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Abbreviations and Notations

2HDM - Two Higgs Doublet Model

2HDMC - Two Higgs Doublet Model Calculator
BSM - Physics Beyond the Standard Model
CKM - Cabibbo-Kobayashi-Maskawa Matrix
EW - Electroweak

FCNC - Flavour Changing Neutral Currents
HB - Higgs Bounds

LH - Left-Handed

PMNS - Pontecorvo-Maki—Nakagawa—Sakata Matrix
QCD - Quantum Chromodynamics

QED - Quantum Electrodynamics

RH - Right-Handed

SM - Standard Model

SSB - Spontaneous Symmetry Breaking

VEV - Vacuum Expectation Value

5¢ =siné
ce = cos§
te =tané
Note:

Lagrangian = Lagrangian density

Natural units are used: Ah=c=1



Introduction

In the following thesis basic concepts of the two Higgs doublet model (2HDM) are discussed.
During our research we performed both theoretical and numerical analyses of the C'P-conserving
2HDM.

A lot of experimental data was accumulated, during the past few decades, confirming validi-
ty of the Standard Model (SM). In 2012 the last missing piece of the SM, the Higgs boson-like
particle, was observed by ATLAS [1] and CMS [2] collaborations. Based on quantum pro-
perties of the new boson, it was later confirmed that in the frame of the SM, it is indeed
the Higgs boson. The combined mass measurement, based on the data from LHC Run 1 is
my = 125.09 + 0.21(stat.)+0.11(syst.) GeV [3].

There is still no experimental verification that there exists the only Higgs boson, therefore
it is assumed that the Higgs sector of the electroweak (EW) theory might be extended. One of
the simplest possible extensions of the SM Higgs sector is the 2HDM. In the 2HDM a second
complex SU(2) doublet is added, which leads to eight scalar fields in total. Out of these fields,
five different physical Higgs bosons are generated: two neutral C' P-even Higgs bosons h and H,
a neutral C' P-odd Higgs boson A and a pair of charged Higgs bosons H*.

There is a lot of research going on. A list of restrictions on mass terms can be found in
ref. [4]. Currently the most sought and promising channels are H* and H**. The second
channel H** is not a part of the 2HDM. We cover only the minimal extension of the Higgs
sector. We assume that the found Higgs boson is the SM-like and not the heavy one.

The purpose of this thesis is to discuss phenomenological aspects of the C'P-conserving
2HDM. The generic basis and the physical mass eigenstates basis were scrutinized. For the
numerical analysis we modified the two Higgs doublet model calculator (2HDMC) [5]. Also
by the means of Mathematica computation program we performed a check of possible models.
In order to get a 2HDM potential, satisfying our needs, we performed both theoretical and
numerical analysis. In our research we mainly rely on the following theoretical constraints of
the 2HDM:

« stability of the potential
e S matrix tree-level unitarity

o quartic Higgs boson perturbativity



The thesis is organised as follows.

In Sec.1 we briefly introduce the SM. We cover the mathematical aspects of the SM, which
are needed for the understanding of the Higgs sector, presented in the next section. In this
chapter we emphasis that the extension of the SM Higgs sector might be the solution to some
of the SM problems. The textbooks ref. [6-9] were used for this section.

In Sec.2 we derive basic principles of the SM Higgs sector. We also discuss the idea of the
spontaneous symmetry breaking (SSB) and the Higgs mechanism. We show how the SM Higgs
boson interacts with other bosons and fermions. Decay rates of the SM Higgs boson at the
minimal order are presented. We also introduce to the theoretical constraints of the SM Higgs
sector. For this section we used the textbooks ref. [9,10].

In Sec.3 we describe the 2HDM. We cover the most commonly used conversions. These
are: the generic basis, Higgs bases and the mass eigenstates basis or the physical one. Due
to complexity of mathematics, we only managed to derive transformations between possible
2HDM when vacuum is neutral and the 2HDM potential is C'P-conserving. We show these
transformations. Next we analyse interactions with other fundamental particles: Higgs-self
interactions, interactions with gauge bosons and interactions with fermions. For this section
ref. [11] was an invaluable help.

In Sec.4 we derive several constraints of the 2HDM. Due to complexity of mathematics we
cover only the C'P-conserving case. In this section we discuss stability of the 2HDM scalar
potential, S matrix tree-level unitarity, and quartic Higgs bosons perturbativity conditions.
Also we cover the Peskin-Takeuchi parameters. We take into account all these constraints in
order to analyse the C'P-conserving 2HDM potential.

In Sec.5 we present and analyse our results of the C' P-conserving 2HDM potential. We use
both 2HDMC and our own code for this part. We present our approach and discuss what was

done to improve the computing of our Monte-Carlo sampling.



1 The Standard Model

Up till these days the SM is in perfect agreement with experimental data. It proved to
be a useful tool in describing particle interactions: electromagnetic, weak, strong as well as
classifying all of the known elementary particles. The first step was done by the S. Glashow
in 1961, when he succeeded in describing the combined model of the electromagnetic and weak
interactions [12]. The second step was to understand how particles acquire mass.

In 1964 three independent groups proposed different approaches on how mass terms can
arise in gauge invariant models as a result of spontaneous symmetry breaking (SSB) models.
These groups are: F. Englert and R. Brout [13], P. Higgs [14] and G. Guralnik, C. R. Hagen, T.
Kibble [15]. Later the Higgs mechanism was incorporated into EW theory by S. Weinberg [16]
and A. Salam [17].

In the following chapter a brief introduction to the SM is presented. A more detailed

overview can be found in the following textbooks ref. [6-9], which this chapter is based on.

1.1 A Brief Introduction to the Standard Model

The SM describes 17 elementary particles and for this description 19 input parameters are
required. These parameters are: 9 fermion masses without neutrinos and the Higgs boson mass,
4 parameters to describe Cabibbo-Kobayashi-Maskawa matrix (CKM), 3 gauge couplings and
the vacuum expectation value (VEV). Origin of the most of these parameters is unknown and
the SM does not give the answer. Technically saying, the SM describes interactions between
the fundamental forces, except for gravity, and elementary particles. This theory is based on
quantum field theory.

All of the matter consists of 12 fundamental quantum fields with spin s = 1/2, which are
elementary particles, called fermions, and 12 corresponding anti-particles. It turns out that
these elementary particles can be divided into 2 equal groups, flavours, forming 3 different
generations, which are shown in tab.1. The SM fermions are classified according to how they

interact.

Table 1: Fermions of the SM.

Gen. I | Gen. II | Gen. III
Leptons € H i
Ve v, v,
d
Quarks Y . ;

Leptons can be split into 2 different groups: charged leptons or electron-like leptons (ele-
ctron e, muon y, tau 7) and neutrinos (electron neutrino v,, muon neutrino v, tau neutrino

v;). Charged leptons participate in EW interactions. Neutrinos do not posses a charge and
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therefore participate only in weak interaction. The first generation charged particles do not
decay. Neutrinos can oscillate between different flavours.

Quarks can be split into 2 different groups: up (up w, charm ¢, top t) and down (down d,
strange s, bottom b) quarks. Quarks in comparison to leptons have a colour charge and parti-
cipate in strong interactions. Due to colour confinement quarks are strongly bound together.
In nature quarks are bound together to form composite particles, called hadrons. Quarks carry
electric charge and weak isospin, therefore they participate in EW interactions.

Another group of particles are bosons. Bosons are split into 2 groups based on their spin.
If spin is not equal to zero, such bosons are called gauge bosons (v, W*, Z, g), if spin is equal
to zero, then it is a scalar boson. Only one scalar elementary boson was found so far and it is
the Higgs boson h. Gauge bosons are defined as force carriers.

Photons ~ are responsible for the electromagnetic interactions between electrically charged
particles. Photons are described by the theory of quantum electrodynamics (QED).

W= and Z bosons are responsible for the weak interactions between different flavour par-
ticles. While W interact only with left-handed (LH) particles and right-handed (RH) antipar-
ticles, Z interacts with LH particles and antiparticles.

In total there are 8 gluons g, which are responsible for the strong interaction. The strong
interaction is only possible between particles with colour charge. The theory of strong interac-
tions based on the gauge symmetry SU(3)¢ is quantum chromodynamics (QCD).

The Standard Model is described by an internal gauge symmetry SU(3)c®SU(2),@U(1)y.
In general, these mathematical objects can be thought of as transformations in space-time, under
which they retain physical quantities. For example, volume of a sphere does not change if it is
rotated by an arbitrary angle or shifted in one of the planes.

There are two types of symmetries: local and global. Under global symmetry object is
transformed in the same way at every point in space-time. Conservation laws are required
by global symmetries. In contrast, local symmetries depend smoothly on points of the base
manifold. This means, that local transformations act on quantity differently but smoothly at
every space-time point.

Of particular interest are gauge symmetries. Gauge symmetry is not a physical one. Gauge
transformations give rise to gauge fields. Introduction of these fields is the requirement to keep

the symmetry and it leads to particle states.

1.2 Quantum Electrodynamics

Electromagnetism is a well-known example of a gauge theory. Moreover, the first interaction
which utilized a gauge theory was QED. In QED the invariance of the Lagrangian under the
local transformations plays a fundamental role. Photon exchange mediates the electromagnetic

interactions. Lagrangian, describing the electromagnetism, is invariant under the gauge group



U(1). The U(n) group is a subgroup of the general linear group GL(n,C). The group U(1)
corresponds to the circle group, consisting of all complex numbers with absolute value of one
under multiplication.

The Lagrangian for Maxwell’s equations in the absence of any sources is:

1

Ly = —ZFWF‘“’ (1.1)
where F),, is the field strength tensor:
F,=0,A,-0,A, (1.2)
and A, is a four-vector.
Equation of motion for complex fields ):
(iv"0y —m)y =0, P (v, +m) =0 (1.3)

which are relativistic Dirac equations for fermions and v is Dirac adjoint:
¥ =9y’ (14)

YT is the Hermitian adjoint of the spinor v. Introduction of the Dirac adjoint is needed to
conserve the Lorentz symmetry. One get these equations (1.3) by plugging the Lagrangian for
a free Dirac field ¢ into the Euler-Lagrange equation. Lagrangian for the Dirac field v with

mass m is:

ACD = 77Z) (i’y“@u - m) ¢ (15)

or in a matrix notation:

L = T ("0, — m) 3 Y5 (1.6)

where 1) is a 4-component column vector. The Dirac Lagrangian(1.5) is invariant under the
global U(1) gauge transformation:
P — "% (L.7)

where () is the charge operator, such that:

CRE

¢ is an arbitrary real parameter independent of the space-time. Let us consider infinitesimal

rotations:

et =1—if+0(&) (1.9)



Therefore fields 1) change under such transformation:

Y=Y+,
- - (1.10)
Y=Y -y

What happens if the parameter £ is space-time dependent? As we are interested in gauge

transformations it is obvious to ask such question. Under infinitesimal transformation the field

1 transforms as:

(") = () + i (") p(x"),

— — _ (1.11)
(") = (") —ig(2")p(a")
Dirac Lagrangian (1.5) is not invariant under these transformations due to terms:
{0@") —ig (@) (a") } iy Ou {wo(a") + i€ (2" ) (")} (1.12)
and infinitesimal Lagrangian transformation is:
SLp = — D)7 D, (QE(a™)) v(a") (1.13)

As for now it might seem that the symmetry is broken however this might be fixed by introducing

a gauge fixing field A,,. Under a gauge transformation:
—eQA, - —eQA, + Q0,&(x") (1.14)

so that:
5 (—evy,Au) =6Lp (1.15)

Hence, the Dirac Lagrangian (1.5) can be written down as:
Lo = (i7" B+ icQA,) —m) v (1.16)
where e is the electric charge and A, is the photon field. By introducing the covariant derivative:
D, =0, +ieQA, (1.17)

one can simplify the Dirac equation to the form:

Lo = (4D, — m) v (118)

The Maxwell Lagrangian (1.1) and the Dirac Lagrangian (1.18) can be combined in order



to describe how light and matter interact. The QED Lagrangian is:
1 Y ol (Al
Lorp = _ZFWF + ¢ (iv" Dy —m) (1.19)

From the QED Lagrangian (1.19) one can note that photon couples directly only to the
electrically charged particles. This means, that in the frame of the SM, photons interact directly
only with charged leptons, quarks and W+ bosons.

