non-discovery.

The summary and conclusion are presented in Chapter 8.

Four publications are presented in an Appendix:

e Paper 1 “Consistency of the two Higgs doublet model and CP violation in top
production at the LHC”, Nucl. Phys. B775:45-77, 2007.

e Paper 2 “Constraining the Two-Higgs-Doublet-Model parameter space”, Phys. Rev.
D76:095001, 2007.

e Paper 3 “CP violation, Stability and Unitarity of the two Higgs doublet model”,
Nonlin. Phenom. Complex Syst. 10:347-357, 2007.

e Paper 4 “Profile of two-Higgs-doublet-model parameter space”, Talk given at 2007
International Linear Collider Workshop (LCWS07 and ILC 07), Hamburg, Ger-
many, 30 May-3 Jun 2007.
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Chapter 2

The Standard Model

The Standard Model (SM) of particle physics has been one of the most successful achieve-
ments of modern physics. Within a simple and elegant framework, it perfectly describes
most of the collected data so far. The standard model explains the fundamental particles
and their interactions. The electroweak theory SU(2), x U(1)y was first proposed by
Glashow, Salam and Weinberg [23]. The theory of strong interactions between colored
quarks described by Quantum Chromo-Dynamics (QCD) [24] is based on the symmetry
group SU(3)c. The SM theory combines the electroweak and strong interactions based on
the local SU(2);, x U(1)y x SU(3) gauge group. The electroweak gauge fields W+, Z and
the photon field A* correspond to the four generators of the non-Abelian SU(2), x U(1)y
and the color group SU(3) has eight generators associated with the equivalent number of
massless gluons. The Standard Model being a gauge theory implies that its Lagrangian
is invariant under certain types of symmetry transformations, so that the theory should
be regularized [25] (to evade the divergence) and renormalized [26].

The SM is built upon two types of particles, fermions (half-integer spin) which are
divided into leptons and quarks (the building blocks of matter and anti-matter of the
universe), and bosons (integer spin) which mediate the interactions between particles. The
interaction between matter and gauge fields is incorporated into the theory by minimal
substitution which amounts to replacing the partial derivatives in the Lagrangian with
the covariant ones including the couplings related to the various gauge groups.

There are four different forces in nature, corresponding to the exchange of four types
of fields, the weak force is mediated by the massive weak bosons W¥*, Z° which are
responsible for the nuclear decay, the electromagnetic force is mediated by the massless
photon, the strong force is mediated by eight massless gluons carrying colors which bind
the quarks, and the gravitational force is mediated by the graviton and responsible for
the gravity.

High-precision measurements at LEP, SLC, Tevatron [27,28] have provided a decisive
test of the standard model and firmly established and provided a clear description of the
strong and electroweak interaction at the present energies [29]. These tests, performed at
the per mille level accuracy, have probed the radiative corrections and the structure of
the SU(2)r x U(1)y x SU(3) symmetry, and the precise measurements of the couplings
of the gauge bosons with quarks and leptons agree with the theory i.e., the discovery of
the W=, Z at CERN [30], except that the Higgs bosons until now has not observed [27].
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6 CHAPTER 2. THE STANDARD MODEL

2.1 A gauge theory of weak interaction

The exact conservation laws reflect the fact that nature has exact symmetries, i.e., the
conservation of energy, momentum, angular momentum (because of the invariance of
forces under rotation in time and space, respectively) and the electric charge. These
conservation laws or exact symmetries require two conditions. The Lagrangian density is
invariant under the symmetry 6£ = 0 and there is a unique vacuum state (the ground
state is not degenerate) [31].

To understand the electroweak sector of the standard model, one tries to understand
the different kinds of symmetries and the elements of the gauge theory.

2.1.1 Symmetries

Symmetry is close to harmony, beauty and unity, and means that under certain trans-
formations of a physical system, aspects of this system are shown to be unchanged. The
symmetry properties of a physical system are related to the conservation laws character-
izing this system, according to Noether’s theorem, each symmetry of a physical system
implies that some physical properties of that system are conserved [32]. These symmetries
may be continuous or discrete.

Discrete Symmetries

A discrete symmetry describes non-continuous changes in a system, and it also simply
flips a system from one state to another, such as spatial symmetry or parity inversion
(P), which corresponds to a spatial reflection of physics through the coordinate origin,
charge conjugation (C) which connects particle and antiparticle, and time reversal (T)
which reverses a given physical process in time. Each individual symmetry can be violated
naturally but physical laws must be invariant under CPT (the combinations of the three
transformations C, P, and T which are called general symmetry).

This transformation performs a reflection of the space axes through the origin, inverts
the time evolution, and interchange particles and antiparticles. CPT symmetry can be
used to show that the particle and anti-particle must have certain identical properties
including mass, lifetime, and the size of charge and magnetic moment [33]. Optimistic
scientists still believe that CPT is not broken (the mirror image of the antimatter world
with time running backward should look exactly the same as ours) but if CP is violated
it must be compensated by time reversal violation. T and CPT transformations are
anti-unitary and interchange outgoing with ingoing states.

Another important symmetry is CP (combinations of C and P). CP symmetry implies
that particles and antiparticles behave like mirror images of each other. There is strong
evidence that the universe is composed mostly of matter rather than of antimatter. It is
believed that the particles and anti-particles were equally numerous in the early universe,
but the particles became dominant as the universe cooled. This phenomenon is called the
baryon asymmetry, and the theory to describe it is called baryogenesis [34]. Antimatter
in our universe is necessarily very short-lived because of the overwhelming preponderance
of ordinary matter. To explain the observed baryon asymmetry, Andrei Sakharov pos-
tulated that three requirements [35] must be fulfilled: that the universe must be out of
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equilibrium, the conservation of baryon symmetry must be violated and CP symmetry
also must be violated (otherwise any process that changes the amount of matter would
be balanced by a similar effect for antimatter) [36].

There are three ways to introduce CP violation.

e One of them occurs when quarks undergo weak interactions and turn into quarks
with different electric charge and this type can be represented by the complex phase
of the elements of the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [37]. A
pure gauge Lagrangian is CP-invariant, the scalar potential of the SM conserves
CP, but CP violation can arise from the presence of Yukawa interactions and gauge
interactions. The CKM matrix V is complex, but some of the phases in it do not
have physical meaning, so one has the freedom to rephase some quark fields. In
SM with n, generations the CKM matrix is n, X n, unitary, it is parameterized
by nf] parameters, but 2n, — 1 phases are absorbed by rephasing the quark fields.
Therefore the number of physical parameters of V' are [38]

Nparam = 1 — (2ng — 1) = (ny — 1)° (2.1)

The number of rotation angles (Euler angles) used to parametrize an n, x n, or-
thogonal matrix is given by

Nangle = 5ng(ng — 1) (2.2)

Therefore the number remaining physical phases are

1
Nphase - Nparam - Nangle - §(ng - 1)(”9 - 2) (23)

The CKM matrix can be written after parametrization as

Vud Vus vub C1 —S51C3 —S5153
Vexkm = Vea Ves Va = 51C2  C1C2C3 — 82836"S C1C283 + 8203616 (2-4)
Vie Vis Vi S18y  C189C3 + C283€% 18983 — Cocze®

where ¢; = cos6; and s; = sinf; for i = 1,2, 3.

For three generations in the SM, CP violation comes only from one complex phase.
The CP violation in the SM is proportional to the Jarlskog parameter [39]

J = 1Im (Vi Va Vi Vi2) (2.5)
In general any Lagrangian under CP transformations can be written as
L= ‘CC’P + ‘Cremaining (26)

where Lop is CP conserving under CP transitions but Liemaining 1 nOt.

e CP violation is also possible in the mixing of leptons.
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e CP violation could also be present in the strong interactions, as a result of non-
perturbative effects, but this has not been seen. Strong CP violation can occur
if one adds a new term to the SM Lagrangian £, = —(0/327%)F,, F* which can
contribute to the neutron electric dipole moment d,, (6 < 3 x 1071 is very small).
The problem of why € is so small is known as the strong CP problem [40]. CP
violation occurs as a result of the electroweak symmetry breaking, therefore it can
be used to probe the energy scale of new physics [41].

The first time CP violation was observed in laboratories was by Val L. Fitch and
James W. Cronin in 1964, they studied the decay of neutral kaon particles. They found
that the indirect CP violation or CP violation in the mixing (CP violation in AS = 2
transitions) exists in kaon decay and they shared the Nobel prize in physics in 1980 for
this discovery [42]. The existence of direct CP violation or CP violation in the decay
amplitudes (CP violation in AS = 1 transitions) in the neutral kaon was first observed
at CERN (NA31) [43], and confirmed at Fermilab (KTeV experiment) and at CERN
(NA48 experiment) [44,45]. Another one is called interference CP violation which occurs
between the mixing and decay amplitudes.

The SM can not explain the baryon asymmetry that exists in the universe because
there is a very small CP violation that can be produced in the SM. Therefore new physics
must be introduced to provide more sources and larger amount of CP violation to explain
the baryogenesis. One promising model is the Two Higgs Doublet Model (2HDM), which
can introduce CP violation via complex coupling constants of the quadratic and quartic
terms of the Higgs potential, as we see in the next chapter.

Continuous Symmetries

A continuous symmetry is characterized by a continuous change in the geometry of the
system, and mathematically represented by a continuous function, which can be divided
into two types of symmetry. Internal symmetry as well as space-time symmetry:

e Space-time symmetries. These symmetries include the Lorentz and Poincare groups
and are related to space-time, such as time translation, spatial translation, spatial
rotation, etc. Fields are classified under these symmetries as scalar fields, vector
fields, tensor fields, and spinors.

e Internal symmetries. The simplest internal symmetry corresponds to the possibil-
ity of re-phasing each individual quantum field. More generally, whenever there are
various quantum fields with the same quantum numbers, there is an internal sym-
metry mixing those fields. That symmetry is unitary, because the kinetic terms of
the Lagrangian should preserve their renormalization [38]. Internal symmetries mix
particles among each other, i.e., transform one particle into another with different
internal quantum numbers but with the same mass [48,49]. Heisenberg in 1932 [50]
was the first one to suggest that under nuclear interactions, the proton and neutron
can be regarded as degenerate, since their masses are quite similar and the electro-
magnetic interaction is negligible, i.e., the proton and neutron are considered as an
SU(2) isospin doublet.
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In particle physics there are many examples of these symmetries such as the color
symmetry of the interactions of quarks, SU(N) isospin or flavor symmetry.
The internal symmetries can be either

— Global or phase symmetries, which are independent of space-time, i.e., hold at
all points of space and are defined as:

V(@) — exp (—igf)y(x) (2.7)

where ¢ is the charge and f is a constant.

— Local symmetries, which are dependent on space points and are more general,
i.e., the symmetry group varies at each space-time point. The idea of local
gauge isotopic invariance in quantum field theory was introduced by Yang
and Mills [51], according to them, the differentiation between a proton and a
neutron is a purely arbitrary process but this arbitrariness is subject to the
following limitation: once one chooses a proton and a neutron at one space-
time point, one is then not free to make another choice at another space-time
point.

Local symmetry transformations can be written as

(x) — exp (—igf(x))y(x) (2.8)

where f(x) is an arbitrary real differentiable function of z.

2.1.2 Abelian gauge field theory

The electromagnetic interactions between matter (i.e., electrons) and massless gauge
bosons (photon) are described by quantum electrodynamics (QED) corresponding to an
Abelian U(1)e . group. One can start from the Lagrangian for the free Dirac field

Lo = B(ir"d, — m)v (2.9)

where 1) is the free Dirac field and ) is the Dirac conjugate, with the 4 x 4 matrices v*,
p=0,1,2 3 satisfying the anti-commutation relations

7] = 29", AT =040, 0T =40 (2.10)

g™ is the metric tensor, and * is defined as

o _ 1 0 1 0 n s 0 m 3 0 3
T o 1) T T ln o) T T U 0) T T = 0
(2.11)
The invariance of the Lagrangian (2.9) under global gauge transformation (2.7) allows

us to change the phase of the field by the same amount at each space point [32]. To
transform the Lagrangian (2.9) under the more general local symmetry (2.8), one gets
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an extra term g (x)y*(x)9, f(z) from the partial derivative and the Lagrangian is no
longer invariant, and can be written as:

£ = Lo — qi(a)7"¥(2)9, f() (2.12)

The new term can be compensated by introducing the vector field A, to have the

transformation property
A, — A, +0,f(x) (2.13)

The interaction between matter and gauge field can be obtained through the minimal
substitution (replace partial derivative by covariant derivative)

0, — D, =0, +1qA, (2.14)
and
Dyip(x) = [0, +iqAu]v(x) (2.15)

Now the Lagrangian is invariant under the gauge transformation after substitution from
Egs. (2.13) and (2.15) into Eq. (2.12). One should include the gauge invariant term
—1F,, F* for the vector field A,,, where the field strength is defined as [52]:

F.,=0,A,—-0A, (2.16)
The new Lagrangian is known as the Lagrangian of QED which is invariant under
U(1) transformation and can be rewritten as:

- 1
LD = )(iy"D,, — m)ip — 7 F (2.17)

This gauge invariant Lagrangian describes the interaction of a massless vector field with
a spinor field.

2.1.3 Non-Abelian gauge field theory

The Yang-Mills fields can be described by a special unitary group of degree n denoted
SU(n), which has n x n unitary matrices with unit determinant. The SU(n) group is a
continuous, internal symmetry group, and non-Abelian, where the elements of the group
do not commute with each other. SU(n) contains more interesting subgroups in particle
physics such as SU(3) which describes the strong interactions between quarks and SU(2)
which describes the weak interactions [31]. An element of SU(2) can be parameterized
by the three Pauli spin matrices [49]:

71:<(1](1]), 72:(3 _OZ) 73:<(1]_01) (2.18)

where the 7 are 2 X 2 matrices which satisfy the commutation relations
(7, ;] = 24€41Tk (2.19)

and give a representation of the Lie algebra with the antisymmetric structure constant
ik tensor.
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The leptonic currents and consequently the leptonic interactions involve only the left-
handed lepton fields, so one can write the Dirac fields as:

YHa) = Pub(a) = 3(1-25)0()

V() = Prila) = 5(1+95)()

GHa) = B(x)Pa = Do) (1+5)

@) = )Py = D(e)=(1 - ) (2.20)

2
with P} = Pp, P2 = Pg, P, + Pp =1, and ;3 is defined as

01
7 =iy = (2.21)
10
and has the properties
%l =0, () =1, ¥T=1" (2.22)

The lepton isospin doublet can be written in the form

L
22 ’“) 2.23
Ho = (1 (2.23)
and its Dirac conjugated can be written as
Ui (z) = (b, o) (2.24)
with ) (z) defined by
() = P () (2.25)

The free-lepton Lagrangian density in terms of left and right-handed fields takes the
form

Lo =i [U[4" 0,0 + "0l + iy 0,0, (226)

which is invariant under the global SU(2) transformation of the left and right-handed
fields

vy () (x) = U(a)¥;(x) = exp (ioy7;/2) ¥y ()

U () = U () = Uy(2)U"(a) = U (2) exp (—ia;7;/2)
Ui(e) = U(@) = Pi),  v(e) - i) = U(x)
i) = Of(e) = O(2), dn(e) - Ui(e) = vy(x) (2.27)

The operators U(a) are 2 x 2 unitary matrices with the property detU(a) = +1 for
SU(2), and o = (aq, a9, a3) are real numbers. The SU(2) transformation properties of
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the two-component left-handed lepton fields UF(x) are the same as for the two-component
spinors which describe spin % particles in the non-relativistic Pauli theory of spin, so ¥ (z)
is called an isospinor [32].

For infinitesimal «;, the transformations (2.27) can be reduced to

Vi(a) = Ui(a) = (1+iaym/2)¥ ()
Uh(z) = Ul (z) = U (2)(1 —ia;r/2) (2.28)

To generalize the transformation of the Lagrangian, one can replace the global transfor-
mation by a local one, which is given by

Ui (x) — U (x) = exp (igmw;(z)/2)P7 ()

U () — Ut (2) = U)(x)exp (—igrjw;(z)/2)

Yi(e) = @) = i), dyle) = (@) = vy(e)
D) = (@) = Wi'(2), dyle) = pl(e) =y (x) (2.29)

where ¢ is the coupling constant, and w;(z), j = 1,2, 3 are three differentiable functions
of z. The Lagrangian (2.26) is not invariant under the local transformation (2.29). For
infinitesimal transformations it transforms as

, 1o
Lo — Ly = Lo — 5gWE(x)r7" Oy () UE () (2.30)

2

To obtain invariance of the Lagrangian (2.30), one has to replace the partial derivative
by the covariant one, and to introduce the coupling of leptons to the gauge fields as follows

M (x) — D' (z) = [0" + igr; W) (z) /2]¥] (x) (2.31)

with
D) — exp (igmyw;(x)/2) DM () (2.32)

and
WH(x) — W (x) = WH(x) + oW (x). (2.33)

For infinitesimal transformations w;(x), the transformation (2.29) can be rewritten as

UHa) = @) = (1 +igrw;(n) U (2)
UH@) = W) = TH@) (- igrw;(s) (2:34)

By neglecting the second-order terms and using Egs. (2.31), (2.32), and (2.34) one can
rewrite Eq. (2.33) as
W) — Wit (x) = W' (z) — 0"wi(x) — geijmw; (2) W (x) (2.35)

3 (2

After substitution of Egs. (2.31), (2.32), (2.35) into Eq. (2.30), one can get the invariant
Lagrangian.

The global and local gauge symmetry SUp(2) x Uy (1) can be introduced in terms
of the hypercharge Y, the isospin 3" and the electric charge @ through the Gell-Mann
Nishijima relation [53]

Y =Q/e— 1) (2.36)
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where Y = —%, or —% for left-handed isodoublet leptons and quarks, respectively and
Y = —1 for singlet right-handed leptons, or % and —% for singlet right-handed up-quarks
and down-quarks, respectively.

The Lagrangian density describing the electromagnetic and the weak interactions of
leptons and gauge bosons is obtained from the following symmetries: The global trans-

formation Uy (1) is
U(z) —» V'(x) = exp(iBY)¥(z)
U(r) — V'(z) = WVexp(—ifY) (2.37)
and the local transformation for Uy (1) is
U(z) = W(x) = exp(ig'V f(z))¥(z)
V() = V'(z) = exp(—igVf(z))¥(z) (2.38)
Therefore the leptonic Lagrangian density (2.26) is invariant under global transforma-

tions (2.37), and also under local transformations (2.38) if one replaces the partial deriva-
tive by the covariant one as follows

0,V (z) — D,V(z) =[0, +ig'Y B,(2)]¥(z) (2.39)
where the fields B*(x) of the hypercharge are transformed as
B*(x) — B"(x) = B"(x) — 0" f(x) (2.40)

There is another example of a non-Abelian field which is described by the SU(3)
group, i.e, QCD is the theory describing the interactions between quarks (fermions with
three colors referred to as red, blue and green), the quarks are bound by the gluons. The
QCD Lagrangian for a given free quark flavor (u,c,t,d,s,b) takes the form

LFP = g(x)[in"0,, — m]qi(x) (2.41)

where the sum over colors, ¢ = 1,2,3. The Lagrangian (2.41) is not invariant under the
local transformations

q(z) — exp (iaa ()T, )q(x)

Dyq(z) = (9, +igTaAu)q(x) (2.42)
where T, is the generator of the SU(3) group, and satisfies the commutation relations
[Tm Tb] = Z‘fabcirc (243)

a, () are eight functions, and f,. is the structure constant of SU(3).
To achieve the invariance of the Lagrangian under local transformations, it is necessary
to replace the partial derivative by the covariant one, and use the QCD field-tensor as

GZV = aﬂAz - aVAZ - gfabcAZAlc, (244)
where A7 are 8 gluon fields, and g is the QCD coupling.

The complete gauge invariant QCD Lagrangian can be written as

. — a 1 a v
£9%P = gi(a)[i7" 9, — mlai(v) — 9(0y" Tug) A}, — 1 G G (245)

In the next section, we introduce the unification theory of the weak interaction SU(2)
and the electromagnetic theory U(1) (QED) through the electroweak theory SU(2)xU(1).
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2.2 Electroweak Theory

The electroweak sector of the standard model is described by the SU(2) x U(1) gauge
theory. The leptonic Lagrangian density £ (the superscript L of the Lagrangian here
refers to “leptons”) is gauge-invariant under the local SUL(2) x Uy (1) gauge symmetry
group (apply local SUL(2) transformations of Eq. (2.29), and local Uy (1) transformations
Eq. (2.38)), you will have

LY = i[Oy Dl + 9y Dyl + iy Dyl (2.46)
where
DM (x) = [0 4igr; W) (x)/2 —ig' B"(x)/2)¥] (z)
DMl (z) = [0" —ig' B"(z) /2] ()
Dypli(z) = 9*fi(x) (2.47)

where g is the coupling constant corresponding to SU(2),, and ¢’ is the coupling constant
corresponding to U(1)y.

The fields W/ (x) are invariant under U(1) gauge transformations, and the B*(z) fields
are invariant under SU(2) gauge transformations. The non-hermitian charged gauge fields
are defined as

1 .
Wila) = —=[Wiy(a) = oy (o)
Wie) = —=[Wi(x) + iWau(a) (2.48)

V2

The hermitian neutral fields are defined as linear combinations of the A,(x) and Z,(x)
fields as follows

Wsu(z) = cosbwZ,(z) +sinbyA,(x)
B,(z) = —sinfwZ,(x)+ cosbwA,(z) (2.49)

where 6y, is the Weinberg angle and also is defined by tanfy = ¢'/g. It is important
to include the gauge bosons to the Lagrangian Eq. (2.46), and this can be done by
introducing the U(1) gauge-invariant Lagrangian density of the fields B*(z) as follows

Lo _ —iBW(x)B“”(x) (2.50)
where
B*(x) = 0"B"(x) — 0" B"(x) (2.51)

Also by introducing the SU(2) gauge-invariant Lagrangian density of the gauge boson
fields WH(z)

L5V —iGW(x)Gi“”(x) (2.52)
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where

)

FP(x) = 0"Wi(x) — 0"Wy () (2.53)

2

G (x) = FE"(x)+ gfijkm/f(x)wls(x)

The SU(2) x U(1) gauge-invariant Lagrangian density of the gauge boson fields is the
sum of Eqgs. (2.50) and (2.52) which takes the form

1 1 y
LP = — Bu(@)B"(2) = Giu(0)GL" ()

= L Bul0) B @) = {Ful)F (0)
+geiWin(2)W;, (2) 0" Wy ()

1
=9 S W ()W (2) Wi (@) W () (2.54)

and can be rewritten into two parts as
L8 =rf+ P (2.55)

The first line of the Lagrangian (2.54) represents the free-field Lagrangian density of
massless, spin 1 gauge bosons v, W* and Z° and takes the form

1 1 1

L8 = = Ful@)F™ () = Sl (0) P (@) = 5 Zu2) 2 (2) (2.56)
where
ZM(x) = 0"Z"(x) — 0" 2" (x), (2.57)

F,,(x) is the electromagnetic tensor and FJj/ (x) is corresponding to the definition of the
tensor in Eq. (2.53).

The second and third lines of the Lagrangian (2.54) represent the Lagrangian density
for the interactions of fields

[rIB = QEijkW/w(if)M/ju(x)aMWI?(x)

1
— 29 imeim W (@)W () Wiy () Wiy () (2.58)

The unified model of electromagnetic and weak interactions of massless leptons and
massless gauge bosons (W=, Z° bosons and photons) can be described by the Lagrangian
density (the sum of Egs. (2.46) and (2.54)) as

L=Ll+ P (2.59)

To give masses to the gauge bosons W* and Z°, one might want to add a mass term
to the Lagrangian (2.56), such as:

1
mass term = mj, W/ (z)W*(z) + émQZZH(m)Z“(x) (2.60)
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where my, = vg/2 and myz = mycosfy . For fermions, one might also add a mass term
to the Lagrangian (2.46) such as:

MUV = MU, Uy + UpW/] (2.61)

However, such mass terms are not invariant under local and global symmetry due
to the different gauge transformations of the left and right-handed fields. A Lagrangian
density including such mass terms is not invariant under SU(2) and U(1).

Spontaneous electroweak symmetry breaking is the good way to give the W=, Z bosons
and fermions masses while keeping the gauge theory SU(2) x U(1) invariant.

All fields we discussed are massless, we will in the next section discuss how to introduce
masses to the gauge bosons W+ and Z of the weak interactions and the fermions.

2.2.1 Spontaneous symmetry breaking

In this section one tries to generalize the unification of the electromagnetic and weak
theory SU(2) x U(1) by constructing a renormalized and gauge-invariant Lagrangian
density, which contains mass terms for fermions and for the W=* and Z bosons, while
the photons remain massless. The procedure responsible for giving mass to bosons and
fermions is called the Higgs mechanism due to the spontaneous breaking down of the
electroweak symmetry [54]. Spontaneous symmetry breaking takes place when a system
or Lagrangian density that is symmetric with respect to some symmetry groups goes into
a vacuum state that is not symmetric or not invariant.

The Goldstone model is one example of spontaneous symmetry breaking and its La-
grangian density is defined as

L(z) = [0"¢"(2)][0u0(2)] = V() (2.62)

where the complex scalar field can be written as:

1

¢(z) NG

[01(2) + ida()] (2.63)
The Higgs potential takes the form
V(9) = 1*[o(2)]* + Ao (2)[* (2.64)

where X\ and p? are real parameters, A must be positive to make the potential bounded
from below.
There are two situations to minimize the potential V' (¢) according to the sign of u?:

e 12 > 0, the potential V(¢) is positive and has a unique minimum point value at
(0]p(x)|0) = @9 = 0, i.e., spontaneous symmetry breaking cannot occur, this case
is shown in Fig 2.1.

e 12 < 0, the potential V(¢) has a minimum when %—Z =220 + 4Xg® = 0, i.e., V(o)
has a local maximum at ¢(z) = 0 and a whole circle of minima at

oo\ 1/2 v
W0 == (S5 ) =75 (2.65)
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Figure 2.1: Higgs potential

which corresponds to a continuum of vacuum states degenerate in energy, therefore
the ground state is not unique as shown in Fig. 2.1.

To study the deviation of fields from the vacuum expectation value (excited states),
one introduces two real Klein-Gordon fields o(z) and n(x) to expand the scalar fields
around the physical vacuum

1 .
¢(r) = ﬁ[v +o(z) +in(r)] (2.66)

By substitution from Eq. (2.66) into Eq. (2.62), the new Lagrangian can be rewritten in
terms of the o(x) and n(x) fields as

1

L) = S0o@]tu(@)] - 5A)0()

(@)

o) o%(@) + (@) — T Ao () + () (2.67)

4

The higher order terms are considered as interaction terms. By taking out the interaction
terms, Eq. (2.67) describes two particles, the first one is the o boson with spin 0 and mass
V2Mv2, and the other one is the n boson without mass and called a Goldstone boson.

2.2.2 Higgs mechanism

The Higgs mechanism is an extension of the spontaneous symmetry breaking to create
massive vector bosons in a gauge invariant theory [54]. The simple case of the Abelian
U(1) field can be obtained by introducing the coupling of the gauge field through the
covariant derivative

Dug(x) = (04 +iqAu(z)](x) (2.68)
and by adding the free gauge field to the Lagrangian density (2.62)
1 v
3 F ) a),
F.(x)=0,A,(x) — 0,A,(z). (2.69)



18 CHAPTER 2. THE STANDARD MODEL

This can be rewritten as

L(x) = [D'6(@)'[Dud(x)] — 1*|o(2)]* = A(@)[*

—iFW(x)F‘“’(x) (2.70)

which defines the Higgs model and is invariant under a U(1) local gauge transformation

b(x) = ¢'(x) = lx)exp (—iqf(a))
"(2) — 6*(x) = 6" (x)exp (iaf())
Aufa) = Afa) = Aue) +0f () (2.71)

For 2 > 0, £ is simply the QED-like Lagrangian for a charged scalar particle of mass p
and with ¢* self-interactions. For u? < 0, the vacuum state is not unique and spontaneous
symmetry breaking will occur. Therefore the Lagrangian can be written in terms of real
Klein-Gordon fields and a gauge field A#(x) as follows:

L) = [ o(@)duo()] - 5 (20)0)

1 .
—ZFW(x)F (x) +
(

+H0"n(2)][0m ()]
+quA*(x)0,n(z) + interaction terms (2.72)

(qv)* Au(z) A (x)

Q'
ol — N

There are two difficulties to understand Eq. (2.72). The first problem is that there is
no physical interpretation for the mixing term of the A* and n fields, the second problem
is the number of degrees of freedom. Before symmetry breaking in Eq. (2.70) there are
four (two for the complex scalar field ¢(z) and two for the massless gauge field A*). After
symmetry breaking in Eq. (2.72) there appear to be five degrees of freedom (two for the
real scalar fields o and 1 and three for the massive gauge boson field A*). To solve these
problems the unphysical field 1 should be removed from Eq. (2.72) under unitary gauge.

The scalar field ¢(x) can be rewritten as

1
6(x) = —lo+ o) (2.73)

The free-field Lagrangian density of Eq. (2.72) in unitary gauge then takes the form

Lor) = [0o()0u0(@)] — 5200 (a)
—iFuy(m)F“”(m) + %(qv)zA“(x)A“(m) (2.74)

This equation represents a massive gauge field A* with mass qu and a scalar field o-boson
with mass v2Av? which is called the Higgs boson.

One can extend the Higgs mechanism to the SU(2) x U(1) gauge invariant Lagrangian
of the electroweak theory or Weinberg-Salam Model by replacing the singlet scalar field
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¢(z) in the U(1) group by the scalar isospin doublet ®(z) in the SU(2) group, which can
be written around the vacuum state as

20~ (i ) =73 (ot e ) 279

The isospin doublet transforms under local SU(2) transformations according to

O(z) — '(x) = exp (igrw;(r)/2)®(x)
O(z) — d(x) = @'(x)exp(—igrjw;(z)/2) (2.76)

and under local U(1) weak hypercharge transformations as

O(z) — ¥'(x) = exp(ig'Y f(z))P(z)
dl(2) = (2) = O (x)exp (—ig'V f(x)) (2.77)
To generalize the Lagrangian density Eq. (2.59) of interactions between lepton and

gauge bosons, one can include the Higgs field ®(x), therefore the Lagrangian density takes
the form

L=Lr 4P+ ! (2.78)
where
L (z) = [D"®(2)]'[D,®(2)] — 4?0 (2)0(x) — A[@F (2) 2 ()]? (2.79)
with
DB(x) = [0 + igr; W ()2 + ig'V B"(x)|() (2.80)

and the fermion Lagrangian £ can be defined as

Lf'= > FiDA"F (2.81)

F=u,d,l

For y? < 0 and A > 0, the vacuum expectation values (v.e.v.’s) for the Higgs fields with
hypercharge Y = % and isospin 1}V = —% can be written as

- (5)-(2)

The ground state (2.82) is not invariant under SU(2) x U(1) gauge transformations (the
lower component of the Higgs doublet or neutral component is not equal zero), but it
must be invariant under U(1) transformations to ensure that the conservation of charge
is valid and the photons are massless.

After substitution from Egs. (2.75) and (2.80) into Eq. (2.79), the symmetry is spon-
taneously broken down and the degrees of freedom of the n-fields are “eaten” by the
massive gauge bosons W= and Z°. The real magic of the Higgs mechanism is how to give
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mass to the W= and Z%bosons, leaving the photons massless. The v.e.v. v of the Higgs
field gives the W* a mass (tree-level) 2, and the Z° a mass (tree-level) 31/¢? + ¢2.

One can count the number of degrees of freedom before and after symmetry breaking
as: before symmetry breaking there are twelve degrees of freedom, four degrees for the
complex doublet (three degrees from the scalar n-fields and one from the scalar o-field)
and eight degrees from the four massless gauge bosons. After symmetry breaking there
are also twelve degrees of freedom, nine from the three massive gauge bosons W=, and
Z° (the three degrees of n-field are eaten by the longitudinal polarization components of
W# and Z° bosons) and two from the massless gauge bosons (photons) and one for the
massive scalar field o (Higgs boson).

In the weak basis the Yukawa interactions of the quarks with the SU(2) doublet Higgs
field are described by two 3 x 3 coupling matrices. The way to give masses for fermions, is
by Yukawa interactions between the Higgs fields and the fermion fields, which is defined
as

L@ = Y V@)@ + W (@)g" R(@)e + U (@)g (@) + hee.

(2.83)

and is invariant under SU(2) x U(1), where ®(z) is defined as
b(z) = —i[0!(2)m]T = ( i’;(z) ) (2.84)
and transformed under U(1) as
B(x) — ¥(2) = oxp (~ig'f(2)2)B(x) (2.85)

After transforming the quark fields from the weak basis to the mass basis, various
pieces of the SM Lagrangian are diagonal in generation space (unitary gauge), except for
the charged current interactions of quarks,

—Li.(x) = —%@5 (2)V"Verm W, + hec. (2.86)

Therefore Eq. (2.78) can be generalized to
L=r"+c+c"+ "

= i[ U7 ()7 DT () + O ()7 Dy () + by @)y Doty ()]
— TBul)B(x) — (G )G (2)
+[D"0(2)]'[D,®(2)] — 4?0 (2)0(x) — A[@T (2) P ()]

(X W@ @ + U () (@)l + T @)g (@)l +he ) (2:87)

generations

(x
(x

where the covariant derivative for left and right-handed lepton fields is defined by Eq. (2.47)
and for scalar fields (Higgs fields), it is defined by Eq. (2.80).

In the next section, we try to discuss the theoretical and experimental constraints
on the mass my of the Higgs boson because the lightest neutral Higgs in the 2HDM is
analogous to the SM Higgs boson.
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2.3 Limits on the Standard Model Higgs mass

The Standard Model of the electroweak physics is in good agreement with data, the only
particle of the Standard Model that has not been detected so far is the Higgs boson [27].
The precision experiments put limits on the Higgs mass through its influence in radiative
corrections (higher-order terms of the perturbative series) [55]. The Tevatron at Fermilab
provides an indirect upper limit on the Higgs mass of 219 GeV via precision measurements
of m; and my. Direct searches at LEP give a lower bound of my = 114.4 GeV [56].
Therefore the preferred mass range of the Higgs boson in the SM is 114 GeV< mpy <
219 GeV at the 95% Confidence Level (CL) [57]. Improved measurements of m; and
mw at the Tevatron, and then at the LHC, will improve the precision of the indirect
estimation of my.

In addition to these experimental limits there are theoretical constraints such as triv-
iality, unitarity and vacuum stability bounds. The mass of the Higgs boson in the SM
is a free parameter because it depends on the scalar self-coupling Ar (renormalized self-
coupling of the bare coupling \), which is a free parameter. But Ag should be perturbative
up to a large scale, therefore this condition puts an upper bound on the Higgs mass, this
is known as the triviality bound. Also the vacuum of the SM should be stable up to that
large scale, this condition puts a lower bound on the Higgs mass.

In the SM of electroweak interactions the scalar potential is defined by

V(9) = 1?|¢(@)* + A (x)|* (2.88)

where A is called the bare coupling, and its renormalized self-coupling is Ar which lies in
a narrow range (Ag — 0). The coupling constant A\ at some low energy renormalization
scale u is defined as

1 1 3 A
o~ A~ (2.89)

where A is the cutoff scale. The Higgs mass is found to be [58]
M% = 2 g(mpy)v? (2.90)

Therefore for a given cutoff, the mass My is also found to be bounded from above [59,60].

Although the SM theory is a good approximation to the physics of elementary particles
and their interactions at the low energy scale of O(100 GeV) and below, the SM theory
breaks down at some energy scale called A below the Plank scale (Mpy, =~ 10! GeV).
The SM degrees of freedom are no longer adequate for describing physics above A and
new physics must be relevant. Therefore the SM is not a fundamental theory and it is
considered as an effective theory [61].

One can list some of the problems which are not explained by the SM, such as:

e Neutrino oscillation. The mass for neutrinos is not predicted by the SM.

e Gravity. Gravity becomes relevant above the Plank scale, which is not included in
the SM.
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e Mass parameters. The mass parameters in the SM theory are free parameters, new

physics beyond the SM may fix these free parameters.

Hierarchy problem. The mass term of the Higgs particle is of the order of the weak
scale ~ 102 GeV and acquires quadratically divergent quantum corrections. If the
cutoff Acuiog of the SM is comparable to the Plank scale, the parameters of the
theory need to be carefully fine-tuned (cancellation between the quadratic radiative
corrections and the bare mass) to keep the Higgs mass at an acceptable value.

m2 = m(2) + 92Agut-off (291)

physics
New physics may solve this problem beyond the electroweak scale.

CP Violation. CP violation is incorporated in the SM through the complex phase
introduced to the elements of the CKM matrix. This is not sufficient to explain
the baryogenesis in the universe [5]. New physics is needed to produce enough
CP violation to explain why the universe is composed of much more matter than
antimatter.

Strong CP violation. Most of the proposed solutions for this problem, require an
enlargement of the Higgs sector. A generic CP violation in the strongly interacting
sector would create the electric dipole moment of the neutron.



Chapter 3

The Two Higgs Doublet Model

The mechanism of electroweak symmetry breaking is the most important ingredient in the
description of elementary particles physics. The SM incorporates the Higgs mechanism
that breaks the electroweak symmetry spontaneously through a neutral scalar field with
non-zero v.e.v. In the minimal version of this mechanism one scalar SU(2); doublet is
required, providing one physical particle (the Higgs particle) [1-4].

CP violation is one of the crucial ingredients necessary to generate the observed
matter-antimatter asymmetry of the Universe: It is not possible to generate a baryon
asymmetry of the observed size with the very small CP violation present in the SM [5]
via the complex phase in the CKM matrix. New sources of CP violation in models be-
yond the SM can play an important role in the explanation of the observed size of this
asymmetry.

The simplest extension of the minimal Standard Model is the Two-Higgs doublet
Model (2HDM), which is formed by adding an extra complex scalar doublet to the SM.
As a consequence there exists a variety of new sources of CP violation, which are required
to explain the matter-antimatter asymmetry in the Universe (baryon asymmetry) [6].
Various motivations for adding a second Higgs doublet to the SM have been advocated
in the literature [7-10]. The quantity p = My, /(Mzcos®Oy) = 1 like the SM at tree
level [11,12], if both Higgs fields are weak isodoublets (T" = 1/2) with hypercharge Y = 1.
After the electroweak-breaking mechanism, three of the eight degrees of freedom of the two
complex scalar doublets are absorbed by the W= and Z° bosons to be their longitudinal
components. The remaining five degrees of freedom form five elementary Higgs particles.
The physical spectrum of the 2HDM contains five Higgs bosons: two neutral scalars
(CP-even) h (the lightest one corresponding to the SM Higgs) and H (the heaviest one),
and the neutral pseudoscalar A (CP-odd) and two charged scalars H* in the case of
CP-conserving sector [13]. In the most general CP-violating 2HDM, the physical Higgs
fields are linear combinations of h, H and A. Neutron electric dipole moment (NEDM)
is a consequence of CP violation and can arise through the exchange of the neutral Higgs
bosons [14]. Also Weinberg proposed a gauge theory of CP nonconservation through the
exchange of the charged Higgs bosons [15]. These particles could be detected directly at
LHC or indirectly through their contributions as intermediate states in decay process.

A discrete symmetry is often introduced to avoid flavor-changing neutral currents
(FCNC) in the 2HDM [62] at tree-level. The 2HDM can be classified according to the
Higgs-fermion interactions into: In type-I models [63] only one of the Higgs fields couples

23
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to standard model fermions (quarks and charged leptons). In type-II models [13] one
Higgs field ®, couples to up-type quarks (I3 = 1/2), and the other Higgs field ®; couples
to down-type quarks and charged leptons (/3 = —1/2). In type-1II models [64] both Higgs
fields couple to all standard model fermions, therefore it allows FCNC at tree-level. This
model exhibits tree-level flavor-changing neutral Higgs interactions, but only in the top
quark sector which can have significant effects on the electron dipole moment, and on
D — D mixing and on B — B mixing [65]. Type-IV models [66] allow the Higgs field ®, to
couple to up-type and down-type quarks and the other Higgs field to couple to charged
leptons.

In the next sections, we try to discuss the SU(2) x U (1) symmetry breaking Lagrangian
of the 2HDM.

3.1 2HDM Lagrangian

There are four types of 2HDM according to the coupling of Higgs fields ®; and 5 to the
fermions (up-type, down-type quarks and leptons). To avoid the FCNC at the tree-level
we consider the 2HDM type-1I [13] in the whole thesis.