1.3 The Weak Interaction

The weak interaction is one of the fundamental interactions of Nature. This force is res-
ponsible for the stochastic radioactive decay. This process can happen when 2 particles, either
elementary or composite, exchange the weak bosons. The weak interaction is responsible for
flavour changes of fermions.

Following the success of QED efforts were made to derive a theory for the weak interactions.
In 1964 Yang and Mills tried to further extended the QED sector to include local non-Abelian
transformations. Three massless vector fields were introduced. This theory was criticized
as it required massless particles. Later this problem was solved by implementing the Higgs
mechanism.

Considering the group theory it is interesting to study this theory as it violates parity
symmetry P and also charge parity symmetry C'P. In the mid-1950’s Chen Ning Yang and
Tsung-Dao Lee suggested that the weak interaction might violate spatial symmetry and in 1957
Chien Shiung Wu and collaborators discovered such violation.

The weak interaction is mediated by the weak bosons, or also called intermediate vector
bosons, W= and Z°. As it can be seen, there are 2 differently charged W+ with ¢ = +e and
W~ with ¢ = —e bosons. These bosons are each other’s antiparticles. Another boson Z° is
electrically neutral and is also its own antiparticle. All of the weak bosons are spin-1 particles.
Up to date masses are: my+ ~ 80.37GeV [18] and mz ~ 91.19 GeV [19]. Such high masses
limit the the range of the weak force.

Considering spatial symmetry violations and experimental proof, only LH particles are able
to interact with charged currents. To describe how particles interact under the weak force a
quantum number, weak isospin T3, was introduced. Under the weak force quarks never decay
into the state with the same weak isospin quantum number.

All RH fermions and LH antiparticles have a zero weak isospin value, while LH particles
and RH antiparticles have a half-integer weak isospin value. Values of the LH fermions can
be found in tab.2. In order to get weak isospin for RH antiparticles one needs to multiple the

values in tab.2 by minus one.



Table 2: The weak isospin of the left-handed fermions in the SM.

] Generation 1 | Generation 2 | Generation 3 ‘
e —1/2 pwo —1/2 T —1/2
Ve +1/2 v, +1/2 v, +1/2
d —1/2 |s —1/2 |b —1/2
v +1/2 c  +1/2 t +1/2

Taking into consideration the weak interaction, particles from tab.1 can be written as LH
SU(2) isospin doublets:

Ve 1% v,
¢/ KL )L
I (U m_ € [t
QL - (d) ) L (S) 9 L <b>
L L L

€r, KR, TR, (V6R7 I/uRa VTR)

(1.20)

and RH singlets:

(1.21)
dr, Sr, br, Ur, cCr, IR
RH neutrinos are included just to show that there is a space for them in the SM, although there
is no experimental proof of their existence. One should note that introduced fields above in
general are not mass eigenstates. In order to get mass eigenstates one has to diagonalize mass
states. Conjugated fields of (1.20) are:

Uy = (Yo, V1), (1.22)

where 9., = {v;, u;} and ¢, = {l;,d;}. We use the following notation for different generations

of fermions:
Vi = {V67 Uy, VT}a

li = {67 ,ua 7—}7 (1 23>
U; = {U, c, t} )
d; = {d, s, b}

1.4 The Electroweak Theory

Taking a look back at the Universe formation time all of the fundamental forces once
were unified. The EW force split into the electromagnetic and the weak force during the so-
called quark epoch. The EW theory describes the unified interaction of the electromagnetic

and the weak forces. There exists the so-called vacuum expectation value (VEV), which is
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v & 246.22 GeV. Unification energy of the EW force is of order of VEV.

From the mathematical point of view it turned out that it is not that simple to unify
both the electromagnetic and the weak forces. The hugest obstacle was that while photons are
massless, the weak bosons are not. This had to be somehow implemented.

The EW theory is described by the SU(2);, ® U(1)y gauge group. The U(1) group was
presented earlier, while the other one SU(n) is a special unitary group of degree n. The special

unitary group is a subgroup of the unitary group U(n):
SU(n) c U(n) C GL(n,C) (1.24)

SU(2)group has the following properties:

SU(2) = {(g _j> a, B ey, |a|2+|5|2:1} (1.25)

The Lie algebra is generated by the following matrices:

0 ¢ 0 —1 i 0
u1:<z_ O),u2:<1 O),ug,:(O —i) (1.26)

These generators are related to the Pauli matrices by u; = 101, us = —ios and ug = 103.

A quantum number describing the EW interactions is the weak hypercharge Yy,. This
quantum numer relates the electric charge and the weak isospin. The weak hypercharge is the
generator of the U(1) component of the EW gauge group. There exists a specific combination
which is conserved:

Q="T3+ YTW (1.27)
Considering this relation we get the following possible values of the weak hypercharge, which

are given in tab.3.

Table 3: The weak hypercharge in the SM.

’ Generation 1 | Generation 2 | Generation 3 ‘

er, —1 Mr —1 T, —1
ER —2 MR —2 TR —2
Ve, —1 v, —1 v, —1

dR —2/3 SR —2/3 bR —2/3
up,  +1/3 | ep 413 | tn +1/3
up +4/3 | cr +4/3 |tr +4/3

11



The SM EW Lagrangian is:

ESU(2)®U(1)Y - £gauge + £fermz’ons + (ﬁYukawa + EHz’ggs) (128)

where the part in the brackets will be covered later. As for now we are interested only in the
gauge interactions Lgqy4. and fermionic interactions L fermions-
The gauge term is:
Lgauge = _;lmMVWZLV - iB#VBMZ/ (1.29)
where . A A .
W, = 0.W, — 0,W, — geijgWiW}, (1.30)
B, =0,B,-0,B,
This Lagrangian describes interaction between the three W fields and B field. Three W fields
correspond to particles W*and Z which form the weak triplet and the single hypercharge B
field, corresponding to ~.

The fermions kinetic term is:

ﬁfermions = ‘Cleptons + ﬁquarks (131)
where
Liepions = 1LY DEL + 0y DL + (DY ) (1.32)
and
Lauarks = iQVy" DEQY + iudy" DIl + id)y* D dl (1.33)

where subscript 0 indicates that fermions are in the weak basis and that those are not the mass

eigenstates. The covariant derivatives are:

Ly0 _ g i ig' 0

ig ;i
DﬁQ? = (8M — EUiWM + KBM) ?,
DI} = (9, —ig'Bu) 13,

RO __ 0
D,u i_a,ul/i7

»
DFvt — (aﬂ i %B#) ¥

ig'
D) = (au - —B“) d?

(1.34)

3

where g, ¢" are SU(2) and U(1) couplings respectively.
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Possible interactions of the first generation of leptons and the EW bosons at the tree-level

v e
A v
v e

Figure 1: Interactions between leptons and vector bosons.

are presented in fig.1.

1.5 A Chiral Theory

The Dirac v matrices are widely used in the chiral theory. In terms of the Pauli spin

matrices, the Dirac matrices are:

70: Lyo 0 7 ’y“: 0 0;
0 —]2><2 —0; 0

0 by
7° =iy %3 =
<]2><2 0)

(1.35)

where Iyo are identity matrices and o; are Pauli spin matrices:

(0 1) (0 —i) (1 0 )
o1 = s 09 = . s 03 = (136)
10 1 0 0 —1

Some of the Dirac v matrices properties are:

(=7 ()=
(")=1  {¥}=0 (1.37)
(v)" =199 = —y when p # 0

O)T

The Dirac matrix ~° is also called the chirality matrix. The 7° matrix is diagonalizable by
a unitary matrix U:
UASUT =45 (1.38)

Taking into account that, it is easy to find that the eigenvalues of 7° are +1. Let us make an

assumption that LH ¢, and RH 1y fields, which are eigenfunctions of 7°, so that:

()= () oo

13



A spinor can be separated into the LH and RH chiral components:

Y =1L+ YR (1.40)

Now assume that there exist such chirality projection operators that:

Y = (Pp + Pp)vY = Py + Pryp =, + g (1.41)

It follows that:
Y =Py, and tp = Pry (1.42)

It is obvious that the next step would be to find how these projection operators Pr, and Pg
look like. First of all, from (1.41) we can see that P, + Pr = 1. Secondly, using (1.42) and
(1.39):

1 1 1 1—+5
Y = §(¢L+¢L+¢R—¢R) = §¢—§ (VYL +7°Yr) = 5 Y,
5 (1.43)
1 1 1, 5 5 147
¢R=§(¢L—¢L+¢R+¢R) =§¢+§(’Y YL+ UR) = 5 (0
we find that P g projection operators are:
1 5 1 — 5
PV and = (1.44)
2 2
The projection operators satisfy the following properties:
Pl ,=P
L,R L,R
1— 5 1 5
P4 Pp=—1 ; Y _ 1
1+29°+ (%) 1445
Pfp= ! 4+ o) = 27 = PR, (1.45)

[Pr, Rg] = }1 (1 — (75)2 — 1+ (75)2> =0,

{Py,Rp} = i <1 _ (75)2 L1- (75)2) _ 0

Let us take a look what happens with the Dirac Lagrangian (1.5) by writing down the
different chiral states of the field ¢. We start with this decomposition of :

Lp = (¢ +Vr) (iy"0, — m) (YL + ¢r)
= ¢p, (i7", — m) ¥p + ¢p, (i7", — m) Ur (1.46)
+ U (190, — m) p + Vg ("0, — m) Yr

14



where LH and RH Dirac adjoint states can be written down as:

or = Piy° = i Ppy® = 91y Pr = ¥ Pg,

. C o ; o ‘o _ (1.47)
Yr=Yry = V' Pry” = ! PL=9P
Therefore transformations are as following:
Y = P =¢Pr, Yr=Pr=19P, (1.48)
Taking into consideration properties of v matrices (1.37) we get:
_ p _
Yy ) =0 (1.49)
The Dirac Lagrangian (1.5) in terms of the chiral fields ¢, and ¢y is therefore:
Lp =y (7"0, — m) ¥r + Vg (170, — m) ¥r (1.50)

Hence the LH chiral fields couple only to the LH chiral fields, and the RH chiral fields
couple only to the RH chiral fields. Although it does not follow that there are LH and RH
distinct particles. Moreover chirality state is a space-time dependent state as fields can fluctuate
between chiral states. On the other hand, the conserved quantity is helicity.