The two doublets are defined in SU(2) as

o
o= o , i=1,2 (3.1)
75 (vi + i +ixa)

To break down the symmetry at tree level, the v.e.v.’s for the two doublets can be written

as
0 0 .
W=, ], i=12 (3.2)
V2

vy =vcosB, wvy=wvsinf, v:+uv)=0v"= (246 GeV)? (3.3)

and an important free parameter of the 2HDM is the ratio of the two v.e.v.’s tan 8 = vy /vy,
(0 < 8 < 7/2) which makes sense only if there is a physical principle that distinguishes
between ®; and ®5. Such a principle is model-dependent. The angle 3 rotates the CP-odd
and the charged scalars into their mass eigenstates.

A spontaneous electroweak symmetry breaking for 2HDM is described by the La-
grangian

where

L=L+LP v+ LY (3.4)

The first two terms of Eq. (3.4) are the same for the standard model and for the
2HDM (see Eq. (2.87)), but £# and £Y are different. £Y it will be discussed in detail in
the next section.

The SU(2) x U(1) invariant Higgs Lagrangian for a system of scalar fields ®; and &
can be written as

L% = (D,®))(D"®,) + (D, &) (D"®y) — V (3.5)

where V' is the potential of the 2HDM, we will discuss it in detail in the next sections for
the cases of CP-conservation and CP-violation.
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The covariant derivative D, containing the electroweak gauge fields for ¥ = 1 for
both doublets, is defined as

D" ="+ %Tjwf(m) + %Bﬂ(g;) (3.6)

Using Pauli matrices Eq. (2.18), together with (2.48) and (2.49), one finds

iy XS:T.WH - 9 0 wr + ig w2y + swAy 0 (3.7)
2 2.7 = w0 > 0 —ewZ, — swA, :

Therefore from Egs. (3.1), ) and (3.7), the quantity D*®(z) can be rewritten as

e, — ( 1 )
7 (vg + M +iX1)
1g ‘PT
—2<W“‘ ) (\%(vl—i-m—i-ixl))
ig [ cwZF + swA! 0 ot
) ( 0 —cw ZF — sy A¥ ) ( \%(Ul +m +ixa) )

: +

19 Sw ¥1
+—=—(—sw 2" + cyy A* ) 3.8
(=sw ew A’) ( %(% +m +ix1) ) (38)

Eq. (3.8) can be rewritten as

Dh ol + 5
1= .
%(771 +ix1) —

[(cy = ) 2" + 2ewsw Aol + FWH (o1 +m+ixa) (3.9)
2\/%ch ZM(v1 + 1+ ix) + %WJW(PT )

where sy = sin 0y and ¢y = cos Oy, therefore

_ 7 _ 1 )
(Duq)i)T(DNq)i) = [au% - ﬁ [(C%/V - S%V)Z + 2cwsw A }901' - _gWT(Ui + i — ZXi)]

X :8“80? 2251]/1/ [(chy — SW)Z“ + 2ew sw A" o + 1 VV“(UZ +n; + zxz)}
" Oy . . ig _

+|—= i — VX ZM’UZ—FZ ’li——W z:|
_ \/5(77 Xi) + 5 fcw (vi +mi —ixi) Nollad

X —_au (mi +ixi) — ZM(vi +mi +ixi) + _z'g W“‘goj], (3.10)
\/§ 2\/_CW \/§

where 1 = 1, 2.
After a little calculation, one can extract the mass of the W=+ and Z° bosons as follows:

miy, (WiW") = “’Z(vvwv#)(v1 +02) = gT(WTW“) (3.11)

Therefore my, = % gv. Likewise:

2

m3(2,2") = (4 + 47)(Z,2") (3.12)
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and mz = 5/9°% + g”.

The Higgs-vector-boson couplings can be extracted from the general form the covariant
derivative terms, see Appendix B of Ref. [17].

3.2 Yukawa coupling

The Yukawa interaction is an interaction between a scalar field ® and the Dirac field .
Through spontaneous symmetry breaking, the fermions acquire a mass proportional to
the v.e.v. of the Higgs field.
The Yukawa Lagrangian is a generalization of the similar form of the SM, and can be
written in terms of the quark and lepton mass-eigenstate fields as [6,67,68]
—LY = gl + Vg ey

U950y + Uy g5 Doty

+UL gD + U) g5t + hec. (3.13)
with ¢/ (i = 1,2 and F for fermions) the Yukawa interaction matrices, ¥ the left-handed

quark fields and WF the left-handed lepton fields. The field ®; is defined in analogy with
Eq. (2.84) as

&)i = _/i[@ITQ]T :iTQCI):
1 .
(Ui =1 — 11X .
_ < Ve (i i = i) ) i=1,2 (3.14)
—¥;

There are different types of the 2HDM (type-I, type-11,...) due to different ways of
coupling the Higgs fields to up-type, and down-type quarks and leptons.

The famous parameter tan 3 in generic basis has no physical meaning, because no
physical Higgs coupling depends on tan 3. The general 2HDM generally predicts FCNCs
in conflict with the experimental data. One way to avoid this phenomenological problem
is to constrain the theoretical structure of the 2HDM. The most common constraint to
impose on the 2HDM is a requirement that some of the Higgs-fermion Yukawa couplings
vanish in a “preferred” basis. This leads to the well known type-I and type-1I models. In
the 2HDM-I the Higgs-fermion couplings in the “preferred” basis, g4 = g4 = 0 and in the
2HDM-II “preferred” basis, gi* = g4 = 0 [69,70]. The parameter tan 3 in these cases is
basis-independent, so tan (3 is indeed physical [71].

3.2.1 Yukawa Lagrangian of 2HDM type-11

This is an important version of the 2HDM, because FCNC is forbidden in the “preferred”
basis, g = g4 = 0 [69,70]. The up-type quarks get their masses from the expectation
value of the second doublet ®, while the down-type quarks get their masses from the first
doublet @, like in the SM, also it is similar to the MSSM [13].
The Yukawa Lagrangian of 2HDM type-II is written as [67]
L = i[wuie + el v
+5 [0, + G OL0)]
o [T, + fajul] (3.15)
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or

—Ly, = gl[vrviel +divier
L 1R, L
+¢6\1/di (v1 +m +ix1) + wc\l/gd (01 +m — ix1)]
g5 | — ity — viies
L 'R 7R, L
+wr/2u (v2 +m2 —ix2) + %\L/gu (2 + 2 + ix2)]
/ +oi [ ot + by et
A Uikl
NG V2

The non-zero v.e.v.’s v; and vy of the two doublets give masses to the fermions such as

(Ul + T + ZXI) +

(v1 +m —ix1)] (3.16)

d — —
L) = %wéwﬁ + Rk + 7<¢L¢R + Ly

+%<wfwﬁ + PRy

. 91 v
= \/7(%%) +\/,

The masses of the fermions can be explicitly identified as

91 (Vb)) (3.17)

d e
m, = —=vsin 3, mg = ﬂvcosﬁ, Mme = glvcosﬁ (3.18)

tV2 V2 V2

In the following sections we will discuss the CP-conserving case in the 2HDM.

95

3.3 CP conservation in the 2HDM

In the minimal SM the Higgs sector comprises only one complex Higgs doublet [1] resulting
in one physical neutral Higgs scalar whose mass is a free parameter of the theory. There
is no experimental evidence for the SM Higgs, the theory fails to explain the observed
size of the baryon asymmetry in the universe. Therefore it is important to study the
extended models containing more than one physical Higgs boson in the spectrum.

One of the earliest reasons for introducing the 2HDM was to describe the phenomenon
of CP violation [8]. The additional Higgs doublet gives a possibility of FCNC which is
highly suppressed relative to the charged current processes, so it would be desirable to
suppress it from the 2HDM. If all quarks with the same quantum numbers couple to the
same scalar doublet, then FCNC will be absent. This led Glashow and Weinberg [62] to
propose a discrete symmetry or Z, symmetry, which force all the quarks of a given charge
to couple to only one doublet. The Lagrangian is invariant under the interchange

¢ P, Py —Dy, or
(131 < _(I)l s (132 — (I)g. (319)

This symmetry forbids the ®; « ®, transition.
There are three cases of the Z, symmetry as follows
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e Exact Zy symmetry. This is the case of CP-conservation in the 2HDM, where
A¢ = Ay = mqp = 0 or real and A5 is real, this requires in the ®; — ®, basis, all
the parameters of the Higgs potential are real. The neutral Higgs bosons mass
matrix is diagonalized and the Higgs field rotated to the physical Higgs bosons, two
neutral CP-even (CP=1, mixtures of the real parts of the neutral Higgs fields) h,
and H with m; < mpy and one CP-odd neutral Higgs A (CP=—1, derives from the
imaginary components which are not eaten by the Z), also the charged Higgs mass
matrix is diagonalized to give two charged Higgs particles H*. The parameters of
the Higgs potential in this case are 6 parameters.

e Soft Z, symmetry violation. A symmetry is said to be softly broken when all terms
which break it have dimension two. This case corresponds to the explicit CP-
violation where both mqy and A5 are complex. This type of Zy violation respects
the Z5 symmetry at small distances in all orders of perturbation theory.

e Hard Z; symmetry violation. A symmetry is said to be hard broken when all terms
which break it have dimension two and four. This is the general case with more
CP violation, where \g, and A; are complex in addition to the soft Zy symmetry
violation. The total parameters of the Higgs potential in this case are 14.

CP-conservation in the Higgs sector means that there is no explicit or spontaneous
breaking in the 2HDM (exact Z, symmetry). In the decoupling limit, where (m3 > v)
the lightest neutral Higgs boson h has mass of O(v), while the other two neutral Higgs
bosons have mass of O(m3;). One can formally integrate out the heavy Higgs states from
the theory [72,73]. The resulting Higgs effective theory yields precisely the SM Higgs
sector up to corrections of O(v?/m3). Thus the properties of the light Higgs h are nearly
identical to those of the CP-even SM Higgs boson.

The most general CP-invariant Higgs potential having two complex Y = 1, SU(2),
doublet scalar fields ®; and @, is given by [13]

A1

A
Vo= E(cb{cbl)? + 72(@;@2)2 + A3(D1D ) (@S D,) + Ay (BT D,) (0] 1)

1
+526(@102)2 + | Ae(@]@1) + A()2) | Re (@],)

1
—5 {mhi(@]®1) + mi,Re (@]02) + mi, (@[0,) | (3.20)

where A5, \g, A7 and m, are real.
It is convenient to expand the Higgs-doublet fields about their vacuum states as

o
o= , o (3.21)
ﬁ(vi + ;i +ix:)

and choose phases of ®; such that v; and vy are both real [38], where gpj are complex
fields, and n; and y; are real fields. This, in turn enables us to write the mass terms of
the potential (3.20) as:

+ 1 1
Vinass = (07 07) M2, @9 +5 (1 x2) MEp oaa <X;) + 5 (m ) Mepeen (Z;)

(3.22)
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where M2 is the squared mass matrix of the charged sector, M2y 44 is the squared mass
matrix of the CP-odd sector and MZp_ ., is the squared mass matrix of the CP-even
Higgs sector.

Diagonalizing the quadratic terms of the V.., one obtains the mass eigenstates: 2
neutral CP-even scalar particles, h and H, a neutral CP-odd A, charged fields H*. The
relations between the mass eigenstates and the SU(2) x U(1) eigenstates are:

<ffi) e (g) ’ (Cjio) = R (2) : @1) = Ra (Z;) (3.23)
(i;i) = (ffi) ’ (2) R (?40) ! (Z;) = R (g) (3.24)

[ cosfB  sinp [ cosa  sina
Fg = (— sin 3 cosﬁ) » Fa= (— sin «v cosa) (3.25)

where sin 3 = sz and cos 3 = cg.

One can derive the squared mass matrix of the charged Higgs sector (using Reduce or
Mathematica program). First extract the charged part of the Higgs potential by setting
the neutral Higgs fields to be zero (7, = 172 = x1 = x2 = 0). The squared mass matrix
M?, (2 x 2) elements of the charged Higgs sector are then extracted from the coefficients
of two charged Higgs fields (¢T¢7), e.g., the matrix element M5 is the coeficient of the
fields ¢ ;. Thus the squared mass matrix of the charged Higgs sector is found to be

with

_ 58 s
M, —223@2 (Sﬁcﬁ(m + As5) + B + séAy) + —255 mi,,
My = Dy <Sﬁcﬂ(>\4 + A5) + c3Ag + 55 )\7) + B mi,
) 28[3 B B 235 )
2 v? ) ) 1,
Mgy, = — 9 <Sﬁcﬂ(>\4 + As) + 56 + 85>\7) — ™My (3.26)

The angle 3 is used to diagonalize the charged Higgs fields as

' 2 2 o«
RoM2,RY — Mgh(diag.) _ < cos 3 sin ﬁ) (Mllch M12ch) (cosﬁ sin [3)

—sinf cosf) \M3,5, M3y ) \sinf  cosp3
(3.27)
The charged Higgs mass can be derived as
2 s V7
My = W~ — ?()\4 + Ase7) (3.28)

Here and in the following we will use the abbreviations

01 V2
)\567 = )\5 + _)\6 + —)\7, mé = QIUQCﬁSﬁ
V2 U1

v (%
)\345 = )\3 + )\4 + )\5, )\34567 = )\345 —+ U_l )\6 + U_2 )\7, ,u2 = 1221/. (329)
2 1
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The angle « is used to diagonalize the CP-even Higgs fields as follows,
2 2 2
mj, 0 _ Mip Mig\ or
(% o) = m ik ak) =
B cosa  sina\) (M} M3\ [cosa —sina (3.30)
— \—sina cosa) \M3, M3,) \sina cosa '

The squared mass matrix M? elements of (3.30), corresponding to the neutral sector
of the potential, is found to be

Mfl = [Cﬁ)\1+3ﬁy+ 5 ﬁ(gcﬁAﬁ—Sﬁ)w)]

Mi, = v [sﬁ )\2+cﬁl/+ﬁ(—c% )\6—1—33% A7),
1

M§3 = 1)2[_)\5 +v— QCﬁsﬂ (C% )‘6 + S% )\7)],

/\/122 = v2[05$5()\345 —v)+ %(c% A¢ + s% A7),

(3.31)

The spectral masses of the neutral Higgs bosons are obtained by diagonalizing the
mass matrix. One finds, diagonalizing the respective 2 x 2 matrices, the CP-odd Higgs
boson mass is

1 1
Mi = ,u2 — U [)\5 + 2% cps g(cﬂ)\G + Sﬁ)\7)} = uz — 5’02[)\5 + )\567] (332)

The masses of the CP-even neutral Higgs are

1
M}%H ) <M11 + Msy F \/(Mn — Mx)? + 4M122) (3.33)
with

M2+ M2 = (cﬁAl + N+ v+ - [(3155 t51)ENe + (3t5 — tﬁ)sgm) (3.34)

and
v2[sin 28(A345 — 1) + 3(c2Ng + 52\
Mg — agp = BRI = 1) + 3G + 5] (3.35)
sin 2«
where
2M My, — M-
sin 2c0 = 12 —, COS 200 = o 22 =, lg=tan A3.36)
V(M — My,)? 4 4ME, V(M — Mg)? + 4ME,

To avoid the FCNC, one takes \¢ = A7 = 0. The squared mass matrix (3.31) can then
be rewritten as

Mcg+vsy (N5 — v)egsg 0
2 _ 9 _ 2 2
M= =07 | (Asgs —V)cgsp Aasp+rveg 0 (3.37)
0 0 —>\5 +v
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And the squared mass matrix (3.26) is reduced to

M%lch - _205 U2 (Sﬁcﬁ()‘él + )\5)) + %m%%
Mg2ch = _—235 v’ <3ﬁcﬁ()\4 + )\5)) + Em%m
2 v? I,
Mg, = Y <3ﬁ05(>\4 + )\5)> — 5 (3.38)

In the next section we will study the soft CP-violation.

3.4 CP-violation in the 2HDM

CP violation plays an important role in our understanding of cosmology. This is because
of the observed baryon asymmetry of the universe. Another interesting consequence of
CP violation would be the possibility that the elementary particles have electric dipole
moments. CP-violation in the SM via the complex phase in the CKM matrix is very
small and not enough to explain the baryon asymmetry in the universe, therefore some
extension of the SM is important. The 2HDM is one of the promising models because
it provides a rich set of possibilities for CP violation in addition to that from the CKM
matrix in the SM. The sources of CP violation in 2HDM can be summarized as [6],

e Usual CKM matrix complex phase

e CP violation in the charged-Higgs exchange, e.g., charged Higgs exchange in B — B
mixing and D — D mixing.

e CP violation in the additional neutral-Higgs exchange e.g., the parameters of the
2HDM potential are complex.

Neutron electric dipole moment (NEDM) is a consequence of CP violation through the
exchange of the neutral Higgs bosons [14]. Also Weinberg proposed a gauge theory of CP
nonconservation through the exchange of the charged Higgs bosons [15].

Higgs sector CP violation may be either explicit or spontaneous.

e Explicit CP violation. It means that the Lagrangian or the Higgs potential is not
invariant under the CP transformation. This type of CP violation occurs when the
Higgs potential breaks the Z, symmetry softly i.e., A5 is complex and Im (m15) # 0
or it breaks the Z, symmetry hardly i.e., \¢ and A; also are complex. This CP
violation is responsible for mixing different CP states (CP-even and CP-odd). There
is another source of CP violation from the Yukawa couplings for the neutral and
the charged sectors that will be discussed later.

e Spontaneous CP violation. If the scalar Lagrangian is explicitly CP conserving, but
the vacuum state of the theory violates CP, then one can say that CP is sponta-
neously broken. After spontaneous symmetry breaking in the 2HDM, it is natural
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to have spontaneous CP violation. Early papers claimed that a relative phase be-
tween the v.e.v.’s of the two doublets would be responsible for spontaneous CP
violation [74]. But according to Branco and his collaborators the phases of the
Higgs field can often be chosen such that the v.e.v.’s are real and positive. Such
phase difference between the two v.e.v.’s then has no physical meaning and can be
eliminated by rephasing the fields [38,75]. In the SM there is only one doublet, so
there is no spontaneous CP violation.

The CP-violating couplings of the lightest neutral Higgs boson to the fermions, gauge
bosons and to itself are suppressed by a factor of O(v?/mpy=+) if we consider the charged
Higgs is to be very heavy (see [19]).

The 2HDM may be seen as an unconstrained version of the Higgs sector of the MSSM.
While at tree level the latter can be parametrized in terms of only two parameters, con-
ventionally taken to be tan 3 and My, the 2HDM has much more freedom. In particular,
the neutral and charged Higgs masses are rather independent. Traditionally, the 2HDM is
defined in terms of the potential. The parameters of the potential (quartic and quadratic
couplings) determine the masses of the neutral and the charged Higgs bosons [76].

In addition, the 2HDM neutral sector may or may not lead to CP violation, depending
on the choice of potential. In the most general CP-violating 2HDM, the physical Higgs
fields are Hy, Hy and Hs. In this section one considers soft Z, symmetry violation, where
Imm2, # 0 and A5 are complex, therefore FCNC at tree-level is very small and suppressed.
The most general CP nonconserving Higgs potential having two complex SU(2), doublet
scalar fields ®; and ®, is given by [13] with Y = 1. We shall here consider the so-called
Model II, where u-type quarks acquire masses from a Yukawa coupling to one Higgs
doublet ®,, whereas the d-type quarks couple to the other ®;. This structure is the same
as in the MSSM.

We will try to study the CP violation in two different cases according to the Z,
symmetry breaking. In this section we will start by the Z; softly symmetry breaking case
(ImX¢ = Im A7 = 0), and in the next section we will study the general case where Z,
symmetry is hardly broken (Im Ag # 0, Im A7 # 0). In the 2HDM with CP violation, the
physical mass eigenstates, H; (i = 1,2, 3), are mixtures (specified by three mixing angles
a;, 1 = 1,2,3) of the real and imaginary components of the original neutral Higgs doublet
fields; as a result H; have undefined CP properties. The special case of the potential
(3.20) can take the form

A

Vo= @01 + T (DLBy)” + Aa(@] D)) (DhDo) + N (@] Do) (D1P1)
1
+§ [A5(®J{q)2)2 + hC]
1
=5 {mh@@1) + [mi,(@]0:) + he| +miy(@0,) ] (3.39)
where \; and m?, are complex. It is convenient to define 13 = — sin 3y + cos B2 orthog-

onal to the neutral Goldstone boson G® = cos Bx; + sin Byo. In the basis (91, 12, 73),
the resulting squared mass matrix M? of the neutral sector, can then be diagonalized to
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physical states (Hy, Hy, Hs) with masses M; < M, < Mj, via a rotation matrix R:

H, T
Hy| =R |n2], (3.40)
H3 73
satisfying
RMRT = M, = diag(M?, M3, M3), (3.41)
and parametrized as
1 0 0 cosag 0 sinapg cosay; sinag O
R=R3RyR; =10 cosas sinas 0 1 0 —sina; cosay O
0 —sinasg cosas —sinay 0 cosay 0 0 1
C1 C2 51 C2 S2
= | —(c18283+s1¢3) c103— 5182585 €283 (3.42)
—C1 S92 C3 +81 S3 —(Cl S3 +81 S9 03) Co C3

with ¢; = cosa;, s; = sinq;. The rotation angle a4 is chosen such that in a particular
limit of no CP violation s, — 0, s3 — 0, then a;; — a—l—%w, where a(—7/2 < a < 0) is the
familiar mixing angle of the CP-even sector [77]. The additional 7 provides the mapping
Hy < h, instead of H being in the (1,1) position of MJ,,, as used in the MSSM [13].
The phase of H; has no physical consequence, thus one may freely change the sign of one
or more rows, e.g., let Ry; — —Ry;, see Ref. [17].

For the case of the potential (3.39), the squared mass matrix (3.37) is generalized to

the CP violation case and can be written as

eG4 v S5 (Resas — v)cgsg —3Im A5 s
M?* =0 | (ReAsas — V)cp Sp Ao s5+vc —2Im A5 cg (3.43)
—%Im)\585 —%Im%cQ —Re s +v

Rather than describing the phenomenology in terms of the parameters of the potential
Eq. (3.39), in [78] the physical mass of the charged Higgs boson, as well as those of the
two lightest neutral ones, were taken as input, together with the rotation matrix R. Thus,
the input can be summarized as

Parameters: tan 3, (My, M), (My=, p?), (a1, as, as). (3.44)

This approach is used also here and provides better control of the physical content of
the model. In particular, the elements Ry3 and Rss of the rotation matrix must be non-
zero in order to yield CP violation. For consistency, this requires Im A5 and Imm?, (as
derived quantities) to be non-zero. This approach highlights the fact that the neutral and
charged sectors are rather independent, as well as masses being physically more accessible
than quartic couplings. However, some choices of input will lead to physically acceptable
potentials, others will not. In this way, the two sectors remain correlated [17].

In the next section we will study the general case of the 2HDM type-I1 where Ag and
A7 are non-zero.
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3.5 The general potential

The potential for CP violation can be obtained if one takes the parameters of (3.20) to
be complex. The terms proportional to Ag and A; have to be carefully constrained, since
this potential does not satisfy natural flavour conservation [62], even if each doublet is
coupled only to up-type or only to down-type flavours.

The various coupling constants in the potential will of course depend on the choice of
basis (®1, ®3). Recently, there has been some focus [79] on the importance of formulating
physical observables in a basis-independent manner. Here, we shall adopt the so-called
Model II [13] for the Yukawa couplings. This will uniquely identify the basis in the
(P, D7) space.

3.5.1 Reparameterizing the 2HDM potential

The 2HDM potential is invariant under the global transformation of the fields [38]

O, — e P, p; real (i=1,2) (3.45)

accompanied by the following redefinition of parameters:

2 2
Alea — A, My122) — M11(22)>

Ay — )\56%(’)2_’)1), )\6,7—>)\6,7€i(p2_p1), and mf2—>m§26i(p2_p1). (3.46)

In order to have U(1) symmetry of electromagnetism, the v.e.v.’s can be chosen as

138, 80]
0 0
(Py) = (v_1> , and (dy) = <0_26i§> (3.47)
V2 V2

The phase difference £ is known as spontaneous CP violation parameter. Under rephasing,
Eq.(3.45), the phase ¢ is changed according to

§— &4 prL—pa (3.48)
Therefore the quantities
As — A€ N — e, and  mi, — mi,e”, (3.49)

are rephasing-invariant quantities [81].

Minimization of the 2HDM potential
The minimum of the potential defines the v.e.v.’s of the fields ®; as

WV _o 9
a<I>1 Zl:(@ ), ’ 6(1)2 @1 =(Pq),
o=

1
(®2) Do=(P3)

=0 (3.50)

And by using the following relations

Im(zTe™®) = —Im(ze®), and Re(z'e™™) = Re(ze®) (3.51)
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where z is any complex number, one can eliminate m?,, m3, and m?, as follows

m3 = AP+ A3+ Ay + Re(Ase*)]os + :—jRe[?)()\Geiﬁ)vf + Q)02 — (m2ye’)]
iy = doud o [N ha + Re(hse)Jof + I Re[(oe)of + 3(Ae)0] — ()
(3.52)
and
m(mifye’) = Tm[(Ase”)urve + (oe™)od + (Are)us). (3.53)

Without loss of generality, one can put & = 0. Therefore the potential (3.20) with
complex parameter, can be rewritten (modulo a constant) as

A A D v2]?
v 3 [ele - 9] + 2 feley - 2] +aualenele + weles(ale)

+ {%)\5@)1@2)2 + |:)\6((I)J{(I>1) + )\7((1);(1)2)] ((I)JTL(I)2) + h-C-}

1
-3 [Re Asasgr — 20] 02 (D]d1) 4+ v} (BIds)] — v1vg Re [Mg(@] 1) + Ar(DLDy)]
—v10[20 Re (®]®5) — Tm Asgr Im (O] ®,)]. (3.54)

The potential contains terms which violate charge conjugation (C) and are odd under
complex conjugation of the fields ®; and &, [82], i.e., mixing terms. When the fields ®,
and ®, are coupled to fermions, these C-violating terms lead to CP violation (see [38]).
There are two types of mixing terms, quartic (originating from non-zero Im\s, Im\g, and
Im);) and quadratic (originating from Im(m?,)). From (3.53), one cannot have C (or CP)
violation by quadratic terms only, they will always be accompanied by quartic terms.

The full diagonalization is achieved with

H, Rin Rz Rz T T
Hy| = [ Rn Ro2 Ras n | =R | (3.55)
Hs Rs1 Rsy Rss 13 13

Thus, the physical masses of the neutral Higgs bosons are given by

M? Mp Mp, My
M3 = R| M$ M M3z |R" (3.56)
M3 Mz M3, M,

The squared mass matrix M? of (3.41), corresponding to the neutral sector of the
potential, can be derived by differentiating the potential with respect to the weak basis
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fields and setting these fields equal to zero i.e., M?j = 821;; .
1015

‘ n1=n2="n3 =0- One ﬁndS

S
M2 = v2[c% A+ s% v+ ﬁRe (30% Ao — S% A7),

M3, = VPlsih+ v+ ;TﬁRe (=5 s + 355 A7),
B

1
M§3 = U2Re [—/\5 +Vv— QCﬁSﬁ

M, = v’epsg(Redgas — v) + 2Re (c% X6 + s% A7)l

(c% A6 + s% A7),

1
M, = —ivzlm [s3 A5 + 2¢5 A6,

1
M;, = —51)21m [cg A5 + 255 A7), (3.57)

Here, compared with the potential (3.39), we have two more complex parameters, \g
and \; (four new real parameters), but rather than those, we take as additional parameters

Ms, Im A5, Re A¢ and Re A\7. Thus, the input will be

Parameters: tan 3, (My, My, Ms), (My=, p?), (a1, as, az), ImXs, (ReXs, Re)r).
(3.58)
In the next section we try to study some special cases of the Yukawa coupling.

3.6 H;tt and H;bb coupling

The Yukawa interactions couple the Higgs fields to a left-handed doublet and a right-
handed singlet quark field. However, these do not need to be in the flavor basis in
which the mass matrices are diagonal. The Z5; symmetry, which is imposed to stabilize
Model II [15,62] is broken by the m?2, and Im A5 terms, as well as by the \g and M;
terms, therefore one should be careful when dealing with these terms because they can
produce FCNC. The discovery of the top quark and measuring its mass m; ~ v/v/2 plays
a significant role in probing the new physics beyond the SM. The process ete™ — ttH;
is an ideal process for probing anomalous coupling H;tt. Also the H;tl coupling can be
studied in the process gg — tt by exchanging of the non-standard neutral Higgs boson.

By transforming the Higgs fields into the physical basis, see (3.55), and using (3.16),
the Lagrangian of the t-quark Yukawa coupling can be rewritten as

my

LY, = e (f (n2 — ix2) W + & (n2 + ix2)r) + -+

m /s .
= 5 si;ﬁ [@Dt(l + )by (RjoH; — i cos BRj3H;)
+r(1 = ") (Rjo Hy + i cos ﬁRngj)} 4.
my

~ using [ RigHj — i cos By Ry Hj| 4 - - - (3.59)
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For the H jbE coupling

Ly = 5100 O+ )8!+ 94 m — )]+
= QUzlobsﬁ [Q/_Jb(l + ’75)¢b(leHj —18in ﬁRngj)
+1Eb(1 — ’)/5)¢b(Rj1Hj + iSiIl ﬁRngj)} + -
- [sths Rjt Hy — in° sin By Rys Hj| + - - (3.60)
vcos 3

The couplings can be expressed (relative to the SM coupling) as

= 1 L
H]bb . @ [le — 175 81N ﬁRjg],

_ 1 . >
Hjtt : m [Rjo — ivs5 cos BRjs| = a + iays. (3.61)

Likewise, for the charged Higgs bosons [13]

Hbt ﬁ [my (1 + 75) tan 5 4+ my(1 — 75) cot 3],
Hth: Y9 [mp(1 — 75) tan B 4+ my (1 + 75) cot F]. (3.62)

2\/§mw
The product of the H,tt scalar and pseudoscalar couplings,

cos 3

sin? 3

W(le)g =—aa= RjsR;s (3.63)
plays an important role in determining the amount of CP violation in the top-quark
sector.

As was seen in ref. [78], unless the Higgs boson is resonant with the ¢t system, CP
violation is largest for small Higgs masses.

For the lightest Higgs boson, the coupling (3.61) becomes
1y _ 1 sinagsin(2ay)

[sin oy cos g —iy5 cos Bsin ],  with yop = = , (3.64)

Hqtt :
! 2 tan(sinf

1
sin 3
where o7 and s are mixing angles of the Higgs mass matrix as defined by Egs. (3.41)
and (3.42). From (3.64), we see that low tan 3 are required for having large CP violation
in the top-quark sector. However, according to (3.62), for low tan § the charged-Higgs
Yukawa coupling is also enhanced.

In the next section we will turn to a different scenario, the SM-like Higgs bosons for
the CP conserving case, and we will see how the 2HDM deviates from the SM.

3.7 SM-like Higgs Boson, CP Conserving case

Let us now consider a SM-like scenario, where the Higgs boson partial widths or coupling
constants squared are assumed to be precisely measured, being in agreement with the
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SM within the experimental accuracies. This can happen not only in the SM, but also if
nature is described by some other theory, i.e., the 2HDM or MSSM.

The deviation of the 2HDM from the SM predictions can occur due to two sources:
the mixing effect which appears at the tree level, and the quantum correction effect due to
the loop contribution of the extra Higgs bosons. If the mixing between the CP-even Higgs
bosons is large, hZZ coupling in the 2HDM significantly differs from the SM prediction
at the tree level by the factor sin (8 — «), where a (—7/2 < a < 0) is the familiar mixing
angle of the CP-even sector. Therefore one can obtain an indirect evidence of extended
Higgs sector at the LHC [83]. On the other hand, hZZ coupling may be close to the SM
prediction, i.e., in the SM-like regime where sin® (o — 3) =~ 1 [75].

The presence of a SM-like Higgs boson is consistent with the 2HDM with parameters
near the decoupling limit. The decoupling limit is also a regime in which all masses are
very heavy and nearly mass-degenerate but the lightest Higgs boson mass is not. However,
large Higgs masses (with significant mass splittings) can also arise in a non-decoupling
parameter regime in which the \; are large. In this case, the heavy Higgs bosons are
bounded from above by imposing unitarity constraints on the \;. These unitarity are
obtained for the case of CP-conserving in [21], can be more severe in the CP-violating
case [22,84].

This scenario can be realized in two ways, depending on the value of the ;? parameter
(1? = v*v = v2Remi,/2v1v,). For large p? the additional Higgs bosons masses can be
very large and almost degenerate, in such case there is decoupling of these heavy bosons
from known particles, i.e., effects of these heavy particles disappear if their masses tend
to infinity [85]. The non-decoupling case occurs at small u?, the large masses of such
additional Higgs bosons arise from large quartic self-couplings (A). On the other side
there are constraints from the unitarity on the quartic coupling constants. These bounds
force the heavy Higgs bosons to be lighter than 600 GeV [21]. In this scenario the
additional Higgs bosons can be heavy enough to avoid direct observation even in the next
generation of colliders, although some relevant effects can appear in the interaction of the
lightest Higgs bosons [86,87].

If the SM-like scenario is realized in the 2HDM, one needs to consider both possibilities:
not only the light scalar Higgs boson, h, but also the heavier one, H. The ratios relative
to the SM values, of the direct coupling constants of the Higgs bosons (h and H) to
the gauge bosons V' = W or Z, to up and down quarks and to charged leptons (basic
couplings) can be written as [75]

Xy = sin(8—a)

X = cos(B—a),

X! = sin (B —a) + cot Beos (B — a),
X? = cos(B —a)— cot Bsin (8 — a),
¥ = sin(B — ) — tanfcos

(
X7 = cos(B —a)+tan Bsin (8 — a), (3.65)
and for the CP-odd Higgs boson A

Xé =0, Xf = —cot 3, XZ? = —tan (3.66)
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In the CP-conserving case, the trilinear coupling hH+H ™~ takes the form

M;;
202,

Mgy — i
GIVER

Xpe=(1- )Xy + Xk +x0) (3.67)

The contribution of the H* loop to I'y, (the two-photon decay width) in the case of
X! = 1is given by

M >

X P=1+ —
| '7'7‘ 2M12{i M[Q{i

(3.68)

One can consider two cases of the SM-like Higgs bosons

e h as an SM-like Higgs boson. In this case h is the observed Higgs boson, with
sin(8 — ) &= +1 so cos(f — a) = +0. For this solution H is heavy boson and can
not be observed.

e H as an SM-like Higgs boson. In this case H is the observed Higgs boson, with
cos(f —a) &~ %1 so sin(f — a) & +0. For this solution h boson can not be observed.

In the next chapter we will try to constrain the 2HDM theoretically by imposing the
unitarity and positivity constraint.
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Chapter 4

Theoretical Constraints on the
2HDM

The 2HDM presents a richer phenomenology due to the appearance of the charged and
two more neutral Higgs particles. Many studies advocated to constrain the parameters

of the 2HDM.
It is convenient to split the constraints into three categories:

(i) Theoretical consistency constraints: positivity of the potential [16,17] and per-
turbative unitarity [20-22]. From the theoretical point of view, there are various
consistency conditions. The potential has to be positive for large values of the fields.
We also require the tree-level Higgs-Higgs scattering amplitudes to be unitary. To-
gether, these constraints dramatically reduce the allowed parameter space of the
model.

(ii) Experimental constraints on the charged-Higgs sector. These all come from B-
physics, and are due to b — sv, B—B oscillations, and B — 7v,. They are all
independent of the neutral sector.

(iii) Experimental constraints on the neutral sector. These are predominantly due to
the precise measurements of R;, non-observation of a neutral Higgs boson at LEP2,
Ap, and a, = 3(g — 2),..

The first and third categories of constraints will depend on the neutral sector, i.e., the
neutral Higgs masses and the mixing matrix. The second category is due to physical effects
of the charged-Higgs Yukawa coupling in the B-physics sector. These are “general” in
the sense that they do not depend on the spectrum of neutral Higgs bosons, i.e., they do
not depend on the mixing (and possible CP violation) in the neutral sector.

When considering the different experimental constraints, our basic approach will be
that they are all in agreement with the Standard Model, and simply let the experimental
or theoretical uncertainty restrict possible 2HDM contributions (this procedure yields
lower bounds on the charged-Higgs mass, possibly also other constraints). An alternative
approach would be to actually fit the 2HDM to the data.

In this chapter we will study the theoretical constraints, and in the next chapter we
will study the experimental constraints.
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4.1 Positivity for CP non-conservation

Many studies have been devoted to investigate the positivity condition of the 2HDM
potential, the Higgs potential should be bounded from below and be positive for large
values of the fields [17,18,88-93]. At tree-level without explicit CP breaking, there is
a minimum that preserves the U(1)ey, and CP symmetries, that minimum is the global
one [91]. According to Gunion and Haber [77], if one defines a = 1@, b = dld,,
¢ = Re®®, and d = Im®{®, we can rewrite the quartic term of the potential (3.20)
with complex parameters as

Vi = SV — VAP + D + VA (ab — & — )

+2[A3 + Mg+ VA A + [Reds — Az — Ay — VAL ( — d?)
—2cdlm A5 + 2alcRe A\g — dIm Ag] + 2b[cRe A7 — dIm A7] (4.1)

For some special conditions of (4.1), one can get the following
o Ifa—ocoand c=d =0 as aresult of V>0, then A\ >0
e Ifb—oo0and c=d =0 as aresult of V>0, then \y > 0
e Ifa—o00,b—o0oand c=d=0 as aresult of V> 0, then A3 > —/\ Xy

e A fourth condition arises by examining the direction in field space where av/\; =
byv/ Ao and ab = ¢+ d?. If one takes ¢ = ed (e is very small parameter), \s = A\; = 0
and requires the potential to be bounded from below for all ¢, the polynomial in e
can be written as

‘/4 = d2 [262[Re )\5 + )\3 + )\4 + \V )\1)\2] + 62[Re )\5 - )\3 - )\4 —\ )\1)\2]
“[ReAs — A3 — At — V/Ahs + 2Re >\5]} (4.2)
It easy to derive the condition A3 + Ay & [A5] > —v/ A Ao
The above conditions are derived in another way in the appendix of [17].

In this section, we will try to write the two complex doublets of the Higgs field in the

form
(1 +ig (@3t iy
Q‘(%+m) %_<%+m) (4:3)

where (¢;,7 = 1, ....,8) are real fields. The Higgs fields can be reparameterized as

vy = |®i* = @] + &5 + ¢ + 97,

wy = |Oof* = @5 + dF + & + 6,

w3 = Re(®]0y) = ¢1¢3 + Pocps + b5 + bros,

zy = Im(D[D2) = ¢10s — dads + P55 — Dotdr (4.4)
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Under CP transformation (®; — ®3, and &3 — ®3) the invariants z1, z2, and z3 remain
the same but x, changes sign. The general 2HDM potential takes the form [91,92]

2 2 2 2
V = a1T1 + Qa2 + A3T3 + Q44 + b11x1 + b221’2 + b33$3 + b44.734

+b123§13§2 + 6133315173 + b14331$4 + b23x2$3 + b24932:174 + b34x3x4 (45)

The potential (4.5) can be written in compact form as

1
V=ATX + 5XTBX (4.6)
where
ai
a 2011 bz bis
2
A= w | B=| bz 2bx b |, and X:<I1, T2, T3, $4> (4.7)
’ bis by 2by
Qg

The 2HDM potential has three types of possible minima [8,38]. In the first and second
types of minima only neutral fields have vevs with two different possibilities. In one case
only the two real fields ¢5; and ¢¢ have vevs which explicitly breaks CP and is called Ny

minimum,
1 U1 ’ 2 V2 ’ ( ) )

and in the second case three fields ¢5, ¢ and ¢; have vevs which spontaneously breaks
CP and is called N, minimum.

o ’ o ’ 4
P\ s ) > \wy ) (4.9)

In the third type the fields ¢s5, ¢ and ¢3 have vevs which is called a charge breaking (CB)
minimum. The vev ¢3 breaks the U(1), symmetry and gives a mass to the photon.