The chiral fields ¥, and ¥ are also known as Weyl spinors. The Weyl spinor is constructed

from 2 independent components. One of the possible options for Weyl spinors is:

10 0 0
P = , and Pgr= 1.51
(1) =0 (L5

Thus the 4-component spinor ) can be written as:

= (XR> ; Y = (0> , Yr= <XR> (1.52)
XL XL 0

where x1 r are the Weyl 2-component fields.
The Dirac Lagrangian (1.5) in terms of the Weyl fields is:

Lp= XJfLiE“aHXL + X;ia“ﬁu)@ —-—m (XTLXR + X;XL> (1.53)

where
Ou = (Ia6)7 o= ([7_5) (154)

15



The free field Dirac equations of motion are:

ic"Ouxr —mxr =0, 0", xr—mxL =0 (1.55)

1.6 Motivation for Extending the Standard Model

Although it might sound that the SM successfully describes Nature, this is far from being the
truth. Indeed the SM is a great mathematical tool, which is capable of answering many of the
questions. Acknowledging the fact that the SM is the theory, which describes an approximate
observable world it is worth taking a note that there is physics beyond the SM (BSM). There
are a lot of physical phenomena in Nature, which the SM can not explain. Some of the problems

are:
o theory of gravity
o dark matter and dark energy
o asymmetry of matter-antimatter
e neutrino masses
« anomalous magnetic moment of muon
o strong C'P problem

One of the hugest drawbacks of the theory is that it does not explain gravity. A simple
addition of the graviton to the SM Lagrangian does not fully correspond to the observable
world. Up till now the most popular theories are string theory and loop quantum gravity.

Another drawback is that the SM explains roughly only 5% of the observed energy. The
other part of the energy corresponds to dark matter and dark energy, 26% and 69% correspon-
dingly. One of the dark matter candidates can be the 2HDM [20].

The 2HDM might also be the answer to several more SM problems. For example, introduc-
tion of the second Higgs doublet leads to several options how fermions can couple to the Higgs
doublet. This might be a hint to hierarchy problem, quantum triviality etc.

As it can be seen it is obvious that the SM needs to be extended in order to take into
account some of the described problems. We are interested in the Higgs sector of the SM and
therefore accept the idea that some of the mentioned problems can be solved by extending the

Higgs sector.
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2 The Standard Model Higgs Sector

Basic principles of the SM Higgs are presented in this chapter. In order to describe the
Higgs mechanism a complex scalar doublet is needed. We start with mathematical formulation
of the scalar field theory. Also basic ideas of the SSS and the Higgs mechanism are presented.
SSB is one of the fundamental SM ideas, without which there would be several issues. Finally
we take a look at how the Higgs boson interact with other particles. This chapter is based on
ref. [9,10].

Gauge boson must be massless in order for the gauge theory to stay unbroken. This is
the requirement for the QED and QCD. In order to implement massive gauge bosons W+, Z
the theory should be extended to introduce symmetry breaking. A simple solution would
be to introduce mass terms for the gauge bosons but on the other hand this would violate
renormalizability of the theory. Obviously renormalizable theories are more attractive as they

solve some infinite problems.

2.1 Scalar Field Theory

Scalar field is such that at every space-time point a scalar value, a physical quantity, is
associated. This physical quantity should be Lorentz invariant. Therefore, in terms of the
quantum field theory, this should be a spin-zero ! quantum field. The Higgs field is the only
fundamental scalar quantum field which has been observed so far.

Assume that there exists such a field function (2#), which satisfies p(2*) = @(2*)". This

is a real or Hermitian field. The Hermitian scalar field Lagrangian is:

1

L =5 (Oup) (9"¢) — 5m*0" = V(p) (2.1)

DO | —

This Lagrangian is invariant under the global U(1) symmetry. The field equation should satisfy

the Klein-Gordon equation in a potential:

ov
Let us now take a look at a complex scalar field ¢ # o'. The Lagrangian of a complex

scalar field is:
L = (9.0)1(0"p) =m0l — V(p, o) (2.3)
where the interaction term is:

A
Ve, ng) =7 ( T(p)Q + non — renormalizable (2.4)

LA review of whether the Higgs boson is a spin-zero particle can be found in ref. [21].
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In general, it is possible to express a complex scalar field ¢ in terms of two real fields:

1
= — +1 2.5
=7 (w1 +iga) (2.5)
Hermitian conjugate of the field ¢ is:
o = == (1 — i) (2.6)
V2

One could note that this complex scalar field ¢ can be treated as two independent scalar fields

1 and @y. These fields can be viewed as components of a two-dimensional vector:

P =i+ @) (2.7)

Under the global U(1) transformation:

(0)-(2)6)
P2 —So Co ©2

which describes rotation by an angle # in the 1 — 2 plane. The Lagrangian is invariant under
such transformations.

The most general renormalizable Lagrangian is therefore:

1

(Gupr)® + @upa)?] — 3m? (& + @) = (6 + 63’ (29

E:

N | —

2.2 Spontaneous Symmetry Breaking

A symmetry is spontaneously broken if the Lagrangian is not continuously invariant under
a symmetry. The lowest energy state, vacuum, does not possess the same symmetry as its
Lagrangian. The SSB enables the existence of several vacua states.

Mass terms are not allowed in the Lagrangian for the gauge bosons and fermions as such
Lagrangian is not gauge invariant. On the other hand the weak bosons are not massless,
therefore there should be some sort of mechanism through which bosons and fermions can
acquire mass terms [13-15]. During this spontaneous breaking the renormalizability should be
preserved [22].

Let us start with a simple example. Assume that the Higgs field is a real scalar field. Then

the Lagrangian is:

L= 5(0,0)(00) ~ V(9) (2.10)
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This Lagrangian is invariant under ¢ — —¢. In order to bound the potential from below value
of the coupling coefficient A should be positive 2. There are two different possibilities for the
sign of 2.

In case of p? > 0 everything is trivial. When the vacuum of the potential satisfies

v = ¢9 = Const, the minimum condition can be written as:
v (124 2*) =0 (2.12)

Vacuum of such states corresponds to ¢y = 0. In this case SU(2) ® U(1) symmetry is unbroken
at the minimum. Such Lagrangian describes a free particle with a mass parameter p.

In case of ;2 < 0 the previously mentioned point v = 0 is no longer stable. Now we get two

, |
== - (2.13)

Lagrangian is invariant under ¢ — —¢, therefore there should be no difference between the

vacuum conditions:

choice of the vacuum state ¢} or ¢3. This non-zero vacuum value breaks the SU(2) ® U(1)
symmetry. Turns out that we are interested in this case.

Let us consider fluctuations around the minimum:
d=v+¢ (2.14)

By requiring this, we introduce an excitation of the field, which is the physical particle. The

Lagrangian in terms of these fluctuations is:

1 / / /’62 / )\ /
L=750uv+¢))(0"v+d)) T W+ ¢) =7 (v+¢)
1 1 1 (2.15)
25(8ﬂ¢/> (ap¢/)_/\U2¢/2_)\U¢/3+1/\U4_Z}\¢/4

This Lagrangian describes a particle ¢’ with mass:

my = V2\v? (2.16)

?In other words this is requirement for the vacuum stability.
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In reality the SM Higgs sector is described by a weak isospin doublet:

¢* 1 [¢1+ipe
b = = 2.17
<¢0> V2 <¢3 + Z¢4> (2.17)

The SM Higgs scalar potential is:

Vel (Z ¢3> F oA (Z ¢$> (2.18)

The same procedure can be taken for the complex scalar potential as for the real scalar
potential. We are now dealing with the four-dimensional space. It is possible to rotate the VEV
so that only one component of ¢; is aligned with the direction of the VEV 3. Let us assume

that there exists a non-zero VEV:
v = (0]|¢3]0) = Const (2.19)

such that:

1 {0
Po = 7 ('u) (2.:20)

With this choice we get the following quantum numbers for the vacuum:

By introducing fluctuations around the VEV we get 4 different fields: one massive and
three massless. The massive scalar particle corresponds to the SM Higgs boson. Three massless
particles are the so-called Nambu-Goldstone bosons [23,24] or simply Goldstone bosons.

Goldstone’s theorem states that if a generic continuous symmetry is spontaneously broken,
then for each broken generator a new massless scalar particle appears. During the spontaneous
symmetry breaking of the SU(2) ® U(1) group, 3 generators are broken. These 3 Goldstone
bosons correspond to the longitudinal polarization components of the weak bosons W* and Z.

These Goldstone bosons are eaten to give mass terms to the weak bosons.

2.3 The Higgs Mechanism

The main task of the Higgs mechanism is to explain why some particles acquire mass terms
and others do not. Without this mechanism no bosons would acquire masses. This mechanism
assumes that there exists the Higgs field at every point of the space.

The SM Lagrangian for the Higgs field is:

Ly = (D"®)' (D, ®) — V() (2.21)

3Natural choice would be to choose either ¢; or ¢s.
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where covariant derivative D, is:

. O i ig/
D,=0,+ zg;Wu + 7BM (2.22)

We do not cover the QCD theory here and thus no mathematical approach is provided. In
reality one would need to add another term to the (2.22):

.0s
=G*L,
+1 5 Ua

where L, are Gell-Mann matrices and g; is the strong SU(3)c coupling.
The SM Higgs doublet can be parametrised:

P = exp (%Ga) (%5 (UO+ h)) (2.23)

where G are the Goldstone bosons. The Goldstone fields are unphysical and thus can be

removed by an appropriate SU(2) transformation. In a U-gauge the SM Higgs doublet is:

by = | (2.24)

During the spontaneous breaking, the SU(3)c®SU(2),®U(1)y gauge group is broken down
to the gauge group SU(3)c ® U(1)y. This EW breaking mechanism is the Higgs mechanism,
due to which particles obtain masses.

Let us take a look how the gauge group SU(3)c ® SU(2), ® U(1)y is broken. First of we
start with SU(2)., generators:

0'161) =

(0 —i 0 _ Zw+h)
=1, o)(%(erh))_ ( 0 ) (2.25)

o (10 o \_ [ o
0 )\ L) T\ een

ch—+1><< ! )—( ! ) (2.26)
a Lw+h)) \FH@+h '

o
o
~_
-~
Sl
R
+
=
~_
I
/-~
Sl
)
+
=
~_

and U(1)y generator:
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As it can be seen SU(2);, ® U(1)y group is broken?. Taking this into consideration it turns out
that gauge bosons W; and B acquire a mass term through the Higgs mechanism. The VEV was
chosen so that it carries nor electric charge nor colour charge. Therefore a straight conclusion
can be made that the U(1)gy and SU(3)¢ generators are not broken. Therefore under the

Higgs mechanism generators are broken to the form:

SUB)e ® SU2), @ U(L)y — SUB)e © UL gy (2.27)

2.4 Interactions with Bosons

First of all we start from the generation of masses. Let us take a look at photons. The

U(1)gum generator, corresponding to the electric charge leaves the vacuum invariant:

1 10 0
Qoo = §(U3+Y) b0 = (0 0) (U/ﬁ) (2.28)

Therefore the photon remains massless. As stated earlier the same procedure can be applied
and for gluons. It turns out that gluons are also massless.

The procedure of getting masses of the gauge bosons is straightforward. They are identified
by substituting the VEV into the kinetic part of the Higgs Lagrangian:

o d 0
Do)t (D, @) = 92w+ LB ’
( ) ( Ju ) |(8M+ZQQW;L+ 5 K v/ |
v? i 0
=51 (o'W +9'B,) (1) :

s ng} — igW/f 2
8 _QW;:’ +9'B,

(2.29)

= [ () (2) ¢ (o - 5]

To be more precisely the Higgs Lagrangian is:

1 v?
Lhiggs = — §M2h2 + r}

+ Eother interactions T ‘Cfermions

20" (WIW,) + (9% + 9°) 2] (2.30)

4This can be seen as from the fact that all generators are not invariant; product is not equal to zero.
Alternation of the quantum numbers 7,73 and Y conserves some of the generators.
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where

(2.31)

The mass terms can be obtained from the eq.(2.30). The Higgs boson acquires mass through

the self-interaction and from:

(%)21/1/:1/[/; (2.32)

it easy to identify the mass term of the W=:

The remaining gauge term of eq.(2.30) is:

U2 g2 _gg/ WSM
_ 3
= (w2 ) <_gg, 2 ) g (2.34)

and one of the eigenvalues is zero. In terms of the physical fields Z, and A,, after the mass

0

matrix diagonalization, we get:

1 1
3 77+ §M3Ai (2.35)

Therefore the remaining mass terms are:

v
2 (2.36)
0

On the other hand one can introduce the mixing angle, the Weinberg angle 6y, which is

defined as follows:

e0o—— 9
wo /92+g/2’
__ 9
Sw—W7 (2.37)
/
te = 2
g

In terms of the Weinberg angle yy, relation between W* and Z bosons masses is:

W _ e, (2.38)
mz
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and also between W, B, Z, A states:
Z\ _[cw —Su wp (2.30)
A, Sw  Cuw B,

Let us take a look at what the other terms in eq. (2.30) are. We start from the Higgs boson

at the tree-level.

self interactions:

Lhnn = —)\Uh37
A (2.40)
Luhnn = —1h4

Interactions with W=* and Z vector bosons are:

Lywwn = gmw W, WHTh,

1
Lwwhn = ZQQW;W“JF]%’% (2.41)
1
Lzznn = 3 (9 +9"7) Z,2"hh

2.5 Interactions with Fermions

So far we have seen how gauge bosons acquire their mass in the SM . The next step is to
take a look at the fermion sector. Everything would be trivial if term ma1) was gauge invariant.
We will take a look how the Higgs mechanism generates fermions mass terms. We start with

the decomposition of the Dirac mass term:

—L pirac =mpht
=mp (Y, + ) (W + ¥r)
=mp (YPr +VPp) (P + Pry))
=mpt) (P} +2P,Pr+ P}) ¢
=mp (VPLY + Y Pry))
=mp (E¢R + %1%)

(2.42)

It turns out that such a decomposition is not gauge invariant as gauge transformations of left-
handed and right-handed fields are different. Therefore there should be a way to construct an
invariant SU(3) ® SU(2), ® U(1)y term for fermions. This can we achieved with help of the
Higgs mechanism. Fermions acquire masses through the Higgs mechanism then and only then
when the Higgs doublet has a non-zero vacuum value.

There exists such Lagrangian, which describes interactions between the Higgs field and the
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fermion field. It is called the Yukawa Lagrangian:

—Ly = Y;0:1h
= Yir.00r, + ViU o'yr, (2.43)
= Yy UL, 6br, + h.c.

where Y;; are the so-called Yukawa couplings. In total there are 4 particular ones for every
fermion type:

vy« vi vl o yv (2.44)

where u stands for up-type quarks, d for down-type quarks, [ for leptons, v for neutrinos.
Let us demonstrate how the down-type quarks interact with the Higgs doublet 5 in one

generation model:

LB = YIQrbdr + Y QLeldn
_ G+
u d d
(@ d). Lw+h+ic%) " (2.45)

+dn (G‘ % (v +h— ¢G°)> <Z> L]

As for now we are interested only in interactions between the Higgs field and the fermion

=Yy¢

field and thus we can drop down terms proportional to G* and G° ©:

a Yi(v+h —
—C?fd)d :—(\/§ ) [ELdR + deL}

Yy Yy
—2 dd + —=hdd (2.46)
7 \/_

=mgdd + My d
v

where the first term is mass of a fermion and the second is the Higgs boson coupling to fermions
in the SM:
m
Iy = ZTf (2.47)

It follows that Yukawa couplings can be expressed in the following way:

v/ =2t (2.48)
v

From eq.(2.46) one could only get mass terms for down-type quarks and charged leptons.

In order to generate masses for up-type quarks and neutrinos another term in the Lagrangian

5For simplicity we assume that Yukawa couplings are real.
6This is equivalent to the U-gauge.
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should be introduced. By intuition term should be proportional to the inverse of the Higgs

doublet. The charge-conjugated Higgs doublet:

. L h —iG°
b= —i [qblagr = 102" = (ﬁ (v +G_ ' )> (2.49)

It is now straightforward we construct the Yukawa Lagrangian for up-type quarks:
— LY =Y"Qrour + V" Qroluy (2.50)

Combining both parts of the Lagrangian for down-type quarks eq.(2.46) and up-type quarks
eq.(2.50) we get the full Lagrangian for quarks sector:

— Lk —ydQ  dp + YT Qrotd,

i c (2.51)
+Y"Qrour + Y Qrouy

Note that in the SM the Higgs boson decay into two different generations of fermions at
the tree-level is prohibited and thus Yukawa couplings are diagonal. Masses of fermions are not
predicted since Yukawa couplings are free parameters. It is still unknown why fermions have
such masses. The Higgs mechanism only gives an answer how masses of fermions are generated.

In reality it turns out that the model is not that simple. There are at least 3 generations
of fermions. In general, Yukawa couplings are 3 x 3 complex matrices. Taking this into consi-
deration there arises mixing between different generations. This implies that Yukawa matrices

are indeed non diagonal and in principle can be complex. The Yukawa Lagrangian is:
— Ly = Yy otk + Yiug o'vh, (2.52)
where superscript 0 indicates the weak eigenstates. This means that fields transform according

to SU(2) representation. Let us take a look at the U-gauge :

u

— M
— Ly = uf, (ij + vlj h) up, + h.c.+ {d, e, v} terms (2.53)

where fermion mass matrix ./\/lfj = }:1/5; is not diagonal provided that Yukawa matrix ng got
off-diagonal elements. Moreover it is nor Hermitian nor symmetric. In order to get definite
particles masses one needs to diagonalize the mass matrix ./\/lfj This can be done by introducing
unitary transformations V7, and Vj:

VfLT,R}V{éL,R} = I3x3 (2.54)
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Therefore the mass matrix diagonalization is:

mq 0 0
VEMGVE=ME=] 0 my O (2.55)
0 0 ms

Fermion weak eigenstates can also be expressed as mass eigenstates:

Yimy, = Vio my, YLm, (2.56)

Due to the mismatch of unitarity transformations between the weak and mass eigenstates of
different fermion families there exists a mixing 7. These mixing matrices arise between quarks
or leptons. When talking about quarks sector such matrix is called the Cabbibo-Kobayashi-
Maskawa (CKM) matrix [25]:

Vud Vus Vub
Vern =ViVE = (Ve Vie Vi (2.57)
Vie Vis Vi

It can be parametrized in terms of Euler angles and a single phase [26]:

0

C0,2C013 5012C013 56,36
_ 1) 10
Verkm = —5015C023 — C01950235015€" C015Cla5 — 50155023565€" 5623 C013 (258)
10 19
50125023 — 69126923391362 TC0125023 — 5012C023 391361 C023C013

Unitary matrix describing mixing between leptons is called the Pontecorvo-Maki-Nakagawa—
Sakata (PMNS) matrix [27,28]:

Ver Ve Ves
Veuns = V7 VL” =V Ve Vs (2.59)
Vii Ve Vi

Due to the lack of information on neutrino sector the PMNS matrix is still a mystery. It might
turn out that the PMNS matrix in not unitary. This depends on the neutrino mass model. It is
also possible to parametrize the PMNS matrix as the CKM. There are several approaches and
are entirely based on the choice of the neutrino sector. In case of Dirac neutrinos, the PMNS

parametrization is mathematically identical to the eq. (2.58). In terms of Majorana neutrinos

"In other words, Yukawa matrices cannot be diagonalized simultaneously.
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it changes to the form ref. [29]:

—1d

C612C013 5612C015 50,5€
V - —S C — C S S €i6 C C — S S S ei(s S C
PMNS 012 C623 012°6023°613 612C023 612°6023°013 623C013
19 19
86125023 — 09120923891361 —C0125023 — 59120923591361 C033C0135
| (2.60)
e 00
x [ 0 e 0
0 0 1

where «; are Majorana phases.

2.6 Decay Rates

The Higgs boson cannot be detected directly in the particle detectors. One of the possible
solutions is to detect other particles and compare decay widths to get idea about processes
happening right after the collision. There are many possible decay processes as the Higgs
boson interacts with most of the SM particles.

When talking about decay rates there are several parameters used [30]. First of all there
is the decay rate I'. It shows the probability per unite time that particle will decay. The total
decay rate is the sum of all possible decay channels. Lifetime of the particle is proportional to

the total decay:

1
T =
Ftotal

(2.61)

Another critical parameter when talking about particle decay is the branching ration. Branching

ration shows the ratio between different decay modes and the total decay of the particle:

T
B?"i = :
I‘zﬁotal

(2.62)

Result of the Higgs boson decay into two particles is presented in fig.2.

Now let us take a closer look at the two body Higgs boson decay rates. Mathematical
derivation of some of the lowest order decay is presented in ref. [32]. We start with the Higgs
decay at the tree-level.

One of the possible Higgs boson decays is into a pair of fermions. The Feynman diagram
for the Higgs boson decay into a pair of fermions at the tree-level is presented in fig.3.

The decay width of such process is:

(2.63)

Nemimy, 4m7 o2
—— S S

2

where N, = 1 for leptons and No = 3 for quarks. One should always be careful about in
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Figure 2: The SM Higgs boson decay branching ratios and the total width [31].

Figure 3: The Feynman diagram of the Standard Model Higgs decay into fermion and antifer-
mion pair.

what renormalization scheme they are. The higher order radiative corrections are also known
ref. [33,34].

Another possible Higgs decay is into a pair of EW bosons. The Feynman diagram for the
decay to a pair of weak gauge bosons is shown in fig.4.

Then the decay width is:

mi 4m? mé m?
r =V _J1-—X ho_ h 2.64
VYT drmpe? m32 (3 * 4mi,  mi, (2.64)

In case of the decay H — Z Z there are two indistinguishable outgoing fields. Therefore the
decay width should be multiplied by a factor of 1/2. The Higgs boson is less heavier than two
EW bosons. Thus the Higgs boson cannot directly decay into two EW bosons. This problem
is solved by introducing the off-shell conditions. Recent analysis can be found in ref. [35].

The Higgs boson can also decay into other massless particles through loop interactions.
Gluons and photons do not couple directly to the Higgs boson and thus there are some additional

mathematical complications.
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Figure 4: The Feynman diagram of the SM Higgs decay into EW bosons.

First of all we start from the Higgs boson decay into a pair of gluons. The Feynman

diagrams can be found in fig. 5.

\QQQQQ/

Q000
Figure 5: The Feynman diagram of the SM Higgs boson decay into a gluon-gluon pair.

The decay width is:
aa’m?

A (2.65)

Fh—) =
9 8m2my, sin? Oym?y,

Higher order corrections up to O(a?Grm?) can be found in ref. [36].
The decay of the Higgs boson into a pair of photons is a little bit more complicated. In total

there are 26 possible Feynman diagrams. Some of them are presented in fig. 6,7. Contributing
amplitudes can be found in ref. [37-39].

aVaVa Ve Ve W

Figure 6: The Feynman diagram of the Standard Model Higgs boson decay into photon-photon
pair via a fermion loop.
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Figure 7: The Feynman diagram of the Standard Model possible Higgs boson decay into a
photon-photon pair via W loops.

The total decay rate is:

2 Gpm3
T — 2 g & 2.
(=) =177 (1) 3.8 (2.66)
where
F=Fw(Bw)+ D, NeQF(5) (2.67)
fermions
and corresponding contributions from loops are:
Fw(B) =2+38+36(2-5)f(B),
Fr(B) = =261+ 1 =75)f(B)],
(2.68)
) arcsin? (5*1/2) , g>1
(). 1<
Bw,r are W boson and fermion mass relations to the Higgs boson mass:
ami; 4m3
Pw = R By = e (2.69)

2.7 Theoretical Constraints

Although the SM Higgs boson mass is a free parameter in the theory, there are several
theoretical constraints for the upper and lower bounds on the mass of the Higgs boson. These
constraints can be applied if and only if there is no new physics between the EW scale and the
higher scale A.