() =)
=, =, (4.10)

It is easy to prove that if the normal minima exist, they are deeper than the charge
breaking one [91]. At N; the non-zero vevs are ¢5 = vy and ¢g = vo, so that z; = v,
Ty = v3, 13 = v1ve and x4 = 0. Let V' be a vector with components V) = 0V/0x; and
the value of the vector X at the minimum point is Xy,. The potential at the minimum

point N; takes the form

1 1
Vv, = éATXNl - _nglBX]\h < XJTleXNl = =2V, (411>
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The stationary conditions can be written as

o , 021 ,0r3 ;o Vi \ o
(%1 N O’ < ‘/l 8@1 * ‘/3 8@1 =0 < ‘/l N ( 21)1U2)U2
5% Oy 0x3 Vi
— =0, V4V —==0 <Vi=(-—"2)
Ovy ’ 2 Ovy + 3 Ovg 2 ( QUlvg)Ul
8V 81’4
— =0, &V/j7/—=0 &V/=0
07 *0¢y *
therefore one can write V' as
Vi v3
Vi v, |
'= A+ BXy, = =2
v + M Vy 20109 | —2V102
vy 0

2

(4.12)

(4.13)

Also one can define Y as a vector with components Y = (v, v% + o2, v{v},0) and the

stationary conditions can be written as

1% &171

6:1:3 Vi
= 0, sV _—+WV/ -0 &V =(-_23 12
ov} ’ Lot e o} ! ( 201%)02
1% 8ZL’2 8x3 V,
=0, ©V—+V —0 oV =(—_3 )2
o, T gy T e 0= (=)
8\/ 8$4
— =0, ©V/—=0 &V, =0
07 ’ L 0¢; :
oV 0.
e = 0 eVigl=0 eV=0
Also the vector V' can be rewritten as
V'=A+BY

The potential at a CB stationary point, V/ = 0 is defined by
Vep = %ATY = —%YTBY & Y'BY = —2Vep
Multiplying Eqs. (4.13) and (4.15) by X}, one gets
X3, BY = X, BXy, = —2Vy,
since the matrix B is symmetric, therefore
X3, BY =Y"BXy, = —2Vy,
From the above Egs. (4.11), (4.16), (4.18) one can write

YV = - YTBY + YT BXy,

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)
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or

1
Vep — Vi, = §YTV’
M2
N zfzi [(vivg — vhv1)? + a*v?] (4.20)
The right hand side of (4.20) is a sum of squares, so it must be positive, therefore Vg —
Vn, > 0. It means that the charge breaking stationary point, if it exists, is always located
above the N; minimum. The stationary point is a saddle point which means it can not
be the global minimum point.
In the next section we will discuss the unitarity constraints on the 2HDM parameter

space for the CP-conserving case.

4.2 Unitarity constraint on 2HDM for CP-conservation

To constrain the scalar potential parameters of the 2HDM one can demand that the tree-
level unitarity is preserved in all different scattering processes: scalar-scalar scattering,
gauge boson-gauge boson scattering and scalar-gauge boson scattering [94]. The unitarity
condition plays an important role to put upper bounds for the neutral as well as charged
Higgs boson mass in the 2HDM. The mass of the Higgs boson which is proportional to
the Higgs quartic coupling A\, may be bounded from above, provided that the quartic
coupling is not so large as to violate the validity of perturbative calculations [20,95].

Maalampi et al. [96] derived an upper bound of the neutral Higgs boson mass of the
2HDM by numerical analysis, which gave them more or less the same bound as Lee,
Quigg and Thacker (LQT) [95]. But they did not consider a broad class of scattering
processes to derive constraints on all of the charged and neutral Higgs boson masses. The
self interactions of the scalars as well as the longitudinal gauge fields interactions become
strong as the Higgs mass my increases. Lee, Quigg and Thacker showed [95] that when
my exceeds a certain critical value

8mv/2
3Gr

1/2
my > Mpor = ( ) ~ 1 TeV (4.21)

the elastic s-wave scattering of the longitudinal vector bosons at high energy, s > m?2,
violates unitarity at tree-level. Above this critical value perturbation theory will be no

longer valid. The partial wave amplitude |a;(s)| for scattering of two spin—0 particles is
defined as

1
ails) = 32% / dcosOP(cosO)T(s, 1) (4.22)

where P, are Legendre polynomials, # is the scattering angle and T is the scattering
amplitude. The partial wave amplitude satisfies [97]

Ima; > |a|? (4.23)
for the scattering of massless particles. We can rewrite (4.23) as

Ima; > (Reaq)* + (Im q;)* (4.24)
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or
(Rea;)? < Imay(1 — Im a;) (4.25)
The right-hand side of (4.25) is bounded by 1/4, it implies

1
IReq;| < 5 (4.26)

where 1/2 is the radius of the Argand circle. Since Ima; < |a;| (Schwartz inequality),
Eq.(4.23) implies

la(s)] <1 (4.27)

for all [, which is the normal unitarity condition for the scattering matrix at energy scale
s [20].

One can use the perturbation calculations up to a cut-off scale s, > m?% determined
from the condition (oo > s. > m%)

|ao(se)| =1 (4.28)

If ag(s) > 1 for s > m?%, one can not apply the perturbation theory. To derive the
unitarity constraints on the scalar masses or quartic coupling \’s, one should consider the
following

e At very high energy collisions, the dominant contribution to the amplitude of the
two-body scattering 5152 — S35 is the one which is mediated by the quartic
coupling and the Higgs-Higgs scattering matrix at high enough energy at tree-
level contains only s-wave (J = 0) amplitudes. The tree-level unitarity constraints
require that the eigenvalues of this scattering matrix be less than the unitarity
limit. Violation of the tree-level unitarity constraints implies that the tree-level
calculations are no more reliable and do not respect the physics of the model [84].
The coefficients of the scattering matrix at high energy are given only by parameters
A; of the Higgs potential, the unitarity constraints can be written in the limitation
of Nsie., A < 167/3 [98]. To derive the unitarity constraints, one should construct
the scattering matrix for all the physical Higgs states in the tree-level approximation
at high enough energy and diagonalize it.

e Feynman diagram containing triple Higgs couplings are suppressed in energy on the
dimensional account. Therefore the unitarity constraint |ag| < 1/2 reduces to the
following constraint on the quartic coupling, |Q(S1525354)| < 8w, where @ is the
four point vertex coupling constant for the scattering process S1.59, — S3.9;.

e The quartic vertices written in terms of physical fields H*, G+, h°, H?, A° and G°
are complicated functions of A\;, @ and (. This problem can be solved according
to [20] by using the fact that the S-matrix expressed in terms of physical fields
can be transformed into an S-matrix in terms of non-physical fields ¢, 7; and y;
by making a unitary transformation. It is easy to compute the S-matrix of non-
physical fields from the Higgs potential i.e., see Eq. (3.39). Therefore the full set
of the scalar scattering processes can be expressed as an S-matrix composed of 4
submatrices which do not couple with each other due to charge conservation and
CP-invariance [21].
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The first submatrix corresponding to the scatterings of the following states: (¢7 ¢,
&3 DT, MX2,M2X1 X1X2, M) is a 6 X 6 matrix with eigenvalues [20,21,84,94]

er = A3+2X\—3(Re ;)

ea = A3— Rels

i = fo=X+ N\

f+ = A3+2X\+3(Re ;)

fo = A3+ Relks (4.29)

The second submatrix corresponding to the scatterings of the following states: (¢7 ¢;,

+ 40— XaX1  XeX2 mm n2m2) g : : :
Dy Oy ah 5 R ) is a 6 x 6 matrix with eigenvalues

1 -
ar = 5|30 +2%) £ VO = h) 42N + )\4)2]
1 -
be = 5[0 +20) % V= A2+ 1x3]
1 -
cr = 5 On+2%) = V/On = AP +4(Re /\5)2} (4.30)

The third submatrix, is a 2 x 2 matrix and corresponds to the basis (71 x1,72x2) with
eigenvalues d4 = c4..

Akeroyd et al. [21] confirm results of Kanemura et al. [20] and they also add the two
body scattering between the 8 charged states: 0107, 7od, X167, X201, Mmdq, 1205, X105,
X2®5 . The fourth submatrix is 8 x 8 with the following eigenvalues, f_, ey, f1, ¢+, by and
p1, where the new eigenvalue due to the scattering between the 8 charged states can be
written as

pr=2A3— M\ (4.31)
All the eigenvalues mentioned above are constrained as follows:

|a:|:|7 ‘b:l:‘v |c:|:‘7 ‘d:l:‘v |f:|:‘7 |€172‘7 |f1,2|7 ‘pl‘ < 38r (432)

In the next section we will try to discuss the case of CP-violation for hard Z, violation.

4.3 Unitarity constrain on 2HDM for CP-violation

Ginzburg et al [84] derived the eigenvalues of all scattering processes that are derived in
sec. 4.2 by another way, using the fact that at high energy the total weak isospin ¢ and the
total hypercharge Y, are conserved with possible values 0 = 0,1 and Y = 0, 2, —2. Terms
in the 2HDM potential (¢! ) (¢k¢q) induce transitions in all possible cross-channels, i.e.,
Padf — Oy Padl — Oy, Pape — PpPa, Where a,b, c and d indices are the components
of the 2HDM doublets. In order to calculate the amplitude of the transition of the initial
two-Higgs state (¢¢)™ to a final state (¢¢)/ one needs to rewrite the potential in such
way (¢¢)™ x (¢p¢)/. The coefficient in front of this product gives the amplitude of the
transition.
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The scattering matrix in the tree approximation for each state with certain quantum
numbers Y and o is given by

Svo = ((00):,|S|(08),)

(4.33)

These scattering matrices can be written in terms of \'s according to Ginzburg et al [84]

as

SY:2,U:1

Sy =2,0—0

SY:O,U:I

SY =0,0=0

1

167

1
167

1
167

167

A1
A5

Al
A4
Ag
A6

203+ M\

Aq
A2
A7
A7
3\

3N
3

As
A2

Ao NS
PEEDY:
Ay A
As A3
25 + Ay
3y
3N
3\

V2X
V2%
V2N, V2hr A+ M

()‘3 - >‘4)>

Y

36

37
Az + 20y

35

A

A1

A
As + 2\

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)

The unitarity condition is S < 1, it means that each eigenvalue of the matrix is less
than 87. By diagonalizing the 2 x 2 off-diagonal submatrix at the corners of the scattering
amplitude matrices, one can obtain the eigenvalues derived by Akeroyd et al. [21], which
are the necessary conditions for unitarity. The terms describing the hard violation of Z,
symmetry Ag and A7 modify the eigenvalues [84].

It is important to write A's in explicit form in terms of the rotation matrix, the neutral
mass eigenvalues, % and Mp+, to study the unitarity constraints on the 2HDM. These
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can be derived from the mass matrix equations (see, for example, [17], [18]) as

1
M = 55 EGM; + (crsas3 + s1¢3)° Mj
cau?
+ (c189¢3 — 5183)° M3 — sﬂ,u 2, (4.39)
1
Ay = 5 [sTEE M} + (cres — s15983)° M3
55V
+ (c183 + s15203)° M3 — 3], (4.40)
1
A3 = S{ersi[G MY + (s5s5 — c3) M3
CpSpv
+ (8365 — 83) M3] + sacass(ct — s7) (Mg — M3)}
1
+E[2M§Ii — ,uz], (441)
1
A= S[SMY + sy My + s My + p* — 2Mj], (4.42)
1
Re s = —2[—5‘3]\/[12 — 3sAMF — cAcA M3 + 17, (4.43)
v
Im )5 = 5 {cslercasa M} — cos3(crsas3 + s1c3) M;
CpSpv
+ 0203(8183 — ClSQCg)Mg] + 85[810282M12 (444)

+ cas3(cic3 —313233)M22 —0203(0133+813203)M§] s

These equations are the analogues of those of [99] for the CP-conserving 2HDM and the

squared-mass of the heay Higgs boson can be experessed in terms of M2, M2, R and tan 3

as

M} Ry3(Ra tan §— Ryy) + M3 Ros( Ry, tan f— Ry)
R33(R31 — Rap tan 3)

The upper bounds on the neutral as well as charged Higgs boson masses are derived by
assuming all the quartic coupling (4.39)-(4.44) are perturbative.

In the next chapter we will study the experimental constraints on the charged-Higgs
sector of the 2HDM.

M} =

(4.45)
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Chapter 5

Experimental constraints on the
charged-Higgs sector

The SM prediction of the muon anomalous magnetic moment a, or (¢ —2) deviates from
the present experimental value by 2—3 ¢ [100]. Many extensions of the SM are capable of
giving rise to such deviation. Theorists try to impose constraints on the parameter space
for specific models not only to exclude part of the parameter space but also to predict
where the model is valid.

Several experimental constraints restrict the 2HDM, such as B — B oscillations, the
partial decay width R, for the process Z — bb, the precision measurements of the param-
eter Ap which measures the deviation of the W and Z self-energies from the standard
model value, a,,, B — 10., B — X7, and precision measurements of the W+ boson prop-
erties and Higgs boson mass at the Large Electron-Positron collider (LEP2). The B — B
oscillations and branching ratio R; exclude low values of tan 3, whereas the B — X,y
rate excludes low values of the charged-Higgs mass, My+. The precise measurements at
LEP of the p parameter constrain the mass splitting in the Higgs sector, and force the
masses to be not far from the Z mass scale [67]. We divided the experimental constraints
on the 2HDM into two groups as

e Experimental constraints on the charged-Higgs sector. These all come from B-
physics, such as B — X v, B—B oscillations, and B — 7,. They are all indepen-
dent of the neutral sector. These constraints will be discussed in this chapter.

e Experimental constraints on the neutral sector. These are predominantly due to
the precise measurements of Rj, non-observation of a neutral Higgs boson at LEP2,
Ap, and a, = %(g — 2),. These constraints will be discussed in the next chapter.

In the next section we will start to discuss the experimental constraints on the 2HDM

by B — X,7.

5.1 The B — X,y Constraint on the 2HDM

The inclusive decay B — X,v is described at the partonic level by the weak decay
b — s7v, corrected for short-distance QCD effects. The perturpative QCD corrections
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are important in this decay, enhancing the rate by 2-3 times, which make the theoretical
prediction compatible with the experimental rate within the error [101]. The pertur-
bative QCD corrections introduce large logarithms a2 (u)log™(u/M), (m < n), where
as = g?/4m (g is the strong coupling), M is a large scale (M = m; or my/) and pu is
the renormalization scale. By using renormalization group equations (RGE) the large
logarithms are resummed by evolving the Wilson coefficients C;(u) from p = pw = my
to p = pp ~ my [102,103].

5.1.1 The B — X,y Constraint at leading order (LO)

The weak decay b — sv is calculated at the LO, which is at order a?. The strongest

bound on the charged Higgs mass in the 2HDM type-II comes from the B decays i.e.,
the inclusive decay b — svy. This branching ratio is important because it is sensitive to
the physics beyond the Fermi scale at the leading order (LO) so that it is a good probe
for new physic. It is strongly enhanced by QCD corrections, also the non-perturbative
corrections to the inclusive decay is small [104,105].

The effective Lagrangian can be written as

AG °
Lot = Locpxoep(u,d, s, c,b) + T;VtZth Z Ci(p) Qi) (5.1)
i=1

where G is the Fermi constant, V;; are elements of the CKM matrix, @;(x) are the
relevant operators and C;(u) are the corresponding Wilson coefficients. The operators
Q;(p) can be defined as

Q1 = (57,1 Prc)(ey"T*Prb), Q2 = (57, Pre)(ey" Pub),
Qs = (57.P.0) Y _(@"a), Qu = (57T°PLb) Y _(a7"T°q),
q q
Qs = (5% Vw Y PLb) > (07" 7"27q), Qo = (5% Yo Vua T*PrLb) > (47" 27" T%q),
q q
€ S [gmv a a

©r= T (50" (ms P+ myPR)Y Fruy, Qs = 1gﬁ2 50" (ms Py + my Pr)T"b| Gy,
(5.2)

where T%(a = 1,...,8) are SU(3) color generators, gs; and e are the strong and electro-

magnetic coupling constants and Pr, p = %(1 F75). The @ and Q)5 are the current-current
operators, (J3 — Qg are QCD penguin operators and the magnetic penguin operators for
b — sy and b — sg are Q7 and (Jg respectively.

It is convenient to use linear combinations of the Wilson coefficient which are called
“effective coefficients” [106]

Ci(p) fori=1,...,6;
G () = § Crlp) + X0, 9iCin) for i =T; (5.3)
Cg(,u) + Z?:l ZZCZ(,M) for i = 8.

where the numbers y; and z; are defined respectively in the minimum subtraction (MS)

scheme as Y= (O’O’ _%’ _%’ _%’ _%]) and z = (0707 17 _%7207 _13_0)
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The leading-order contributions to the effective coefficients C¢(p) are regularization-
and renormalization-scheme independent, which is not true for the original coefficients
C7(p) and Cs(p). The effective coefficients evolve according to their renormalization
Group Equation (RGE) driven by the anomalous dimension matrix 4°t

d

u@CfH( p) = C5 ()3 () (5:4)

One expands the 4°T matrix perturbatively as follows

2

ceff _ Xs 2 (0)eff Qs ~(1)eff 55
where 4O and 4 are given in [106].

The effective Wilson coefficients can be expanded in powers of o as follows

eff _ (0)eft
G () = C; 4er : (5.6)

The effective Wilson coefficients at scale puy = myy, at the leading order are defined
as [107-109]

0 for i =1,3,4,5,6;

(0)eft ©) 1 for i = 2;
O’L(SM) (bw) = C; 7 (pw) = ?IE;_% Inz+ __8;:2(;5961)”96 fori=T, (5.7)

e lnx + W fori =8

where
2
m T
v = M (5.8)
My

The branching ratio suffers from a large theoretical uncertainty, ~ 30 — 40% coming
mainly from the choices of the renormalization and matching scale, which is not well
defined at the LO. At leading logarithmic order (LO), the branching ratio is given by
[110-112]):

|Vtsvtb‘ 6o m.
Va|? mg(2)

where the first factor is a ratio of CKM matrix elements, g(z = m?/m?) is a phase space
factor, g(z) = 1 — 82% 4 82% — 28 — 242%In(z2). The effective Wilson coefficients for the
SM at the scale p = py, are defined as [109, 113]

B(B — X.v) = |G ()2 % B(B — X.ei,), (5.9)

) = (=) O +thazc<0€ff( w) (5.10)
. 2 1 -1 . o (O)e
O () = (505 + 50 ) O ) )+ 3 R ) (5.11)

=1
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8
Oéo)eﬂ(/ib) — 772—2 Céo)elcf(uw) + (7723 _ 1723 )Oéo)eﬂ(uw) + Céo)eﬁ(ﬂw) Z hznaz (512)

i=1

5
O () = 0B CO () + > hin™ O () (5.13)

i=1
where 1 = a(uw)/as(p). The explicit values of a}s and hls are given by [109, 114]

1416 6 12
Y e 4 42 4,0.14 )
a (23 T3 35— 3+ 0-4086, —0.4230, 08994, 0.1456

<626126 56281 3 1
2722777 517307 77 147

i —0.6494, —0.0380, —0.0186, —0.0057) (5.14)

The charged Higgs particle gives a new contribution to the Wilson coefficients of the
effective theory and they can be computed at the matching scale uy,, since they contain
all the relevant ultraviolet information. The interaction between quarks and the charged
Higgs field H* is defined by the Lagrangian [115]

3
_ 1=

— 1/2 E g

= (2V2G) u(cotﬁmuivm 5

ij=1

1+’Y5
2

]

)dei +he., (5.15)

where 7, j are generation indices, m, 4 the quark masses.
The coefficients C;(uw) at the leading order of the 2HDM are given by [113,116]

0 fori=1,3,4,5,6;
i (pw) = o (w) = (0)eff A(i 2 for Z =2 (5.16)
i(2HDM) i(2HDM) 07(31\/1) (pw) — =2 cot® B — B(y); fori=T,
Oé(()%if[f) (1w) — D(ﬁyt cot’? 3 — E(y;) fori=38

where x; = m?/m3, and y, = m7/m?. and the Inami-Lim functions are given by [107]

Aw) = y[RLET B B, (517
B(y) = y-125(z:?)2 - (36y(;_2)11)r;y}; (5.18)
D(y) = y:yz(;iny 2(3’;1_1113/)4] (5.19)
E(y) = y_4(‘7;:?;>2 +2(yln_y1>3] (5.20)

where A(y), B(y), D(y) and E(y) are coming from the contributions of the 2HDM at the
LO.

In the next subsection we will try to see the effects of the two loop caculations and
QCD effects at the Next to Leading Order (NLO) on the branching ratio I'(B — X7).
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5.1.2 The B — X,y Constraint at Next to Leading Order

The two-loop matching condition, needed for a complete NLO calculation, was first ob-
tained by Adel et al. [117] and later confirmed in [115,118,119], using different techniques.
The two-loop corrections and the determination of the O(ay) elements of the anomalous
dimension matrix are calculated in [106,120]. The NLO of the 2HDM are calculated
by Ciuchini et al. [115] and Borzumati et al. [113]. At the NLO, the sensitivity of the
branching ratio to the scale is however significantly reduced [106,115,117,121-126]. Also
it has been found that the NLO effects weaken the constraints on the allowed region in
the tan f—Mp+ plane [109,113], the bound on My« is significantly relaxed.