When contribution from the lowest order Feynman diagrams are small perturbative methods

can be used. The idea of unitarity comes from the elastic scattering [40]:

Wiw, = WHw, (2.70)

31



Amplitude for this process at the tree-level gets contribution from 7 diagrams:

2
Y 2 b8 2 -2
If there was no Higgs field, then such process would diverge quadratically. Therefore due
to the Higgs boson it is possible to cancel high energy divergence. Introduction of the scalar
field is a must to fix divergence and for theory to remain unitary and renormalisable.
Let us take a closer look at the unitarity bound. We start from the Jacob-Wick expansion

for the Lorentz invariant amplitude [41]:

M =167 (2 + 1) M (5)Pj(co) (2.72)

where M/ is a partial wave amplitude with the total angular momentum j. P; is the Legendre

polynomial. The partial wave amplitude in terms of Mandelstam variables [42]:

V2

- 4i[p]

M (s) (57 -1) (2.73)

where S7 is a unitarity matrix element and P is the momentum of colliding particles in the

centre of mass. In the high energy limit:

p| — %\/5 (2.74)
The partial wave amplitude is therefore:
T (MP)| > [MI]? = (Tm(M))? + (Re(M7))? (2.75)
This leads to the following relation:
M| <1 (2.76)

There also exists the stronger constraint [43]:

[Re(M7)] < (2.77)

N —

The partial wave amplitude M/ is related to the scattering matrix S. Let us now take a
look at the upper mass bound of the Higgs boson in the SM. The partial wave amplitude (2.71)
can be written as:

M= —g"—% (2.78)
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From the condition (2.76) we get:

47t/2

\)

m; < (2.79)
gr
The leading high energy terms:
g% m? )
L=——0 QW W'+ 22+ 1?) (2.80)
32 myy,
The scattering matrix of such physical process is:
4 V2 V2 0
2 3 1 0
V2 (2.81)
V2 1 3 0
0 0 0 2

Eigenvalues of this matrix are: {6,2,2,2}. There is no angular dependence in this process.

Only the first partial wave amplitude is present. Taking that into consideration:

87/2
3Gr

~ 1008 GeV (2.82)

and the stronger restriction is:

my, < ~ 713 GeV (2.83)

In case the mass of the Higgs boson would be over these values, this would mean that pertur-
bation theory is not valid and in such model the theory is not renormalisable.
Another constraint comes from the Veltman parameter p, which shows the relative strength

of the neutral and charged current weak interactions [44]:

2
My

— 2.84
p o (2.84)

Experimentally p ~ 1 in the SM at the tree-level [4]. Taking a step forward, the general
expression for the tree-level p with N multiplets is [45]:

OGRS
% sz\il Y,

p= (2.85)

Also there exist the Peskin—Takeuchi parameters [46,47]. In total there are three measurable
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parameters 8 S, T and U. These parameters show possible new physics contribution to
EW radiative corrections; the vacuum polarization diagrams that contribute to four fermion
scattering processes.

There are several restrictions. First of all, there should be no EW gauge bosons apart from
W=, Z, ~. Secondly, the energy scale at which the new physics appears is assumed to be larger
than the EW scale. Finally, it is assumed that the new physics couplings to light fermions are
suppressed.

The Peskin-Takeuchi parameters are defined in a such way that at a reference point, that
is in the SM, they are zero. Parameters of the oblique corrections are the self energies of

W=, Z, ~. Self energy of the vacuum polarisation amplitude:
IT;j(¢*) = T0;5(0) + ¢°I1};(0) (2.86)

where {i,5} € {W=*, Z, v}. There are 4 possible options for self energies: Iy, Iz, I, and
Mz,

The Peskin-Takeuchin parameters are defined in the following way:

2 2

Cuw — Sw
aS = 4s,cq, | 1,(0) — WH/ZW(O) — 1, (0)] ,
IT 0 IIz2(0
or = Twwl0) _ Mzz(0) (2.87)
mé, m?
alU = 455, [y (0) — 1T £ (0) — 25,,¢,,115.,(0) — 51T, (0)]

If the scale of new physics is close to the EW one then above equations are no longer valid.
Let us take a closer look at what is the physical meaning of these S, T and U parameters.
The S parameter shows the possible extension of the fermion sector. It measures the symmetry
between the number of different chirality fermions that carry weak isospin. The T parameter is
dependant on the difference between the loop corrections of the W vacuum polarisation function
and the Z vacuum polarisation function. Therefore it measures discrepancy of the total weak
isospin of a new model. Both S and T parameters are really sensitive to the mass of the Higgs

9

boson ”. The last discussed parameter U gets a really small contribution from new physics.

This is because U parameter is a dimension-eight operator.

8There exist more parameters but they are very rarely used.
9Provided there is no new physics close to the EW scale, the SM is a good description up to energies around
1 TeV
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3 The Two Higgs Doublet Model

In this chapter we move on from the SM Higgs sector to the simplest gauge invariant 2HDM.
The Higgs sector is still covered in mysteries and thus it is assumed to be non minimal.

In the 2HDM a second Higgs doublet with the same quantum numbers as the first one
is added. There are no restrictions between possible choice of SU(2); doublet scalar fields
®,(a = 1,2). The only restriction is that this combination should be orthonormal. Due
to multiple possibilities of basis choices there arises a problem of invariant parameters. All
physically observable parameters must be basis independent.

In the following section, the main tool for the analysis is ref. [11]. It is a great guide to the

extended Higgs sector.

3.1 Different Two Higgs Doublet Models

We start by introducing the second Higgs doublet. In the two-Higgs-doublet model there

are two identical complex doublets of SU(2), symmetry with the same quantum numbers:

(e
o (%) o

for ¢« = 1,2 which is the Higgs flavour index. The corresponding conjugated fields also obey

SU(2>L
0%
D; = ioy®; = ( _9:; > (3.2)

In the 2HDM there are two VEV. The second Higgs doublet can also acquire the VEV:

(@) = %7 (®g) = %ew (3.3)

and the total VEV should be a combination of both:

v =1/v}+ v} (3.4)

where v = 246.22 GeV.
The two-Higgs-doublet model Lagrangian is

L= Escalar + Ekinetic + 'CGF + £Y (35)

Unlike the SM Higgs sector there are different possible combinations when talking about
the 2HDM. Let us construct the most general renormalizable 2HDM potential. For this talk
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we will be using the gauge invariant operators:
Dy =Dy, Dy = DLy,

1
Pre = 5 <<I>I‘D2 + ‘I);‘I%) : (3.6)

{
(I)]Im =3

- (cp}cpz - q>§q>1>

It was explained earlier that in order to have gauge invariant renormalizable scalar potential
it needs to be of form:
2 4
Lorpm = ‘CQI?DM + ‘CQI?DM (3‘7)

By permuting operators (3.6) it is possible to get the following combinations for cubic potential:
¢2
— Logpy = m P + p2P2 + p3Pre + paPrn, (3.8)

and quartic potential:

4
Lofipy =697, + 6,83, + &0, + &49F,
+ &5P11Pa2 + E6P11 Pre + §7 P11 P1im (3.9)
+ &3P Pre + EoPo2Prn + {10Pre P
where p; and & are coupling coefficients 1°. As it can be seen this Lagrangian is more complex
than the SM Higgs Lagrangian. In total there are fourteen free parameters.

Assuming that the potential is invariant under a charge conjugation then doublets transform

in the following way:
OlD; — el (3.10)

choosing «; = a; results in:

2
_‘CQF?DM =1 P11 + poPas + p3Pre,
4
Loipn =697 + &85, + &%, + 607, (3.11)
+ &5P11 P + E6 P11 Pre + Es P22 Pre

A C'P-invariant Lagrangian can be achieved under the Z; symmetry. This implies that:

(I)l — cbl, (I)Q — —@2 (312)

10Possible choice of these couplings will be discussed in the next chapter.
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Therefore the 2HDM Lagrangian is:

2
—Lorpnr =1 P11 + pa®as,

. (3.13)
EQF?DM =61D3, + &3y + &P + &P, + &P Do

The Higgs bosons masses depend on the parameters p;, & and also two angles. Theses
angles are a and 8. « is the mixing angle between C'P-even Higgs bosons and depends on the

potential choice. This mixing angle is found from the diagonalization process:

m2 0 Ca  Sa\ (M3 M3\ [ca —3a
( 0 m%) B (—sa ca) (/\/lgl M§2> (sa Co )
M3+ 2Mycas0 + M3ys), Miy (2 — 85) + (M3, — M3)) saca
- (M%2 (2= 2) + (M = M3 saca M5 — 2Miyeasa + Ml )

(3.14)
Squared masses of the C'P-even Higgs bosons are:
2 1 2 2 2 2 )2 2 )2
Mpgp = 2 {Mn + M3, + \/(Mn — M3y)" +4(M3y) } (3.15)
The mixing angle o can acquire values:
1
la] < 3T (3.16)

It is defined by setting off-diagonal elements of the squared mass matrix to zero. If myg = my,
then there is no mixing between C'P-even Higgs bosons and thus a cannot be defined.
[ relates the two VEV values:

(D2)
ts = 3.17
B <CI)1> ( )
It follows that VEVs are related:
Y2 _ 5pY (3.18)
v U ’
In turns out that 8 is not a physical parameter:
- %<2®I2> _ ( U@y + Us®y) _ U1 (®1) + Usa (Do)
B %<2<I>Il> < Uuq)l + U12¢2> U11<CI)1> —+ U12<(I)2> <3 19>
_ Us1 + Ugatp
Ui + Usatp

In case when both VEV values are real, this is the C'P-conserving case, the Higgs sector
consists of the following particles, two C P-even scalars h and H, C'P-odd pseudo-scalar A,

two charged Higgs bosons H* and the Goldstone bosons G* and G. Gauge eigenstates are

37



transformed into the mass eigenstates in the following way:

s sp\ (of)  [GY G-\ (G

—s5 cg) \o3) \H*) \H") \@#H))

cs sp\ [V2Im(49) (G

—s5 s <f Im (¢ )) B (A) ’ (3:20)
Ca  Sa \/_Re( p1—w)\ (H
—Sa Ca) \V2Re(¢) —15))  \ A

3.2 Generic Basis

One of the main features of the two-Higgs-doublet model is the choice of the Higgs scalar
potential. We start with the generic basis. Following ref. [48] in the generic basis the most
general gauge-invariant Higgs scalar potential can be written down in the following form:

V =m?, 010 + m2,0I0, — m2,dI 0y — m2, dld,
1 2 1 2
+ 5N (cb{cbl) + 5% (cb;q)?)
f t t f (3.21)

1 2
+ {§>\5 (cb{ch) + [A@{cbl + m;%} OID, + h.c.}

where m?,,m3, and A\;, g, A3, M4 are real parameters and m?,, \s, \g, A7 are complex.
It is always possible to redefine the fields by an arbitrary transformation ®; — B;;®;.
Matrix B;; consists of eight real parameters which corresponds to eight possible fields.
Applying a global U(2) transformation to doublets yields:
o, — Uz®;, @ — olUt (3.22)

J o Je

From the definition of the unitary group the following properties arise:
UlUig = 65, det(U) = X (3.23)

In this index convention U;; = U,7. Summation is only allowed over barred and unbarred
index pairs. Complex conjugation is equivalent to replacing indexes with barred ones. U(2)
invariant quantities are basis independent. They do not depend on the possible choice of the
®; — P, basis.
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Applying U(2) transformations we get:

V =m3®ld, + m2,3ld, — m2,dI 0, — m2, 0ld, + f(N)
= mi, (‘I);U;Ulqu) + mgg (‘I)IULUQl(I)l)

2 Trrt 2 x Trrf (3'24)
— My ((I)2U21U21(I)1> —miy (®1U12U12(I)2) + f(A)
=Y <®1®1> + Yoo (<I>$<I>2> + Y (cI)IcI)2> + Yy <<I)£CD1> + f'(A)
Hermicity of V' implies that:
Yi; = (Y;i)*» Ziihi = (Zﬂll%)* (3.25)

After applying the corresponding transformations the scalar Higgs potential can be written

in a U(2) covariant form:

1
V= Y50l + S Zg (0la;) (o) (3.26)

where coupling coefficients are:

Yin =mi, Yip = —my,,

Yo = —m%;, Yoo = ma,,
Zin = A, Zogas = A,
Zi122 = Zao11 = A3, Zioi2 = Zoniz = Mg, (3.27)
Z1212 = As, Zono = A5,

*
lel2 = Z1211 = >\67 le21 = 22111 = /\6 )

*
Z2212 - 21222 = A77 Z2221 - 22122 = /\7

Y;; has dimension of mass squared while Z;3;; is dimensionless. This can be seen from looking
at the generic potential eq.(3.21).

The Higgs potential tensors transform covariantly under a U(2) transformation:

Yi; — UmYszlT;,

: T (3.28)
ZiGei — UimUnl‘UkéUpl‘Zmﬁoﬁ
Also it is possible to change indexes with help of the Kronecker delta:
5ﬁZz'jkl' = Zinl (3-29)

Global transformations of ®; leaves the functional form of V' invariant, while only coefficients
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depend on the ones choice of the 2HDM.
EW symmetry is broken as the minimum of the Higgs scalar potential occurs non zero

vacuum expectation value. Minimum conditions of the scalar potential can be written as:

oV
oI

=0 (3.30)
(@)
This condition yields the vacuum expectation values of the two doublets (®1) , (®5). If the mass
matrix constructed from the Higgs scalar potential squared mass parameters mfj got at least

one negative eigenvalue then the scalar fields vacuum expectation value becomes non zero. It
is possible to write the VEV:

v [0 v U
(@) = 7 (131) , (D) = 7 (6261-5) (3.31)

where both vacuum expectation values vy, vy are real and positive, the arbitrary angle acquires
values 0 < & < 27.

In case of u # 0 vacuum is called charged. Depending on the parameters of the Higgs
scalar potential it describes minimum of the potential or saddle point. U(1)gy symmetry is
spontaneously broken. In case of u = 0, U(1) gy symmetry is preserved. Only this condition is
treated here.

Both scalar doublets preserve vacuum invariance under the electromagnetic gauge symmetry

U(1)gp. Therefore the vacuum expectation values of the Higgs fields ®; and ®, must be aligned:

0, = e cos 3,
(®,) = 2 (?) , Dy = e"sin Be’, (3.32)
" v? =0} + )
where 0 < 8 < 7/2, v = 2mw /g = 246 GeV, 7, (Ua =via/\3, O] = (@T)a) is a unit norm vector
and phase 7 is arbitrary which can be removed with help of U(1)y group transformation.

In the generic potential eq.(3.21) coefficients m and A are all U(1)y group invariants but
not under SU(2) symmetry while © preserves invariance under U(2). Also it is always possible
to rephase ®5 in a such way that & = 0.

In order to get the minimum condition for the scalar potential we take the derivative of
potential V' with respect to ®; [49]:

ov

0% [(50)—v./vz

=0 (3.33)
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The minimum condition is:

oV OP! : 0P,
9%, 0 (@‘DJ’ T

L (? (2fo )@Tq) oo 2 (o}a:)
+ 3 ikl | 7 ax  *k 1+ iYiT am
o] :
=|=—=+=0, 0% = Oim
0P, 0P,

|
=Y0L0im + 5 Zir (q%csjmcb%@l + cb}cbﬂ%élm)

After inserting the corresponding vacuum expectation values ((®;) =

Sl

0
<A )) and using
U;

Zaped = Ledab (3.35)

the following equations:

Yoe®f |, o — 02,

we get the minimum condition:

A% 1 Ak Ak o
VT Y5 + §U3Zﬁkl"l)g 070 =0 (3.36)

The gauge transformations SU(2), ® U(1)y leaves the scalar potential invariant, therefore
Y and Z are also invariant under U(1) transformations, although ¢ changes by an overall
phase. Only SU(2) transformations are the ones responsible for a change of basis and all U(2)
transformations change basis. Considering eq.(3.22) we can straightforward transform ¢ under
U(2) group:

It is also possible to construct a hermitian matrix V;:
Vi; = 005 (3.38)

The matrix V;; is hermitian and therefore it possesses two eigenvectors of unit norm. It is also

possible to rewrite the minimum condition eq.(3.36) with help of eq.(3.38):

1
tr(VY) + =v*Z,

5V ZijnViVie = 0 (3.39)

It is crucial to note that considering the above minimum condition we go from two degrees
of freedom to only one. Looking at the picture of the Higgs potential this implies that from

explicitly describing the whole potential we simplify to finding only the vacuum value.
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From the minimum conditions it is possible to derive:

mfl = m%zezgtg — 51)2 [/\10% + ()\3 + M+ )\56215) s%

+ (2X6€™ + Nge ) spes + Aysgtgeiq ,

' 1 ' (3.40)
m3, = (mi,e”) tgl - 502 [A2s? + (A + Aa + Abe )
—l-/\gc%tgl(fi5 + (Are” 4+ 2X5e7%) sc4]
Both mass squared parameters m?3,, m3, are real and therefore:
) 1 . . .
Im(m2,e) = 51)2 [Im(Ase”)sacs + Im(Age™ ) + Im(Age') s3] (3.41)

which can be used to determine phase &.

Let us introduce a second vector of unit norm orthogonal to v;. Orthogonality implies that:
jw; =0 (3.42)
The second unit form vector is:

QI)‘ = ’[)i-kﬁi',
oo p (3.43)

Wy = —e "lsge” ", Wy =e g

Applying a U(2) transformation to the w yields:
UA}i = det(U)ilUlilDJ = EiiXUij"uA)j (344)

where w; is pseudo-vector with respect to U(2) transformation. Inverting eq.(3.43) results in:

~ Ak

W; = —€;505 or U7 = 5w, (3.45)

We made an assumption that 0 = (1,0) and due to orthogonality @ = (0, £1) is also known
up to the direction phase. Therefore it follows that 097 + ww! = I,. It is possible to write

down a proper second-rank tensor W ; as:
Was = 005 = Vap (3.46)

We are interested in the C'P-conserving potential. Thus all of the parameters are real.
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After rotating ®, and setting & = 0:

1
m%l = m%th — 51)2 [)\16%3 + )\3458?3 + 3/\685C5 + )\78%1&5} , (3 47>

1
M3y = Mipty" — 502 [A28% + AsasCh + ety ' + BArspes]

where )\345 = )\3 + )\4 + )\5.
Now let us take a look at how Higgs boson masses look like in terms of the generic basis.

mpg+ and m4 are:

m2. 2
m?A = 12 _ (2/\5 + /\Gtﬁ + )\775[3) when tlg > O,
SpCa 2
1
m? =m3y + =v* (A3 + A\ — As) otherwise, (3.48)

2

UQ

5 (A5 — \g)

m?{i = m124 +
The CP-even states mix and therefore the mass matrix M is given by:

2
s —s3C
M? ——mi B i p +
—8565 Cﬁ

(3.49)
) ( )\10% + 2Xgsgcs + )\58% (A3 + A\g) spes + )\60% + )\75%>

(A3 + A1) spcs + AeCh + A7s Aash + 2\rspc5 + AsCh
from where we get:

M%l = mis% + V2 ()\10%, + 2)\63506 + )\58%) s
M, = —mis[g% +0° (()\3 + A1) spcp + )\GC% + )\73%) , (3.50)
M3y = micq +v* (Aash + 275503 + AsCh)

Diagonalization of the mass matrix M is possible, as stated earlier, by performing a rotation:

20
"H = R(a)M*R” (a) (3.51)
0 mi
The mass eigenvalues are:
1
m%{,h =5 [Mi + M3, £ \/(M% - M%z)Q +4 (M%Q)z (3.52)
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3.3 Higgs Bases

One of the possible uniquely selected basis are Higgs bases. In this basis only one neutral
component gets VEV. By applying a U(1)y x U(1) transformations it is possible to preserve
the vacuum conditions. Under U(1) group the Higgs doublets are rotated in the following way:

P — XD, D) - XD, (3.53)

which is parametrized by x.
We begin in a generic ®; — ®5 basis. This one is not uniquely defined. The newly defined
Higgs-doublet fields are:

Hii_ Ak —i&
H1 = :U{(I)i = 05@14‘856 @2,

HYY p (3.54)
H2 = = w;CIDZ = —S5g€ CI)l + Cﬁq)g

s P N (3.55)
Hy —sﬁeiE c D, '

In order to transform from the generic basis to Higgs bases, we introduce the following

- 0] 03 0y 05
1 U2 1 U2

uv=1_. 1=\ _. . (3.56)
wy  w; —Uy U

Note that in the above matrix we used w; = €5;0;, which can be derived from eq.(3.45). On the

or in a matrix form:
matrix:

other hand it is possible to rewrite the newly defined fields as:

. .
Q; = Hi0; + Havjey,

P\ s —856_% H; (3.57)
d, 856% cp H,

Considering that o70; = 1 and 0w; = 1, vacuum expectation values in Higgs bases are:
v

Y

V2

The field H; is invariant, while Hj is pseudo-invariant under U(2) group transformation:

(HY) = (Hy) =0 (3.58)

HY, = e H, (3.59)
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It is possible to construct a unitary matrix Up with respect to which Higgs bases transforms

from H; to H:
1 0
Up = (0 eix) (3.60)

To get the scalar potential in Higgs bases we simply insert eq.(3.57) into the generic potential
eq.(3.26):
V =YiH{H, + YH}Hy + Y3 H; Hy + Y{ H} H,
1 2 1 2
+ 52 (HI) + 52 (Him)
t t t t (3.61)
Y 7 <H1H1> <H2H2> s <H1H2> <H2H1>
1 2 2 2
+ {525 (HIHQ) + {26 (HjHl) s (HgHQ) } (HIHQ) + h.c.}

In Higgs bases scalar potential Y1, Y5 and Z; 534 are all U(2) invariants and real, while Y3
and Zs g7 are pseudo-invariants ' and are complex. It is possible to express coefficients Y and

Z in terms of the previously defined second rank tensors V;;, W;; and unit norms o,w:

Y1 =YV, Yo =YW,

Z1 = Zi5ViiVi, Zy = ZaW5iWi,

Zsy = ZiziaViWi, Zy = ZizaVis Wi, (3.62)
Y3 = Y0705 Zs = Zipt; WOz,

Zs = Ziipit; Uﬂ)};ﬁ)l, Zy = Zizp0; Wiz

Using eq.(3.44) it is possible to transform pseudo-invariants as:

[}/35 ZGa Z7] — eiix D/?n Z67 Z7] )

. (3.63)
Zs — e 2X 7,
As an example, let us write down the coefficient Y] in terms of v:
Y] = Y5007 = Y11010] + Yao0205 + Yia {0105 + 0207 } (3.64)