The NLO top-quark running mass at the scale y = my is given by [115]

as(uw)]%"/%x [H@s(mt)ﬁ(%n 51)( () )](5.21)

me(pav) = ma(ms) |

as(my) 4 2680\t Bo s(my)
where
2 38
ﬂo =11-— gnf, 61 =102 — Enf (522)
. 404 40
Yo =8, 7 = 3 T (5.23)

where ny is the effective number of quark flavours at the LO. The NLO corrections to the
Wilson coefficient for the SM at the scale y = uw = my , can be summarized as [113,115]

( w2 .
15+6In % fori=1;
w
0 for i =2,3,5,6;
1)eff w2
Cz'((S)M)(:uW) =\ Eo(x)+ %l Bw for i = 4; (5.24)
W
W(SM) M( M) fori =7
\W8SM M( M) fori =28
where
r(r? + 11z — 18)  x?(42? — 162 + 15) 2 2
E = Inz—-Ihx— - 5.25
() R@-17 G- T3y (5.25)
—162* — 12223 + 8022 — 8z _ 1, 62" +462% — 282
W 9z —1)f La(l=2)+ =3 °
—10225 — 588z — 226223 + 32442% — 1364z + 208
+ Inz
81(zx —1)°
16462* + 1225023 — 1074022 4 2509z — 436
+ , (5.26)
486(x — 1)4
—4at + 4023 + 4122 + x 1 —172% — 312%
Wg(SM) 6(1’ — 1)4 L’LQ (1 - E) + W In“ x
—2102° + 10862* + 48932° + 285722 — 1994z + 208 1
nx
216(x —1)5
— 1410223 — 282 10z —
737x 02z 820922 4 610z — 508 (5.27)

1296(z — 1) ’
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822° + 301z + 70323 — 219722 + 13192 — 208
81(x —1)5
(1622 + 124223 — 7562%) Inz

- SV : (5.28)

Mrsvy =

T72° — 4752 — 111123 + 60722 + 10422 — 140
108(x — 1)°
(91823 + 16742%) In
81(x —1)°

Mgy =

(5.29)
where Liy(z) is the dilog function and is defined as

Lin(z) = —/Oz%ln(l _ 1) (5.30)

At the NLO, the Wilson coefficients for the 2HDM at the scale u = puy = my, can be
written as [113,115]

( MQ .
15+6lnm—v2" for i = 1;
w
0 for i = 2,3, 5, 6;
O(l)eﬂ _ E 21 H%V B t2 f = 4
sorpan (Hw) = 4 o(z) +31In mz, T H(z) cot” B or i = 4; (5.31)
Clidan + cot? B(GE (y) + NE (y)) + ME (y) + ZH (y) fori =T,
eff .
[ Ol + cot? BGH (y) + N (v)) + ME (y) + 2§ (y) fori=8
where
7y? — 36y? + 45y — 16 + (18y — 12)1
EH:g[y y* + 45y + (18y )ny]’ (5.32)
36 (y— 1)°
2y 8y3 — 37y% + 18y . 1, 3y3+23y% — 14y
H _ 2
G? (y> - ?[ (y_1)4 LZQ(1—§>+ (y—1)5 In Yy
+21y4 — 192y% — 174y% + 251y — 50 |
n
Iy —1)° Y
—1202¢3 + 7569y — 5436y + 797, 4
- -F 5.33
108(y — 1)* | = 5B (5.33)
" y [—14y* + 149y — 153y% — 13y + 31 — (18y° + 138y% — 84y) Iny
Ny = 5| OB | 539
dy8y* — 28y +12 1, 3y’ +14y—8
MI(y) = —[ Lis(1— =)+ 22— "1
7 (y) 3 3(y—1)3 22( y)—l— 3(y—1)4 n“y
4y — 24y% + 2y + 6 292+ 13y — 7
Iny + } 5.35
3y—1)4 (y—1)3 (5.35)
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2y 1—8y> + 55¢y% — 68y + 21 — (6y? + 28y — 16) Iny
Ziw = S| T Iyt (5.36)
i y r13y® — 17y% + 30y . 1 17y + 31y . ,
= 2 Lip(1—=) - =2 27
Gy (y) 6l (y - 1)1 ¢ ( ) (y— 1) I
429* + 318y> + 1353y? + 817y — 226
+ Iny
36(y — 1)°
—4451y® + 7650y% — 18153y + 11307 1
~ZE .
* 216(y — 1)* ] 6" (5:37)
—Ty* 4 25y — 279y% + 223y + 38 + (102y2 + 186y) Iny
H _
N ) = o2 | T |IGED
17y* — 25y + 36 . 1, 17y +19
ME(y) = Q[ Lir(1— =) = 2" 1n?
e T T T
14y — 1292 + 1 20y% — 44y + 14
Yy Y + 87y+3lny_3( 9y Y+ 3)]7 (5.39)
4(y — 1)* 8(y — 1)
y 1Ty 4+ 23y% — 97y + 81 + (34y + 38)Iny
zly) = 2| TES ( ) | (5.40)

The NLO contributions to the Wilson coefficients at the scale p = m, = p, are given
by [113]

e 39 (1)e 8 e 37208 o
O () = SO ) + 505 —0B) OO ) + e (0B — 03O )

207664 1 T164416 1 256868 s 6698884 a0\ (ows
23 — 23 4 23 — 23)0( ) ( )
+ 14253 T 357075 14283 7 T 357075 1 /Y8 MW

+ Z [em C () + (fi + ki) OV () + lmC’fI)eH(,uW)} n*, (5.41)

where the vectors e;, f;, k;, and [; are given in the Appendix C of Ref. [113].
The contribution of the charged Higgs particle to the Wilson coefficients at the scale
(p can be written as [113]

CE™(y) = Cifha(pu) + cot® (G (y) + Nf () In :XV) + (M) + 28 () (5.42)

The bremsstrahlung contributions should be taken into account in the NLO case where
the corresponding decay width I'(b — svg) takes the form

2

35 — VitV emmy A (5.43)

L'(b— syg) =
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where [115]

8
A= (et o) 1) 3 ) S Re (O (s ) fip(5) (540
m

(VHAS

where f;; is defined as [106]

ful6) = 5 fnld), f12<5>=—1f22<5>, firl0) =~ 5 (), Fis(6) =~ fas(5),

> (1-9) /z ) 1/z ) ,
o = o[l [ w1 i)

> (1=8)/ 1/z
fr(0) = 89 [6/0 " dtRe (G(t)+%)+/(1_5)/ dt(1 — zt)Re (G(t)+%)},
Fu(®) = —35l0) (5.45)

The branching ratio of the inclusive radiative decay B — X,y at the NLO can be
found in [106,115]

* 2
ts
ViaVl?  Gae  m(m

SNP §NP SNP

)(‘D‘2+A><1_ SIé“’ ’Yz_‘_ c

my, my,

BB = X:7) = BB = Xeelow " o TGy

where the QCD corrections [115,127] for the semileptonic decay are given by

__20%(Nb>ﬁ£fz

k(z) = 4
) T (5.47)
with
2 2 2 4, 1
h(z) = —(1- 22)<Z5 — %sz 45 *) + zInz(20 4 90z — §Z + 37 2°)
17 64 17
+2%1n? 2(36 + 2%) + (1 — 22)(3 -3t §z2)

—4(1 4302 + 2 Inzln (1 — 2) — (1 + 162% + 2*)(6Liy(z) — 7°)

: _ 1—+/z
322321 1 2) <W2 — 4Liy(y/2) + 4Lis(—/z) —2Inz1n (1 " \/E)) (5.48)

The heavy-quark effective theory is used to relate the quark decay rate to the actual
hadronic process. In terms of the contributions to heavy hadron mass from the kinetic
energy (\;) and chromo-magnetic interactions (\y), the 1/m? corrections to the semilep-
tonic and radiative decays appearing in Eq. (5.46) are given by

N4
i = %+g)\2<1_4(1f(zz)>)

A9
Nt = 51—42 (5.49)
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and the non-perturbative corrections to the semileptonic decay that comes from 1/m?
takes the form

O (1)
M= o (O () —
9C§O)eﬁ(ub)< i )

; (5.50)

The NLO term corresponding to the Wilson coefficient C§°)eff at the LO is given by

8

D = O (uy) + 2 (3 () + D2 ) [ri + 7P %]) (5.51)
i=1

where the coefficients r; at the NLO have been calculated in Ref. [122] and 71-(3)85 can be

found in Ref. [106].

The current SM prediction is based on NLO and dominant NNLO contributions (for
recent references, see [128]). Since the corresponding level of precision is not available
for the 2HDM, we shall take as reference value the NLO SM prediction, rather than the
most precise theoretical value or the experimental value. As input parameters for (5.54)
we take the CKM ratio to be 0.967 [129], B(B — X_.ev,) = 0.1095 [130], m; = 163 GeV
(corresponding to a pole mass of m; = 172.7 GeV), m. = 1.224 GeV [129] and pp, = my =
4.68 GeV [129], yielding m./m; = 0.262.

Varying te Varying m,
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Figure 5.1: Contributions to the uncertainty in the decay rate due to mass scale uncer-
tainties. Left panel: due to uncertainty in the p; scale; and right panel: due to uncertainty
in m.; both vs. tan § and Mg+.

For the uncertainty that enters in Eq. (5.46), we take

o[B(B — Xsv)] = 15% x B(B — Xs7)ret- (5.52)
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This value, which is a somewhat conservative estimate, should be compared with the
current experimental precision (see above) and the currently best SM theoretical predic-
tion, which has an uncertainty of about 10% [128]. The latter is dominated by scale (uy,
le, fw) ambiguities and parameter uncertainties. For the 2HDM, the theoretical studies
have not been carried to the same level of precision, and also, at the NLO level, the
uncertainties are known to be larger than in the SM [109,113]. Furthermore, they depend
on the 2HDM parameters.

Fig. 5.1 is devoted to a study of how the uncertainties depend on tan 3 and My+. The
uncertainties in the 2HDM predictions are normalized with respect to the SM prediction,
i.e., we show d(Baoppnm)/Bsu. In the left panel, we display the maximum variation in the
brancing ratio, obtained from varying the scale p;, between m;/2 and 2m;. These values,
of around 3-4%, may be compared with 3.2% found for the SM [123].

In the right panel, we similarly show how the branching ratio changes when we reduce
m. by a factor 0.758 (to 0.928 GeV) from the default value 1.224 GeV [129]. This
reduction corresponds to changing from the pole mass to the M S current mass [124], and
yields variations from 9.5% to 11%. Alternatively, following [131], with 1.15 GeV < m, <
1.45 GeV, we find an uncertainty ranging from 10% to over 12% (at low Mpy+ and low
tan 3).

A more detailed estimate of the dependence of the decay rate on the m,. scale is
available for the SM, taking into account dominant higher-order effects [126], and gives
an uncertainty of about 9.5%. (The earlier study of Gambino and Misiak [124] gave an
uncertainty of 11%.) For the 2HDM no correspondingly detailed analysis is available.

Two further comments are in order, regarding the combination of uncertainties:

(a) The uncertainty to up increases somewhat with Mpy+, whereas that related to m..
decreases. Together, these dependences on Myg+ partly cancel.

(b) The theory uncertainties are not gaussian, and therefore can not be added in quadra-
ture to the experimental ones.

In the next subsection we will see the Next-to-Next-to-Leading Order (NNLO) con-
tribution to the SM, and see the effects of these results on the 2HDM.

5.1.3 NNLO contributions

The main theoretical uncertainty in the SM prediction for B(B — X,v) originates from
the perturbative calculation of the b — sy amplitude. The calculation of the three loop
diagrams at the NNLO QCD corrections removes the charm-quark mass renormaliza-
tion ambiguity which comes from the calculation of the two loop diagrams at the NLO
QCD corrections. The NNLO matching was calculated in Refs. [132,133] and three-loop
renormalization for the operators Q1, ..., Qs was found in Refs. [134,135].

The pp, dependence of the NNLO branching ratio is very weak (~ 1.4%) and the
dependence on the uy is not strong, so according to Gambino et al [124], the NNLO is
simply of order a(pp) = 0.5% up to an unkown factor of order unity.

The effective Wilson coefficients at NNLO can be expanded in powers of «, as follows

O = OO 4 Sty (BP0 g (533)
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At the NNLO, the branching ratio can be written as [124,136]:

= “/t:‘/tb|2 6ae.m. = _
B(B — X,y) = AT {P(Ey) + N(Eo)} x B(B — Xc€le)exp, (5.54)

where P and N denote perturbative and non-perturbative effects that both depend on
the photon lower cut-off energy Fy. In the LO limit, the term P reduces to the square of
the effective Wilson coefficient C{”(11,) in (5.9).

The SM prediction of Misiak et al. is (3.15+0.23) x 10~* for Ey = 1.6 GeV [136,137],
if all errors are added in quadrature. This is to be compared with the recent experimental
results, which are averaged to 3.55 x 10™* [138], with an uncertainty of 7-7.5%, again
with statistical and systematic errors added in quadrature.

The 2HDM contribution is positive, a finite value for the charged Higgs mass would
thus bring the results of [137,139] in closer agreement with the experiment. We shall
however take the attitude that these numbers are compatible and compare the uncertainty
in the experimental result and the SM prediction with the 2HDM contribution.

In the NNLO, the perturbative contribution P is obtained via the following three
steps [136]:

1. Evaluation of the Wilson coefficients at the “high” (electroweak) scale, o [132,133].
These coefficients are expanded to second order in a, and rotated to “effective”
Wilson coefficients C(110) [109, 140]. The 2HDM effects enter at this stage, at
lowest order in the Wilson coefficients C7(po) and Cs(po).

2. Evaluation of the “running” and mixing of these operators, from the high scale to
the “low” (B-meson) scale. This is where the main QCD effects enter via a matrix
U that is given in terms of powers of n = a (o) /as(up) [106,109,135,140].

3. Evaluation of matrix elements at the low scale [136,141], which amounts to con-
structing P(FEp) of Eq. (5.54) from the C&T ().

The NNLO improve the prediction of the branching ratio and reduce the uncertainty
dependence on the scale. For more details see Ref. [19]. In the next section we will discuss
the decay rate B — 7r, and see how it can constrain the parameter space of the 2HDM.

5.2 The constraint of the B(B~ — 7 1,) decay

The purely leptonic decay B~ — 7~ in the SM proceeds via annihilation of b and «
quarks to a W~ and this decay also is valid for the charge conjugate states. It provides a
direct determination of the product of the B meson decay constant fz and the magnitude
of the CKM matrix element |V,|. The branching ratio is given by [142]

Gimpm? <1 m

&

2\2
BB~ — 7 7,) = 7 ) fRlVaslrs (5.55)

2
B

where m; and m, are the B and 7 masses respectively, and 7, is the B~ lifetime.



62 CHAPTER 5. CHARGED SECTOR

The charged Higgs boson modifies the SM branching ratio by the factor

2 2
rg = |:1 — —7$B tan2 ﬂ:| (556>

H*
The branching ratio for the 2HDM then takes the form [142]

GZmpm? m2\ 2
BB~ — 1) = L T‘<1 - T) fBVa 5T (5.57)
8m m%/) P

The recent measurement of B(B~ — 77 1,) is (1.79 & 0.71) x 10™* [143] with the SM
prediction of the branching ratio B(B~ — 77 ,;) = (1.59 £+ 0.40) x 10~*, one can extract
the value of rg = 1.13 4+ 0.53 which puts a new bound

tan 3 < 0.09 my= (GeV) ™" (5.58)
where the old bound is [142]
tan § < 0.52 my+ (GeV)™! (5.59)

This bound excludes the lower right corner of the Fig(2) in Ref. [19].
In the next section we will study the B — B oscillation.

5.3 B — B oscillation constraint

Oscillations between particle and antiparticle were predicted for the K% — K° system in
1955 [144] and observed in 1956 [145]. This oscillation was observed later in the neutral
B® — BY meson system [146,147]. The flavour eigenstates of the BY meson can be written
as

By = (bd), By=(bd), B]=(bs), B{=(03) (5.60)
The heavy and light mass eigenstates take the form
By =pB°+¢B°, B =pB®—¢B°, (5.61)

with

1 1
o SR s — (5.62)

P=—F———— 4
V2(1+ [esl?) 2(1 + [ep]?)

where ep is small complex parameter (responsible for CP violation). The oscillation of
B® — BY is given by the phenomenological Hamiltonian matrix H [148]

B° M — 30 My — 50\ (B°
H{ 50| = * 1,7 1, R0 (5.63)
The diagonal terms describe the decay of the neutral B mesons, with M being the mass
of the flavour eigenstates B® and B°, and I' their decay width. The off-diagonal terms
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are responsible for the B® — B transitions through second order weak interaction. M,
corresponds to virtual B® — B transitions, while I'1 describes real transitions due to
decay modes. The mass difference between mass eigenstates is a measure of the oscillation
frequency of change from B° to B° and vice versa and for the SM it is given by [149]

1 _

Am, = o (B)|Heg| BY) = M}, — M} = 2M, (5.64)
G%‘ * 2,2 2

= @\thvtﬂ my s, [5,Be,S(x)mp,, q=d,s (5.65)

where fp, is the weak B decay constant, B, the bag parameter of the B meson and the
Inami-Lim function is defined as [107,150]

4z — 1122 + 22 33

Sol@) = g T aa—ap

Inzx, (5.66)

and 7p, stands for short distance QCD corrections.

In the 2HDM, there is a new contribution to B® — BY oscillation coming from the
charged Higgs boson H*. Therefore the measurement of the mass splitting can be used
to constrain the new physics i.e, 2HDM. The mass difference for B — B oscillation at
the LO takes the form [152]

Amp, = —£

G2
5 SV ValPmiyns, f3, B, Saupums,, q=d,s (5.67)

with the Inami—Lim functions [107]

SorpMLe = Swwio + SwH,o + SHH, - (5.68)
with
g £[1+ 3 —9x +6x21nx]
o = 40T @—1)2 " (- 130

(4z—1)Iny 3lnz r—4

Swio = weor S P —) A= =)

rycot? B 1+y 2yIny
g _ [ } 5.69
mio = T Ty g o0
where x = m?/mi,, y = m?/m%, and 2z = m3,/m3;.
The NLO corrections enhance the LO results for Am, by 18% [151].
2
Amp, = 6—7;“/15;‘/tb|2m12/v772($W7xH)féqBBquHDMmBqa q=d,s (5.70)
where xy = m?/mi, and xy = m?/m?%, with the Inami-Lim functions [107]
SQHDMNLO = SWWNLO + 2SWHNLO + SHHNLO' (571)
with (W) .
Bp._B S(u) 8/ [1 _ W (7—1 _ )] 5.72
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and
. s D (2w, zn)
Ty, ) = as(my )0/ @011 4 - (mw)< TG ’ + Z)} o7
n2(Tw, Ta) (mw) 47 SorDMyro (Tw, T) ( )
71 0
g o 74
26 25" o

where DQHDMNLO (JIW, JIH) and SQHDMNLO (JIW, JIH) are defined in Ref. [151]

A few comments are here in order: (i) The factor of 2 for the second term in (5.71) has
been adopted to follow the notation of [151]. (ii) There is a book-keeping problem with
the expression for L&H) in Eq. (A.20) of [151]. Since the last term in that expression,
proportional to a quantity denoted H H, has an explicit coefficient 1/tan? 3, the Sy in
Eqs. (A.21) and (A.24) for HH® should be replaced by tan® 3 x Syp. (iii) There is a
discrepancy in a quantity denoted QWWt(f), between Eq. (A.16) in [151] and the later
PhD thesis of the same author. We have chosen to take the formula given in the thesis.
At the level of 7, it amounts to a difference of the order of 2. The O(ay) corrections
to n introduce a variation of n (or ;) from 0.334 at tan 5 = 0.5 and My= = 200 GeV
to 0.552 at tan 3 = 50. (We have adopted the over-all normalization of 1 such that it
agrees with the SM value 0.552 [153] at tan 8 = 50.) However, the product n X Sogpas
varies by a factor of 2.7 over this same range, as compared with a factor of 4.5 for Sogps
itself. Thus, the inclusion of the O(a;) QCD corrections reduce the sensitivity of Ampg to
charged-Higgs contributions. In other words, the inclusion of NLO corrections weakens
the constraints on the 2HDM at low values of tan 3.

In the next chapter we will study the experimental constraints on the neutral sector
of the 2HDM.



Chapter 6

Experimental constraints on the
neutral-Higgs sector

This chapter is an extension to the work presented in the following publishing papers

e Paper 1 “Consistency of the two Higgs doublet model and CP violation in top
production at the LHC”, Nucl. Phys. B775:45-77, 2007.

e Paper 2 “Constraining the Two-Higgs-Doublet-Model parameter space”, Phys. Rev.
D76:095001, 2007.

This work also represents the calculations of the experimental constraints on the
neutral sector of the 2HDM such as the precise measurements of Rj, non-observation of
a neutral Higgs boson at LEP2, Ap, and a, = %(g — 2),, and the combinations of these
constraints. We will study the effects of changing the neutral Higgs mass M, and p?
to each constraint and the combination of them by using the neutral Higgs mass M; =
150 GeV (greater than the lower limit for the neutral Higgs of the SM M ~ 114 GeV),
80 GeV, and 114 GeV. This study shows how the allowed region of the parameter space
in the 2HDM changes with M, and p?. We will demonstrate the results of each constraint
in the following sections.

In the next section we will study the partial decay width R, for the process Z — bb.

6.1 R, constraint

In the SM, the Zbb couplings receive a correction from the exchange of the longitudinal
components of the W+ and Z bosons. In the 't Hooft gauge the longitudinal components
of the W* and Z are replaced by the Goldstone bosons G* and G°. In this gauge
the Goldstone bosons are physical degrees of freedom and have masses my and my
respectively.

In the SM, virtual Higgs exchange does contribute to the decay Z — bb, the coupling
of the neutral Higgs h to b quarks is too small to make an observable contribution but
the coupling of the charged Goldstone G* to tb is large enough to make an observable

65
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contribution to Z — bb [170]. The tree-level Zbb couplings in the SM are given by

Lo = —° (—1 L ) 6.1
976b S e 5 + BSW (6.1)
R € 1,
Ize6 = A (gsw) (6.2)

where _gé;fg” are the left- and right-handed Zbb couplings. The radiative corrections to
Z — bb change the Zbb couplings from their tree-level values by dg" (correction of the
new physics to the left- and right-handed Zbb couplings, respectively)

_LR LR ,
9z = 9z + g™t (6.3)

The hadronic branching ratio of Z to b quarks R is given by

Rb: F(Z—)bg) _Fb_ Fb

_ N ) 6.4
['(Z — hadrons) T, 30, + 2T, (64)

where I'.. is the width of the process Z — cc.

The electroweak oblique and QCD corrections to the Zbb branching ratio R, cancel
between numerator and denominator, R, is very sensitive to the new physics beyond the
SM, so that the precision experimental value of R, gives a severe constraint on the new
physics [171]. The R;, measurement can be used to set lower bounds on the charged Higgs
mass. The 2HDM contributes corrections to the process Z — bb through the charged
Higgs couplings to tb and the neutral Higgs couplings to bb [170]. In the 2HDM with CP
violation, the relevant couplings for the neutral Higgs bosons which contribute to the Zbb
vertex are the ZH;H;, ZH;G° with all incoming momenta [17]

—1g cos 20y,

ZHYH™ : 2 600 (nF —p,),

ZGTG %(ﬁj — D),

ZH;Hy 5 C(:sgﬁw [(sin BRj1 — cos BRj2) Rz — (sin B Ry — cos BRya) R3] (pi — pﬁ),
ZH;G" 2 cos O (cos BR;1 + sin ﬁRjg)(pr — pg), (6.5)

The contributions from 2HDM take the form [170]

1 gmy 2 e R RlnR
L _ _
09" = 50 <\/§mw cot 5) Swew [R —1 (R- 1)2} (6:6)
1 gmy, 2 e R RInR
R _ _
09" = 5o <¢§mw tan ) Swew [R ~1 (R- 1)2} (6.7)

where R = m?/ mfvﬁ, sw = sinfy, ¢y = cosby and Oy is the Weinberg angle. This
correction in addition to the corrections due to Goldstone boson exchange (the SM con-
tributions) give the contributions of the 2HDM to the process Z — bb.
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For small tan (3 the neutral Higgs couplings to b quarks are small, and the contributions
to Z — bb due to neutral Higgs exchange can be neglected. In this regime the corrections
due to charged Higgs exchange can be used to constrain the 2HDM. At large tan 3 the
neutral Higgs couplings to b quarks are large and the contributions to Z — bb due to
neutral Higgs exchange are significant, but the large values of tan 3 are excluded by the
unitarity constraint [19].

For the CP-conserving case, the 2HDM contributions to R, were given in [164]. In
the general CP-violating case, the charged-Higgs contribution, Eq. (4.2) of [164], remains
unchanged, but we find that the neutral-Higgs part, Eq. (4.4), gets modified to

a2 wNemy m? LA
(5F{/(H) b {Z {Z[(Sll’l ﬁle — COS 6Rj2)Rk3

2
m2
967 sin* Oy cos? Oy W « [

. tan
— (SlIl ﬁRkl — COS ﬁRk2>R]3]£ Rﬂng p4(mZ, M2 M]?, 0)

Rj;
— (cos fRj1 +sin fRj2) —— /)4(mZ,M2 m%,0)

cos 3

R2
—+ QQb SiIl2 tgw(l + 2Qb Sin2 ‘9W> (

2p
+ 2Qy sin® Oy (1 + 2Qy sin” Oy ) ps(my, m7, 0)}. (6.8)

+ tan? BRJQP)) ps(my, M, 0)]

The functions p3 and p4 are various combinations of three-point and two-point loop in-
tegrals [164]. For the numerical studies, we use the LoopTools package [175,176]. It was
found that R, excludes the very small tan § and small charged Higgs mass my+ and large
tan (.

In Paper 2 [19], we show the implication of the R}, constraint for the case when Mj is
calculated from the other input, i.e., M3 is calculated from the relation (4.45). Here and
in the next sections, we are going to study the case of a fixed value of M3. Thus, we here
follow the approach of Paper 1 [17] and therefore, we can not directly compare results
here with those in [19].

In this study, calculations for the R, constraint are different from the calculations
made in our paper of Ref. [19] as follows:

o We take Mj fixed at 500 GeV, whereas in Ref. [19] we calculate Mj from the relation
(4.45).

e Here we use M; = 150 GeV (greater than the lower limit of the SM Higgs mpy ~
114 GeV), in Ref. [19] we use M; = 100 GeV.

e We use in this study some new values of p?, such as (400 GeV)?, —(300 GeV)?, and
—(400 GeV)2.

We will next show some figures for the R, constraint, and select the following values
for the parameters M;, My, M3 and p? as:

e M; =150 GeV.
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o M, =(300, 500) GeV.
[ M3 = 500 GeV.
o 1% = (400 GeV)?, (300 GeV)?, 0, —(300 GeV)?, — (400 GeV)>.

The 2HDM-specific contributions to R, are of two kinds. At low values of tan 3,
the exchange of charged Higgs bosons is important, whereas at high values of tan 3 the
exchange of neutral-Higgs bosons is important [164].

The unitarity constraint excludes large values of tan 3 for different values of our pa-
rameters such as M, and p2. Thus, the neutral-Higgs exchange contribution to R, is in
this case of no importance. But the charged-Higgs exchange contribution to R}, remains
important.

We notice that the allowed parameter space is reduced due to unitarity in the following
cases: (i) M7 > p? and (ii) p? > M3, but the allowed regions of the parameter space in
the 2HDM become large when p? = Mz (u = My = 300 GeV, see fig. 6.3) and there is
more reduction as My increases.

The R, constraint excludes low values of tan3 < 1 for all cases considered (see
figs. 6.1-6.10) and excludes large values of charged Higgs mass my+ > 600 GeV. The
upper limit on tan (8 becomes smaller and the upper limit of the charged Higgs mass
becomes larger as M, increases.

Figs. 6.1 and 6.2 are devoted to . = 400 GeV, with two values of Ms, 300 and 500 GeV.

The p that is used in figs. 6.3 and 6.4 is 300 GeV. The upper limit of the charged Higgs
mass Mpy+ becomes larger in the following cases (i) M7 < p? = M2 and (ii) MZ > p? and
excludes less parameter space compared to when p? > M2 like in fig. 6.1.

In figs 6.5 and 6.6 we consider ; = 0 GeV. The contribution of R, in fig. 6.5 is the
same as figs. 6.1-6.4 but in fig. 6.6 the upper limit on the charged Higgs mass Mg+ is
reduced because p? =0 (pu? < M}).

Figs 6.7 and 6.8 are devoted to u? = —(300 GeV)2. The allowed region of the param-
eter space in the 2HDM is here dramatically reduced and the upper limit of tan 5 (the
cutoff will be at tan 5 ~ 2) and charged Higgs mass (mg+ ~ 500 GeV) becomes smaller
for large values of M,. For negative values of p? the unitarity constraint excludes large
tan  and also low values of tan (.

The p? that is used in figs 6.9 and 6.10 is —(400 GeV)?, it leads to more exclusion
of the parameter space than in figs. 6.7 and 6.8. The upper limit on my+ ~ 300 GeV
becomes smaller for large values of M.

We conclude that for large values of M; and M, = 500 GeV more exclusion of the
parameter space is done. The negative values of ;? exclude most of the parameter space
due to unitarity and also exclude the low values of tan 3. The R} constraint excludes the
low values of tan 5 < 1.
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u=400 GeV Rb
(M;,M,)=(150,300) GeV
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Figure 6.1: Excluded regions due to constraints from positivity, unitarity, R, and B —
X,v. Solid: x? = 5, dashed: x? = 3.
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600 -

M(H®) [GeV]

400

EXCLUDED

200

1 10 tOﬂ,@

Figure 6.2: Excluded regions due to constraints from positivity, unitarity, R, and B —
X,7. Solid: x? = 5, dashed: x? = 3.
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©=300 GeV Rb
(M;,M,)=(150,300) GeV
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Figure 6.3: Excluded regions due to constraints from positivity, unitarity, R, and B —
X,v. Solid: x% = 5, dashed: x? = 3.

©=300 GeV Rb
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Figure 6.4: Excluded regions due to constraints from positivity, unitarity, R, and B —
X,7. Solid: x? = 5, dashed: x? = 3.
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u=0 GeV Rb
(M;,M,)=(150,300) GeV

600 -

M(H®) [GeV]
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EXCLUDED yy
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Figure 6.5: Excluded regions due to constraints from positivity, unitarity, R, and B —
X,v. Solid: x? = 5, dashed: x? = 3.

u=0 GeV Rb
(M;,M,)=(150,500) GeV

600 -

M(H®) [GeV]

400

200
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Figure 6.6: Excluded regions due to constraints from positivity, unitarity, R, and B —
X,7. Solid: x? = 5, dashed: x? = 3.
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w?=—(300 GeV)? Ro
(M,,M,)=(150,300) GeV

600

M(H®) [GeV]

400

200

Figure 6.7: Excluded regions due to constraints from positivity, unitarity, R, and B —
X,v. Solid: x% = 5, dashed: x? = 3.

w?=—(300 GeV)? Ro
(M,,M,)=(150,500) GeV

600 —

M(H®) [GeV]

400

200

Figure 6.8: Excluded regions due to constraints from positivity, unitarity, R, and B —
X,7. Solid: x? = 5, dashed: x? = 3.
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w?=—(400 GeV)? R
(M,,M,)=(150,300) GeV

600 —

M(H®) [GeV]

400

200

Figure 6.9: Excluded regions due to constraints from positivity, unitarity, Ry, and B —
X,v. Solid: x? = 5, dashed: x? = 3.

w?=—(400 GeV)? Ro
(M,,M,)=(150,500) GeV

600 —

M(H®) [GeV]

400

200

Figure 6.10: Excluded regions due to constraints from positivity, unitarity, R, and B —
X,v. Solid: x% = 5, dashed: x? = 3.
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In the next section we will study the experimental constraint a,.

6.2 The anomalous magnetic moment of the muon

The precise measurement of the muon anomaly a, or (¢ — 2) constitutes one of the more
impressive tests not only for electroweak interactions but also of the strong interactions
as well. The deviation of the SM from precision measurements Aa, (0.54 parts per
million [100]) ~ 2 — 3 ¢ opens a window for new physics.

A charged particle with spin s has a magnetic moment

e (g —2) eh
uuzg(—u), ay = 5 u:(1+au)%

2m
where the Dirac equation predicts the gyromagnetic ratio g, = 2 for point-like, spin 1/2
particles. The quantity g — 2 probes the difference between the mass and the charge
distribution of a particle and g — 2 = 0 when they are the same at all times, a, is the
anomaly.

The SM contributions come from three types of radiative processes: QED loops con-
taining leptons (e, i, 7) and photons [154], hadronic loops containing hadrons in vacuum
polarization loops [155], higher order [156] and weak loops involving the W and Z weak
gauge bosons

(6.9)

SM _ qQED 4 ghad 4 oEW
" +a, +a, (6.10)

In the 2HDM(II) for the CP conserving case, the neutral scalars h and H, pseudoscalar
A as well as the charged boson H* can contribute to a,,, for one loop level see Refs. [63,157,
158] and for two-loop level see Refs. [159-161]. The light Higgs boson, h or A dominates
the full 2HDM(II) contributions, i.e., a2PM = al; or a;} [162]. The scalar contribution
aZ is positive whereas the pseudoscalar and the charged Higgs boson contributions are
negative [163, 164].

The deviation of the SM theory from the experimental value of the anomalous mag-
netic moment of the muon opens a window for the 2HDM contributions. This deviation

can be written as

a

Aay, = ai? — aﬁM (6.11)

According to Refs. [165,166], for the Higgs mass heavier than 3 GeV the dominant Higgs
contributions to a, come from the two-loop Barr-Zee effect [169] with a photon and Higgs
field connected to a heavy fermion (f) running in the inner loop. The one-loop and the
two-loop contributions have different signs for both scalar and pseudoscalar contributions,
therefore the one-loop is partially cancelled by the larger two-loop contributions [167].
The contributions from all the neutral Higgs boson at one loop level for the CP
conserving case are given by (lepton contributions) [168]
mym- 9 mu
U= T6r2 Z £ [ " 3m

T
7

T M(mHi)] (6.12)

M(mp,)| +a?|[N(mp,) = 22

with
24 3(;=)% + 6(mm ) In(m=)? — 6(= )t + (57)°

M(my,) = |
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. L=y, Mg, My (6.14)

N(mu,) = [3 + (TZL—;)Q((WT—;)Q - 4) + QIH(TZ@I;)?} m.

1 mi (1 - (2)2)°

where a; and b; are the coefficients of the Feynman rule for the scalar and pseudoscalar
Higgs bosons, respectively.

The two loop level contributions with a heavy fermion f to a, from all neutral Higgs
bosons in the CP conserving case take the form [160]

mpy,

2 2
Ncae.m m

2Qf[AlAfg< 5) - Al>\ff( )] (6.15)

A, = A3p? m?

where A; and A; are the coupling constants for pseudoscalar to leptons and fermions
respectively, A\; and A; are the coupling constants for scalar to leptons and fermions re-
spectively, N. = 3 the number of colours associated with the fermion loop, a, . the elec-
tromagnetic finestructure constant, Qs is the fermion charge, m2;, sin 0y = (7a)/(v/2Gr)
and v? = 1/4/2G . The functions f and g are given in [169)]:

1t 1221 —2), 2(1—2)
f(z) = 52/0 dz P — In . (6.16)
1t 1 z(1—x)
g(z) = 52/0 dxx(l B s In . (6.17)
where
) ~ 5 g~
f(z) ~ %lnz—i— %, g(z) ~ %lnzjt 1 for large =z
f(z) ~ g(z) ~ g(ln z)*> for small =z (6.18)

The contribution of the 2HDM in the case of CP violation can be found in Ref. [17]
for the top quark contribution:

caem 1 mt2
0y = " w02 X R ) e ()] @

with @ = 2/3 and m; the top quark charge and mass, R;; are the rotation matrix
elements and m, the muon mass. It is worth noting that the tan 3 factor associated
with the pseudoscalar Yukawa coupling of the muon is cancelled by an opposite factor
associated with the top quark. While the first term gives a positive contribution, the
second one may have either sign.

The contribution of the b quark can be obtained from (6.19) by trivial substitutions
for (); and m; accompanied by

1 1
and ———— leRj2—>C

R%, — tan? —R?
i3 bR; cos 3sin 3 os2 31

(6.20)

j3’



76 CHAPTER 6. NEUTRAL SECTOR

in the square bracket. At low values of tan 3, the contributions of the 2HDM are negligible,
but the b- and 7-loop contributions can become relevant at large tan 8 and low values of
mpy+ [17], but the unitarity constraint excludes the large values of tan 5. So we conclude
that the effect of the anomalous magnetic moment is not important. For more details see
Ref. [17].

The a, constraint does not have any significant impact within the range of tan 3
considered [19].

The contributions of the 2HDM to the p parameter will be studied in the next section.

6.3 The Electroweak Correction to the Parameter p

Electroweak precision measurements and calculations provide stringent and decisive tests
of the quantum fluctuations predicted from the theory [172]. The electroweak parameter
p is a measure of the relative strength of neutral and charged-current interactions in four-
fermions process at zero momentum transfer. In the SM at tree level the p parameter
relates the W gauge boson and Z gauge boson masses as

miy

S 6.21
p o) (6.21)

The SM correction to p at the one-loop level is induced by the top quark [173]

. 3Gpmf
ptop 8\/§7T2

The dominant contributions in the large top mass limit come from corrections to the W
and Z boson propagator involving the t- and b-quark loops.
The higher order loop corrections modify the p parameter into

(6.22)

B 1
C1-Ap

p (6.23)

Here Ap parametrizes all higher loop corrections which are sensitive to the existence of
heavy particles in the SM, in particular the top quark and the Higgs boson. The leading
one-loop calculations (comes only from self energy corrections to the gauge boson prop-
agators and not from the vertex or box diagrams) depend logarithmically on my [174].
The leading two-loop corrections, which are proportional to m?%, have been calculated
in Refs. [177,178]. The leading three-loop bosonic corrections to the p parameter pro-
portional to m%, in the large Higgs mass limit are calculated in Ref. [179] and four loop
corrections have been calculated in [172]. The corrections coming from the transversal
W and Z self-energies can be written as [180,181]:

1
Ap = 7 [Aww(q2 =0) —cos’ O Azz(q* = O)} (6.24)
w
and measures how much the W and Z self-energies can deviate from the Standard-Model
value, being zero at the tree level.
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In the 2HDM additional contributions arise [67], which are determined by the cou-
plings to the W and the Z of the Higgs particles, and by the mass splittings within the
Higgs sector, as well as the mass splittings with respect to the W and Z bosons.

The contributions of the 2HDM to the p parameter in the CP conserving case can be
written as [13,164, 182]

ApHPM ﬁ(cos%ﬁ — ) [f(mA,mHi) + f(mpys,mp) — f(mA>mh)}
Wiy

+sin?(8 — a) [f(mA,mHi) + f(mg+, my) — f(mA,mH)])

+cos?(B — ) Apsa(mp) + sin®(8 — a)Apsa (my,) (6.25)
with
22 + 2 22 g2

This function is symmetric in z < y, and vanishes for x = y, f(z,y) is large for large
difference between x and y. Furthermore,

3«
o () = flm,mz) | - -y

o}
Apsy(m) =

(6.27)

where m is the SM Higgs mass.

The simplified forms provided in [13] for the 2HDM can easily be re-expressed in terms
of the mass eigenvalues and the elements R;;, of the rotation matrix for the CP-violating
case. The Higgs—Higgs contributions to the parameter p in the CP violation are modified
to [17,19]

AIEL(0) — cos? By AZE(0)
2
S [{[sin BRj1 — cos BRys)? + B3} Fa, (M, M?)

642 L
j

— Z[(Sll’l /Ble — COS ﬁRjg)ng — (sin /GRkl — COS ﬁRk2>Rj3]2 FAP(M]?, Mz)] y (628)

k>j

For the Higgs—ghost contribution, we have to subtract the contribution from a Standard-
Model Higgs of mass M, since this is already taken into account in the fits, and find:

Afifiy (0) — cos® O AZZ (0)
2

= 25| leos B Ry +sin B Rpo]? (3Fsp(M3, M) = 8Fa, (M, M2))
J
+ 3Fa,(Miyy, Mg) — 3Fa, (M3, M(?)] (6.29)

From the electroweak fits, we take My, = 129 GeV, but note that this value is not very
precise [183].