= mncﬁ + mQQSIB —Re (mme £) 5283

Following the same procedure in the generic basis invariant and pseudo-invariant coefficients

Hinvariant under SU(2) but not under U(2)
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can be written down as:

Y, = m%lc% + mZQS% —Re (mfzeié) S28,
2
Yo = mnsg + m2205 + Re (mue 5) 5928, (3.65)

Yae = % (mg2 — m%l) s28 — Re (m%Qe’f) cop — tIm (méeié)

and
1 . )
Zy = \ics+ dasy + 5)‘345536 + 2595 [C%RB(AGG’L&) + s3Re(Are®)]

1 ‘ ‘
Zy = Msh+ Aach + 2)‘345526 2505 [s5Re(Ase”) + GRe(A7e™)]

1 )
Zg = —8%6 [)\1 + )\2 — 2)\345] + )\3 — SQBCQﬁRe [()‘6 — )\7)€Z€] s

4
1 4
Z4 = 1535 [)\1 + )\2 — 2)\345] + /\4 — SQﬁCQﬁR@ [(/\6 — )\7)625] s
) 1 ) )
Z5622g = ngﬁ [)\1 + )\2 — 2)\345] + Re()\g)emf) + iczgﬂm(A562’§), (366)

— sopcapRe [()\6 - )\7)ei5] — is93lm [()\6 — )\7)ei§]

Zge™ = —%szﬂ (MG — Aas — Asascas — ilm(Ase™)] + caezpRe(Age™)
+ sgsgpRe(Are’®) 4+ iciIm(Age™) + iszIm(Are™),

Zse = —%szﬁ [/\13% — )\202 + As45C2p + z']lm(/\5e2i5)} + 85835R6(>\66i£>
+ caespRe(Are) + iszIm(Aee™) + iciIm(Are™)

where A3y5 = A3 + Ay + Re(A5e%9).
With help of the minimum conditions eq.(3.47) and not forgetting that in Higgs bases t5 = 0

it is possible to transform real parameters in the following way:

1
5/1 - _§UQZ17
1 1
ng mmsm — §’U ()\1 + )\2)0%8% + /\345(8% + Cé) + ()\6 + )\7) 5845 s (367)
1
Y; = _§U2Z6
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and
1
Z1 = )\102 + )\28% -+ 5)\345835 -+ 2825 [C%)\6 + 8%)\7} y

1
Zg = )\18?3 + )\202 + 5)\345835 - 2825 [S%/\G + Cz/\d s

1
Ly = —535 A1+ Ao — 2X345) + A3 — S25¢25( A6 — A7),

4
Zy = isiﬂ A1+ A2 — 2X345] + Mg — S25c25( A6 — A7), (3.68)
Zs = isiﬂ (A1 4+ A2 — 2A345] + A5 — s25C28( X6 — A7),
Z = _%3% [)\10% — >\28% - /\345025] + cpCapAe + 555387,
= _%525 [)\15?5 — )\QC% + )\345025] + 585336 + CaC3aA7

where Asis = A3 + A\ + As.

In case of the C'P-conserving case, that is when:

(3.69)
X =A7=0
It is possible to relate the ¢z parameter:
2(Z¢+ 2
tog = 2+ Zr) (3.70)
Zy— 71
The Higgs bosons masses are:
mi = (Zl + Zﬁt,gia) U2,
1
m% = }/2 + <§Zg45 - ZGt,Bia) U2,
(3.71)

1
mi :}/2—{_5(ZS+Z4_Z5)U27
1
qui = Yé-f- 523’02

Derivation of the Higgs boson masses is presented in the next section.
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3.4 The Mass Eigenstates Basis

In Higgs bases it is possible to write down the doublets in terms of the physical fields:
Gi
H, = ,
R ICERE Eael

H*
Hy = :
75 (5 +ia’)

where G* are the charged Goldstone fields, G° is a C' P-odd neutral one and H* are the charged
Higgs fields, ¢! is a C'P-even neutral Higgs scalar field, ¢ and a° are indefinite C'P states. In

(3.72)

case of the C'P violation all Higgs scalar fields are mixed together in order to produce three
possible neutral physical Higgs bosons h, H, A of indefinite C'P quantum numbers. In case of
non C'P-violation three scalar fields are absorbed to form non-distinguishable Higgs bosons.
The neutral Goldstone boson is always CP definite.

After writing down explicitly the Higgs potential it is possible to split it into several parts
V' = Veonst + Viinear + Viuadratic + V34. Earlier we have seen that linear scalar potential part
Viinear determines the vacuum conditions. As for now we are interested in the generation of
masses. The quadratic scalar potential terms V,qdratic should be looked into to determine the
mass eigenstates.

It is possible to split G* and H* parts into real and imaginary:

1
\/f (3.73)
H* = —= (H FiH])

V2

Rewriting eq.(3.72) in terms of eq.(3.73) and re expressing scalar terms yields:

1 Gt 7iGF
le_( TZFZZ >7

V2 \v+ @l +iG° (374)
o 1 (HYFiH '
V2 B+ia

The Higgs scalar potential is now expressed in terms of eight real variables. Inserting
eq.(3.74) into the minimum conditions eq.(3.36) we get the mass matrix. In case of the minimum

condition all fields are set to zero. The scalar potential minimum conditions eq.(3.67) are also
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considered. After the minimization we get the following results:

ov.| oV | oV 0
OGH|  oGF|  aGY| 7
ov|_ov|_, (3:75)
OHY|  oHF| 7
ov v?
ol = (nr3%) =0
ov 2
2
oV v?
300| =Y (Hm(Yg) + E]Im(Zg;)) =0

The Higgs boson squared mass matrix is obtained by applying the second derivative to the

scalar potential minimization conditions eq.(3.76):

M2, 0 0
Megp=1 0 My o0 O (3.77)
0 0 M3,

MZ is a three by three matrix in which all of the elements are zeroes due to the fact that the
Goldstone bosons are massless. Three neutral scalar fields mix together to form the neutral

Higgs squared mass matrix /\/lio £0.a0°
1°¥2

Z Re(Zg) —Im(Zs)
V| Re(Zs) 3125+ Zi+Re(Zs)] + 3 —1Im(Zs) (3.78)
~Im(Z) —1Im(Zs) L(Zs + Zi— Re(Zs)] +

The last component of matrix (3.77) is the charged Higgs squared mass matrix M2,
Y, 4 2027 0
2+ 3V 1 (3.79)
0 Yy + 302 Z3
Therefore the charged Higgs boson mass is given by:

1
mie = Yy + 523?)2 (3.80)

One of the possibilities to diagonalize the Higgs square mass matrix M is by the mean of

orthogonal transformation:
RMR" = Mp = diag (m7, m3, m3) (3.81)
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where RRT = Z and the corresponding mass eigenvalues are m?. R are Euler’s rotation

matrices:

R = R12R13R23

Ci12 —S12 0 C13 0 —S13 1 0 0
= 512 C12 0 0 1 0 0 Co3 —S923
0 0 1 S13 0 C13 0 S93 Co3 (382)
C12C13  —S12C23 — C12513523  S12523 — C12€23513
= | S12€13  C12€23 — S12813523  —C12523 — S12513C23
513 C13523 C13C23

Applying the corresponding limitations on the angles —7 < 015,023 < m and |013] < 7/2 covers
the whole SO(3) group.

Three neutral fields ¢?, 09, a® are mixed together to produce three possible neutral Higgs
bosons. Using the introduced parametrization the neutral Higgs bosons mass eigenstates can

be written in terms of:

hy 80(1)
he | =R [ 2 (3.83)
h3 CLO

In this convention, for simplicity, it is worth denoting masses in the following way m; < m;i1.
The mass eigenstates are U(2) invariants.

Following ref. [50] the following unitary matrix is introduced:

1 0 0
W=1|0 ANz 12 (3.84)
0 —i/V2 V2

Considering the fact that W is unitary, it possible to rewrite the diagonalized squared mass

matrix Mp in the following way:
(RW) W MW)(RW)T = M)y (3.85)

Explicitly writing down the transformations:

1 1 *
Zl 7526 7526
WIMW = 0? | BZ5 5 (Zs + Za) + 22 17z (3.86)
5% 375 5(Zs+ Z4) + Y2 02
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a1 \%QEGM% \%%26%923
RW = | ¢z \/Lﬁq;zew% \%%264923 ;
1 _x _ifo3 1 —ifa3
31  75432€ 75 432€
V2 V2 (3.87)
q11 q21 g31
(RW) = \/%mszw% \/%%2671'923 \/%q;z,ge*w%
\%qifzeiem \/Liq;zeiezzs \/Lingei@z:s
where coefficients ¢;; are:
g11 = C13C12, Q12 = —S12 — 1C12513,
21 = C13512, (o2 = C12 — 1512513, (3-88)
g31 = S13, (32 = 1C13
The determinant of RW can be evaluated:
1 * * * *
det RW = 5 {QH (QQ2QB2 - CI22CI32) + @21 (Q1QQ32 - Q12Q32>
+q31 (9022 — G12055) } (3.89)
1< .
=3 Z EimgiIm (qraqe) = 1
gkl=1
Therefore the following properties arise:
Re (qe1qy, + qe24s) = 0w (3.90)
3 13
2 2 _
; |Qk1| = 5; \kaf =1,
- N (3.91)

3 3
Zqig = Z qr1qr2 = 0
k=1 k=1

As one can see, the matrix (RW)' consists only of coefficients Y and Z. The following U(2)

transformations are applied:
Qrt = Gl e — el (3.92)

It is possible to introduce another diagonalizing matrix R = R15R13 which only depends
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on angles 615 and #,3 by setting #>3 = 0. This matrix is:

R = Ri2R15R2s

ciz2 —s12 0O ci3 0 —sp3
— S12 C12 0 0 1 0
0 0 1 si3 0 3

o O =
o = O
= o O

(3.93)

C12€13  —S12 —C12513

= | G13512 Ci12 —S512513

513 0 C13
The diagonal neutral Higgs squared-mass matrix is then:

R diag (m%, m2, mg) RT =

m3sis + (m3sty +mich,)cls  (m3 —mi)sipciocis (M3 — (m3siy + micly))siscis

(m2 — m?)s1aci0c13 maci, + misi, —(m3 — m?)s12c12513
(m3 — (m3st, + michy))siscrs —(m3 —mi)sipciasiy  micty — (misiy +michy)sts
(3.94)
By comparing eq.(3.78) and eq.(3.94) we get the following equations:
U2R6(25> = (m%c% + m%s%) - m%cf?) + (mgs% + m%c%Q)S%EIv
UQ]Im(Z5) = 2(m§ - m?)812012$137
v’Re(Zg) = (m3 — m3)siaciaCis, (3.95)
v’ Im(Zs) = —(mj — (m3st, +micty))sizcis,
v 7, = mgs% + (mgsfz + m%cﬂ)ci&,
v 7y = (mgcﬂ + m%ﬁz) + m%c?s - (mgS%Q + m%cﬂ)sé - 2m%1i

In our case we are interested in the real parameters only. Therefore Im(Z5) and Im(Zs)
are zero. This is possible by setting s;3 = 0. By assumption the following limits were set
—m < 613 < w. This yields the only possible result: 6135 = —n. The diagonal neutral Higgs

squared-mass matrix in the real basis becomes:

(m3siy +micty) (mi—m3)siaca 0
(m? —m3)siacia  (mi3cly, +mist,) 0 (3.96)
0 0 m%

where only m; and my are now mixed.