In order to keep these additional contributions (6.28) and (6.29) small, the charged
Higgs boson should not be coupled too strongly to the W if its mass is far from those of
its neutral partners.
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In the following figures, we use the approach of Paper 2 [19] for calculating the Ap con-
strant. We show the implication of the Ap constraint for the case when Mj is calculated
from the other input, i.e., Mj is calculated from the relation (4.45).

Here, the calculations for the Ap constraint are different from the calculations made
in our paper of Ref. [19] as follows:

e Here we use M; = 150 GeV (greater than the lower limit of the SM Higgs mpy ~
114 GeV), in Ref. [19] we use M; = 100 GeV.

e We use in this study some new values of p?, such as (400 GeV)?, —(300 GeV)?, and
(400 GeV)2.

We will next show some figures for the Ap constraint, and select the following values
for the parameters M;, My, M3 and p? as:

(] M1 = 150 GeV.
o My =(300, 500) GeV.
o 12 = (400 GeV)?% (300 GeV)?2, 0, —(300 GeV)?, —(400 GeV)2.

The unitarity constraint and Ap constraints exclude larger values of tan 3 for different
values of our parameters such as My and p? than in the case of Paper 2 (M; = 100 GeV)
[19].

The upper limit on tan  and charged Higgs mass m g+ become smaller as M increases,
compare fig. 7 in Ref. [19].

Figs. 6.11 and 6.12 are devoted to p = 400 GeV, with two values of My, 300 and
500 GeV. In fig. 6.11 the higher values of the charged Higgs mass My« are excluded at
low tan .

In fig. 6.12 p is comparable with M, then, there can be a considerable splitting between
My and M3, Mg+ and M3 which can be similar and a cancellation between the (M, Mpy+)
and the (M, M3) terms of Eq.(4.12) in Ref. [19] is possible. As a result, for large values
of u, large values of Mg+ can be allowed. But low values of My+ are forbidden at large
tan (3, see condition (4.17) in Ref. [19].

The p that is used in figs. 6.13 and 6.14 is 300 GeV. The upper limit on the charged
Higgs mass My+ decreases as tan 3 increases, see fig 6.13.

In figs 6.15 and 6.16 we consider = 0 GeV. The contribution of Ap in fig. 6.15 is
similar to fig. 7 in Ref. [19] but here the model is more constrained.

Figs. 6.17 and 6.18 are devoted to u? = —(300 GeV)?. The allowed region of the
parameter space in the 2HDM is here dramatically reduced and the upper limit of tan 3
(the cutoff will be at tan3 ~ 2) and charged Higgs mass (my+ ~ 500 GeV) are also
reduced. For negative values of p? the unitarity constraint excludes large tan 3, large
values of the charged Higgs mass and also low values of tan 5.

The p? that is used in figs. 6.19 and 6.20 is —(400 GeV)?, it leads to more exclusion
of the parameter space than in figs. 6.17 and 6.18. In fig. 6.20 the whole parameter space
is excluded.

We conclude that for large values of M; more exclusion of the parameter space is done.
The negative values of u? exclude most of the parameter space due to unitarity and also
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Figure 6.11: Excluded regions due to constraints from positivity, unitarity, Ap, and
B — X,v. Solid: x? = 5, dashed: y? = 3.

=400 GeV Ao
(M,,M,)=(150,500) GeV

600

M(H®) [GeV]

400

200

Figure 6.12: Excluded regions due to constraints from positivity, unitarity, Ap, and
B — X,v. Solid: x? = 5, dashed: x? = 3.
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Figure 6.13: Excluded regions due to constraints from positivity, unitarity, Ap, and
B — X,v. Solid: x? = 5, dashed: y? = 3.
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Figure 6.14: Excluded regions due to constraints from positivity, unitarity, Ap, and
B — X,v. Solid: x? = 5, dashed: x? = 3.
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Figure 6.15: Excluded regions due to constraints from positivity, unitarity, Ap, and
B — X,v. Solid: x? = 5, dashed: y? = 3.
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Figure 6.16: Excluded regions due to constraints from positivity, unitarity, Ap, and
B — X,v. Solid: x? = 5, dashed: x? = 3.
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Figure 6.17: Excluded regions due to constraints from positivity, unitarity, Ap, and
B — X,v. Solid: x? = 5, dashed: y? = 3.
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Figure 6.18: Excluded regions due to constraints from positivity, unitarity, Ap, and
B — X,v. Solid: x? = 5, dashed: x? = 3.
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Figure 6.19: Excluded regions due to constraints from positivity, unitarity, Ap, and
B — X,v. Solid: x? = 5, dashed: y? = 3.

(2= — (400 GeV)? Ao
(My,M,)=(150,500) GeV

>

O 600—

a B

I

~—

> \

400

PhySics . .
1 10 tOﬂ,@

200

Figure 6.20: Excluded regions due to constraints from positivity, unitarity, Ap, and
B — X,v. Solid: x? = 5, dashed: x? = 3.
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exclude the low values of tan 3. At large enough negative values of u? and at large M,
the model will be inconsistent.
In the next section we will study the LEP2 constraint.

6.4 The LEP2 constraint

The analysis combining LEP1 and LEP2 data collected with OPAL are sensitive to the
h, A — qg, 77~ and h — AA decay modes of the Higgs boson [184]. At LEP2, the
Higgs bosons can be produced through the Higgs-strahlung process ee™ — HZ, also it
is sensitive to the contributions to the signal from the W*W ™ and ZZ fusion processes
Hvp and HeTe . There are three main processes for Higgs production at LEP: the
Higgs-strahlung (Bjorken) processes ete™ — hZ and HZ, the pair production processes
ete” — hA and HA processes (eTe™ — hH is forbidden by the angular momentum and
CP conservation), and the Yukawa radiation off heavy fermions ete™ — ffh and ffA.
The first two, gauge-mediated processes are bounded by the SM hZ cross-section, mixing
of the Higgs doublets induces partial or total suppression with respect to the SM. The
last, fermion-mediated process can be significantly enhanced compared to the SM f fh
cross-section, which is too low to be observed at LEP. The coupling of the pseudoscalar
A to fermions can be written as [185]

Abb:  —ivystan 3 (6.30)

Att . —iyscot 3 (6.31)
In the analysis of LEP data by DELPHI, a channel-specific dilution factor C? is defined

by [186]
O shtiz = O X C%(/be)a (6.32)
(6.33)
The reference cross-section for the process ete™ — hA is obtained by computing
this process in the absence of any mixing in the Higgs sector, and depends only on the

electroweak constants and h and A Higgs masses. So that the pair production process for
the 2HDM can be written in terms of the reference cross-section as [186]

SM 2
Ozh—rtr—2 = Ozp X CVZ(

h—7T1)>

Tna—ay = 0pa X Ciaagpy (6.34)
T(ana—es) = s X Ciia_ep (6.35)

The reference cross-section for the Yukawa process is obtained in a similar way. The
SM efe™ — ffh (f = b,7) cross-section is used for h production. Computing this
cross-section with a suitable f fA vertex gives the reference for A, therefore

Obhrty = Tppp X Cbe(h—>bb)> (6.36)

Tt tr— = T X Cipsrr)s (6.37)
In the CP-violating case, the H,Z Z coupling is suppressed by the square of the Higgs-
vector-vector coupling, which relative to the Standard-Model coupling is

H;ZZ : [cos BRj1 + sin fRjs], for j =1. (6.38)
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For the decaying of H; to bb or 77, the dilution is caused by the two effects discussed
above: There is a reduction of the coupling to the Z boson [see (6.38)] and modified
(typically reduced) coupling to the bb (or 77). Thus, we take [17]

. 1 .
C%(Hl_q)é) = [cos BRy; + sin SRy, o2 [R?, + sin? BR], (6.39)
and consider as excluded parameter sets those where this quantity exceeds the LEP
bounds, roughly approximated as [186]

C sy = 0.2 at 100 GeV, and 0.1 at 80 GeV. (6.40)

In the following figures, we use the approach of Paper 1 [17] for calculating the LEP2
constraint. We show the implication of the LEP2 constraint for the case when M3 is
calculated from the other input, i.e., Mj is calculated from the relation (4.45).

The calculations for the LEP2 constraint are different from the calculations made in
our paper of Ref. [19] as follows:

e We take Mj fixed at 500 GeV.
e Here we use M; = 80 GeV, in Ref. [19] we use M; = 100 GeV.

e We use in this study some new values of 2, such as (400 GeV)?, (300 GeV)? and
—(400 GeV)2.

We will next show some figures for the LEP2 constraint, and select the following values
for the parameters M;, My, M3 and p? as:

o M; =80 GeV.

o M, =(300, 500) GeV.

o M; =500 GeV.

o 42 = (400 GeV)2, (300 GeV)2,0, —(300 GeV)2, —(400 GeV)?2.

The unitarity constraint excludes the large values of tan 3 for different values of our
parameters such as M, and p?, see figs 6.21-6.25.

For large values of My, (i.e., My = 500) and for large positive values of pu?, the
LEP2 constraint excludes the whole parameter space that is not already excluded by the
unitarity for large values of My, (i.e., My = 500) and for large positive values of u?, see
fig. 6.21. At large negative values of p? there is no allowed region of the parameter space
for low values of Mj, as shown in fig. 6.22. Also at large values of Ms, the whole region
of the parameter space is excluded (this is not shown).

In figs. 6.23-6.25, at low values of M, there is no exclusion when pu? > M2, see fig. 6.23
and there is a little exclusion when M2 2 1%, see figs. 6.24 and 6.25.

In summary, the LEP2 constraint excludes more parameter space at low values of
M, (i.e., My = 80 GeV) than the case of large value in Ref. [19] (M; = 100 GeV). The
negative values of 12 exclude all the allowed regions of the parameter space due to LEP2
at low or large values of Ms, and also at high values of 2 and large values of M3 the
model is inconsistent.

The combinations of all constraints will be disussed in the next Chapter.
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Figure 6.21: Excluded regions due to constraints from positivity, unitarity, LEP2, and
B — X,v. Solid: x? = 5, dashed: x? = 3.
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Figure 6.22: Excluded regions due to constraints from positivity, unitarity, LEP2, and
B — X,v. Solid: x? = 5, dashed: y? = 3.
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Figure 6.23: Excluded regions due to constraints from positivity, unitarity, LEP2, and
B — X v. Solid: x? = 5, dashed: y? = 3.
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Figure 6.24: Excluded regions due to constraints from positivity, unitarity, LEP2, and
B — X,v. Solid: x? =5, dashed: y? = 3.
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Figure 6.25: Excluded regions due to constraints from positivity, unitarity, LEP2, and
B — X v. Solid: x? = 5, dashed: y? = 3.



Chapter 7

Combining all constraints

Let us now combine all constraints and look for the allowed points in the tan Mg+
plane. This work is different from the calculations made in our paper of Ref. [19] as
follows:

o We take Mj fixed at 500 GeV, whereas in Ref. [19] Mj is calculated from the other
input, i.e., Mj is calculated from the relation (4.45). Therefore, we can not directly
compare results here with those in [19].

e Here we use M; = 150 GeV (greater than the lower limit of the SM Higgs mpy ~
114 GeV), in Ref. [19] we use M; = 100 GeV.

e We use in this study some new values of p?, such as (400 GeV)?, —(300 GeV)?, and
—(400 GeV)2.

We will next show some figures for the combining of all constraints, and select the
following values for the parameters M, My, M5 and p? as:

e NM; =150 GeV.

o M, =(300, 500) GeV.

e M3 =500 GeV.

o 12 = (400 GeV)?% (300 GeV)?2, 0, —(300 GeV)?, —(400 GeV)2.

The unitarity constraint excludes large values of tan 3 for different values of our pa-
rameters such as M, and p?, see figs. 7.1-7.10. There are exclusions coming from the com-
binations all constraints, i.e., the Ap constraint excludes the large values of the charged
Higgs mass at low values of tan 3 and excludes low values of the charged Higgs mass at
large values of tan 3. The R} constraint excludes low values of tan § and large values of
the charged Higg mass. The a, constraint does not have any impact to the parameter
space at low values of tan 3. The LEP2 constraint does not have any role of this exclusion
here because of the choice of the mass M; greater than the upper experimental limit.

Figs. 7.1 and 7.2 are devoted to . = 400 GeV, with two values of Ms, 300 and 500 GeV.
We notice that the combinations of all constraints at this large value of u? excludes a
large part of the parameter space which is not excluded by the the unitarity constraint.
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The p that is used in figs. 7.3 and 7.4 is 300 GeV. The combinations of the constraints
have greater impact on the parameter space of the 2HDM than the unitarity constraint,
as shown in these figures.

In figs 7.5 and 7.6 we consider y = 0 GeV. The Ap constraint excludes the large values
of the charged Higgs mass. It is clear to see that for low values of M, the exclusion of
the large values of the charged Higgs mass is greater than in the case of large values of
M, see figs. 7.3 and 7.5. In contrast at large values of My the exclusion of large values
of tan ( is greater than in the case of low values of M, see figs. 7.2, 7.4 and 7.6.

Figs 7.7 and 7.8 are devoted to u? = —(300 GeV)?2. The allowed region of the parame-
ter space in the 2HDM is here dramatically reduced due to unitarity and the combinations
of all constraints. The upper limit of tan # (the cutoff will be at tan 5 ~ 2) and charged
Higgs mass (my+ ~ 500 GeV) becomes smaller for large values of M,. For negative values
of ;2 the unitarity constraint excludes large values of tan 3 and also low values of tan 3.

The p? that is used in figs 7.9 and 7.10 is —(400GeV)?, it leads to more exclusion of the
parameter space than at u? = —(300 GeV)?. The upper limit on my+ ~ 300 GeV becomes
smaller for large values of Ms. The whole parameter space is excluded at M, = 500 GeV,
see fig. 7.10.

We conclude that for large values of My, M, and Mj there is an additional exclusion of
the parameter space with respect to the low values of these parameters. At M3 = 600 GeV,
the combinations of the all constraints exclude the low values of the charged Higgs mass.
The unitarity constraint excludes the whole parameter space of the 2HDM at large value
of Ms, i.e., My = 700 GeV. The negative values of u? exclude most of the parameter
space due to unitarity and also exclude the low values of tan 5. At large enough negative
u? and at large values of M, the whole parameter space is excluded.

In the next chapter we will try to summarize the thesis.
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Figure 7.1: Excluded regions due to all constraints. Solid: x? = 5, dashed: x? = 3.
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Figure 7.2: Excluded regions due to all constraints. Solid: x? = 5, dashed: x? = 3.
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Figure 7.3: Excluded regions due to all constraints. Solid: x? = 5, dashed: x? = 3.
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Figure 7.4: Excluded regions due to all constraints. Solid: x? = 5, dashed: x? = 3.
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Figure 7.5: Excluded regions due to all constraints. Solid: x? = 5, dashed: x? = 3.
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Figure 7.6: Excluded regions due to all constraints. Solid: x? = 5, dashed: x? = 3.
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Figure 7.7: Excluded regions due to all constraints. Solid: x? = 5, dashed: x? = 3.
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Figure 7.8: Excluded regions due to all constraints. Solid: x? = 5, dashed: x? = 3.
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Figure 7.9: Excluded regions due to all constraints. Solid: x? = 5, dashed: x? = 3.
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Figure 7.10: Excluded regions due to all constraints. Solid: x? = 5, dashed: x? = 3.
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Chapter 8

Summary and conclusion

The thesis presents some studies of the CP-violationg Two-Higgs-Doublet Model. Allow-
ing for the CP violation, an important question is whether this can be measured in the
production of top quarks at the LHC. This question is discussed in Paper 1 [17], where
we also investigate consistency of the model at low values of tan (3, where the top Yukawa
coupling is large.

In order to maximize the CP violation in the top-quark sector that might be mea-
surable at the LHC, we focus on parameters where (i) the lightest Higgs boson is rather
light, in order to maximize the relevant loop integrals, and (ii) where the product of the
CP-violating Yukawa couplings, parametrized by 7(01 ])3 [see Eq. (3.63)] are large. The latter
constraint requires tan 3 to be small, and | sin a4 sin 2as| to be large.

In the two other papers, we discuss consistency of the model more generally. We have
made a survey of parameter space of the Two Higgs Doublet Model. Because of the many
independent model parameters, it is difficult to extract a simple picture. We tried in the
publications presented in the Appendix A, B, C and D, and in this thesis to scan the
whole parameter space of the 2HDM at different values of the following parameters

e Changing the neutral Higgs mass M; and display its impact on the 2HDM parameter
space. We found that the model becomes less constrained as M; increases e.g., at
p? = (300 GeV)?, 0, and —(300 GeV)2.

e Varying the neutral Higgs mass M, and see how it constrains the parameter space.
We found that the model becomes more constrained as M, increases from 300 to
500 GeV.

e The parameter space becomes more constrained as Mj; increases.

e The allowed region of the parameter space becomes large as 12 increase to M2, when
p? becomes larger than M3 the model becomes more constrained due to the unitarity
constraint. For negative values of p?, i.e., u?> = —(300 GeV)?, the parameter space
of the 2HDM is dramatically reduced due to the unitarity and the combinations of
the other constraints.

We investigated the theoretical and experimental constraints individually and the
combinations of all for different values of M;, My, M3 and % and displayed their impact
on the parameter space of the 2HDM. We found the effects of the constraints as follows:
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The positivity and unitarity constraints. For consistency of the model the positivity
should be satisfied and also the unitarity constraint. The constraints of positivity
and tree-level unitarity exclude most of the multidimensional 2HDM (II) parameter
space. The negative values of p? exclude most of the parameter space due to
unitarity and also exclude the low values of tan 3.

The Ry, constraint. For large values of M; and M,, the R, constraint excludes more
parameter space of the 2HDM than in the case of low values of M; and M,. The
Ry, constraint excludes the low values of tan 5 < 1.

The a, constraint. It does not have any significant impact within the range of tan 3
considered [19].

The Ap constraint. It excludes the large values of the charged Higgs mass at low
values of tan 4 and excludes the low values of the charged Higgs mass at large values
of tan 3. The model becomes constrained as M; and M, increases. At large enough
negative values of p? and at large M, the model will be inconsistent.

The LEP2 non-discovery constraint. It has an impact on the parameter space only
for masses M; < 114.4 GeV. At large values of p? and large values of M3 the
model is inconsistent, see fig. 6.21. Also, the negative values of p? exclude all the
parameter space due to LEP2 at low or large values of M, this is shown in fig. 6.22

The B — B oscillation constraint. It excludes the low values of tan 3 and the large
values of the charged Higgs mass.

The B — X, constraint. It excludes the low values of the charged Higgs mass. Im-
proved precision of the B — X7 could exclude the remaining part of the parameter
space of the 2HDM.

The B — 7v, constraint. It excludes the large values of tan 3, see the right lower
corner of all figures in chapters 6 and 7.

The combinations of all constraints. After combining all constraints, we found that
for large values of M, M, and Mj3 there is an additional exclusion of the parameter
space with respect to low values of these parameters. At M3 = 600 GeV, the
combinations of all constraints exclude the low values of the charged Higgs mass
(not shown). The unitarity constraint excludes the whole parameter space of the
2HDM at M3 = 700 GeV. The negative values of ;2 exclude most of the parameter
space due to unitarity and also exclude the low values of tan 3. At large enough
negative 2 and at large values of M, the whole parameter space is excluded.

We have shown that the B-physics results, together with the precise measurement of

the p-parameter at LEP and the constraint of tree-level unitarity of Higgs—Higgs scat-
tering, exclude large regions of the 2HDM parameter space. Only moderate values of
tanf3 ~ 1 —5 and Mg+ ~ 400-500 GeV remain not excluded. The remaining pockets of
allowed parameters will for low values of tan 3 allow CP violation in the top-quark sector,
due to the exchange of Higgs bosons that are mixed with respect to CP.
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In summary, we note that even in the face of a variety of experimental constraints, the
model is consistent in a number of regions in parameter space. Apart from exceptional
points, these allowed regions yield CP violation in ¢ final states produced at the LHC, at
a level which can be explored with a data sample of the order of 10° semileptonic events.

Improved precision of the B — X, prediction could significantly reduce the remain-
ing part of the parameter space or even exclude the model altogether. The model is
inconsistent at Ms = 700 GeV, and for negative enough values of u? with large values of
My, e.g. p? = —(400 GeV)? and My = 500 GeV.

It will be interesting to see how the parameter space would be constrained by future
improved constraints from the B-physics sector.
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