Another possibility is to write down mass eigenstates in terms of the generic fields [50].
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First of all neutral fields are shifted by:

U’lA}Z‘
V2

Therefore the mixing between non charged sector is:

PV = oY —

1 . 4 o
hy = —= [CDgT (qrad; + QkQ'UA)ie_ZOQ?’) + (g0 07 + QZ27I)§€1923) Q)?]

V2

(3.97)

(3.98)

here coefficients g; are the neutral angles 615 and 6,3 mixing parameters. They are presented

in tab.4.

Table 4: The U(2) invariants g, as functions of mixing angles 615 and o3

k| g1 qr2

1| ciaci3 | =812 — ic12813
2 | s12¢13 | €12 — 1812813
3 513 iClg

419 0

Inverting eq.(3.98) yields the doublet:

o G*o; + Hhwy,
' \% (0: + qr10i + qroe ™15 hy,

This is U(2)-covariant form in terms of the Higgs mass eigenstate.

(3.99)

Also we include transformations from the Higgs mass eigenstates basis to the generic. In

case of the C'P-conserving 2HDM:

3
-
UZCB 2

2 2 2.2

1
A\ = (cha +mys;, — métg) Aetg + 5)\7253,

_ 1. 3.
/\2 = (m%si + mici — m%2t,31) @ + 5/\625,33 — 5)‘7t,837
A :((m2_m2)30 +2m2 i s5c —m2);—1)\t_1—1)\t
3 H h/2ata H*°8%8 12 /UQSBCB 265 27137

1

1
——— — Xty — =Aitg,
v2sgcs 708 T

Ay = ((mi — 2qui)3505 + m%z)

1 1. 1
/\5 = (m%Q - misﬁcg) m — §>\6t51 - §>\7t5,
1
m2, = -5 (M} CaSga + MirCaCsa) + m%ztgl

In case of the non C'P-conserving case we would get several additional parameters, which cannot

be uniquely defined: A\g and A7.
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3.5 Interactions with Bosons

We use Haber notation [50] eq. (3.99) to construct the Lagrangian. The product of two
Higgs doublets is:

1 1 A Ak % ] kA —1
CIDETCI)J- = 51)2%; + vhy | ViRe(gm) + 3 (vjw; e + 07 W;qrae 923)

1 * * A Ak sk i1 Ak Ak —1 3101
+ §hjhk [ViRe(gj1am) + WjiRe(qjaq2) +0,07 qjoam1 € + 070,45, qrac ] ( )

+GYG Vi+H " H W; + G-H 05wy + GTH ™ wiv;
Of particular interest are cubic couplings:

Vi = %Uhjhkhl g0 Re(qi) 21 + qjagioRe(qn)(Zs + Za) + Re(q;flqkqunge’m%)
Re ([2%‘1 + q}-ﬂ QZ1QZ226€_i923) + Re (Q;ZQk2QZ2Z7€_i023)}
+ vhiGTG™ [Re(qp1)Z1 + Re (qmz(je—wgg)} (3102)
+vh HTH™ [RG(le)Z3 + Re (Qk2276_i923)]

1 . ) .
+ §vhk [G_HJF@Z@”’ (q22Z4 + quoe B0 7, 4 QRe(qkl)Zﬁe_ZGQ?)) + h.c.}

and quartic:

1 * % * q*
Vi :ghjhkhzhm [quQkIQZlqmlzl + 4j20k20i20m2 22

+ 2051051 U2z (Z3 + Z4) + 2Re (q;1QI:1QZQQmQZ56_2w23)

T dRe <qﬂq’21qzk1qm2Z66_i923) + 4Re (q;IQk2QZ2Q:n2Z7€_i923) }
1 .

+ §hjth+G_ [QjIQZ1ZI + 412042 23 + 2Re (qj1qraZoe ") }

1

2
1 | N o

+ Ehjhk{G_H+6w23 [QﬂQZQZZL + q;lqk2Z5e—21923 + quQkIZGG B23

+ Shihe HYH™ [quqZQZ2 + qj100 Zs + 2Re (qj1qraZre ") } (3.103)

< 1 1
+ quqZQZw*”%] + h.c.} + §ZlG+G*G+G* + §ZQH+H*H+H*

1 1
+(Z3+ Zy) GYG"HTH™ + §Z5H+H+G‘G‘ + 5Zg‘H‘H‘G"LG+
+G"G (ZeH'G™ + ZiH G*)+ HYH™ (Z;H*G™ + Z;H G*)
From eq. (3.102) and eq. (3.103) one can easily identify the Higgs boson interactions in Higgs

bases. Although interactions are more simple in Higgs bases but most of the time one is expected

to work in the generic basis 2. Therefore we calculated the Higgs bosons interaction terms in

12The simple answer is that in Higgs bases, the second 2HDM doublet does not acquire VEV.

o4



the generic basis. WE dropped down terms proportional to the Goldstone bosons as in our case

they carry no interest. We start from the trilinear couplings. First of all, the C'P-even Higgs

bosons are:

1
Ghhh = 3V <—058‘Z)\1 + 85C3 Mg — 582a05+a)\345> ,
GHRh =V (3CBCQSZA1 + 2sﬂsaci)\2 + [(1 — 333) CBta — sﬁsa} )\345) ,

JHHR =V (—3055(103)\1 + QSBCQSiAg + [(1 — 33i) 584+a + c,gsa} )\345) ,

1
gugg = 3v <0502A1 + 5583)\2 + 552a85+a>\345)

Secondly, the C'P-odd involving coupling are:
Jaan = U (—cﬁsfgsa)\l + SﬁC%Ca)\Q + [s%ca — c%sa} A345 — 285_a)\5) ,
JAAH = U (CBS%CO)\l + 55c%saA2 + [c%ca + S%Sa] A345 — 205_0)\5)

Finally, the charged sector yields the following result:

So8v

hHEHF = 5 (SgSaA1 — CaCaAa + Coiasas) — Sg—als,

S93U
JHH+*HF = Tﬁ ($pCad1 + C3Sada — Spratsas) + Co—als

The following interactions are forbidden:

JAAA = JAnh = JAHH = JAHKL = Yartm+ = 0

Now we turn to quartic interactions. From the C'P-even sector we get:

1
Ghhhh = 3 (Si)q + g+ §8§a)\345> ,

GnhhH = 552 (_Si)\l + A — C2a>\345) )

3 3
GhnEE = S5 (A1 + A2) + <1 — §S§a) 345,

4
GhHHH = 552 (—Ci)q + 52X + CQa)\345) )
1
JHHHH = 3 (Ci)\l —+ 5401)‘2 + ésga)\345>

5}

(3.104)

(3.105)

(3.106)

(3.107)

(3.108)



C' P-odd quartic couplings:

Gnnaa = $5SeA 4 Chei Ao + (Chsh + s5¢0) Aaas — (1 — ca(s-a)) As,

1
=520 (—S3A1 + A2 — CapAsss) — S2(3-a) A5,

GhHAA = 5
2 2 2 .2 2 2 2.2 (3.109)
JHHAA = sﬂca)\l + cﬁsa)\g + (cﬁca + 555, ) Agas — (1 + Ca(8 ) As,
1
gaaaa =3 <8?3)\1 + i + 533,3)\345>
Charged Higgs quartic couplings:
2 2 2 2 1 1
gnnatET = S5SaA + CgciAa + o 5 (1 — co(p-ay) As + 532532(1)\3457
1 1 1
hHHEHF = §S2a (—S%M + C%/\Q) + 532(,8—01))\3 - 532602(1)\345’
1 1
JHHH*HF = S%Ci)q + 025832\2 + B (1 + C2(3-a)) Az — 55253204)\3457 (3.110)

1
JAAH*HF = 5%)\1 + 045)\2 + 55%,3)\345,
1
JH+tHFH+*HF — 2 <Sé)\1 + Cé)\z + 5835)\345)
The following interactions are forbidden:

GhAAA = JHAAA = GhhhA = GhhHA = GhHHA = JHHHA = haptn+ = ggap=p+ =0  (3.111)

Finally we discuss interactions between Higgs bosons and gauge bosons. The procedure is
the same as for the SM Higgs sector. These type of couplings arise from the kinematic terms.
The covariant derivative in the 2HDM is:

0u07 + [22 (5 = 5%y) Zu +ieA, | &F + LW ral

D,®; = R A B (3.112)
O P; — 2ew Zu®; + 7§Wu ®;

By inserting this into the kinematic part of the 2HDM Lagrangian we get the following inte-

raction terms:

Lyyy = (ngW;W“ + ﬁmZZuZH) Re (gx1) I

+emw A" (W, G+ W, G") — gmgsiy, 28 (WG~ + W, GT)

(3.113)
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1 9 . )
Lyvun = {ZQQW;W# + %Zuzﬂ Re (%’1%1 + %2%2) hjhk

1 2 (1 ?
+ [—92W;W“* +e2A AR+ <§ - s%) zZ, 7"

2 A,
e 1 w (3.114)
+ J (E — S%V) ANZM} (G+G_ + H+H_)
1 WA+ 928%/[/ wA/+ - —iba3 7 —
+ EegA W, _EZ W, (qu + qree H )hk+h.c.
Lonm =2 Tm (gl + ajoal) Z*h0,h
VHH = m (qj1q51 + Qj2dk) Z"' 10Ty,
Lo f e it i
— S d (W (@G Ohs + qrae ™ HO, ] + .} (3.115)
) 1 ~ ~
+ {ieA“ += (5 = sgv) Z“} (60,6~ + H 9,1 )
W

3.6 Interactions with Fermions

In contrast to the SM Yukawa Lagrangian, the 2HDM Yukawa Lagrangian brings some
interesting properties. The main difference is that in the most general Yukawa Lagrangian the
flavour changing neutral currents arise (FCNC) at the tree-level [51-53]. Not much is know
about FCNC from experimental point of view and thus in most theories there are restrictions
on the Higgs-fermions couplings. Nevertheless FCNC effects are phenomenologically accepted.

Another interesting property of the 2HDM is that both doublets can acquire the VEV. This
would be the key to the problem of fermion masses. It is still unknown why there are three
generations and masses of different families do not coincide: ™t/m, =~ 41. One of the possible
solutions is that up quarks couple to one doublet while the down type quarks couple to another
doublet.

The most general gauge invariant 2HDM Yukawa Lagrangian without the neutrino sector
is [54]:

—Ly =k;°QU ®,Uy + £1°Q02, DYy, + k1100, BV

s o _ (3.116)
+ 05" Q% &1 USy + po QY02 DYy + pl 1985 EVy + hc.

where ®; = igy®; and k, p are Yukawa matrices, which are arbitrary. As in the SM Yukawa
Lagrangian, the superscript 0 shows that the fermion fields are in the weak basis. We restrict
the further talk only to the quarks sector. One can get the lepton sector straightforward from
the quark sector.

There are several mechanisms which can suppress FCNC. The most widely accepted one
is by Glashow and Weinberg [51]. They implemented a discrete symmetry that automatically
forbids FCNC processes. Another mechanism was proposed by Cheng and Sher [55]. This
mechanism fixes the values of Yukawa matrices by squares of corresponding masses. We will

treat only the first mechanism, proposed by Glashow and Weinberg.
57



Yukawa matrices k, p cannot be diagonalized simultaneously. In order to suppress the
FCNC there should be a way to get rid of one of the Yukawa matrices. This can be achieved
by the following discrete symmetry:

(I)l — (I)l and (I)Q — —(1)2,

(3.117)
DjR — j:DjR and UjR — —UjR

By demanding this we get two cases. If we add the leptonic sector to the model then there are
four cases. Let us take a look at this two cases. The first one is the 2HDM type I. In this case
®, decouples from the Yukawa sector. This implies that only one doublet gives masses to up
and down quarks. In contrast, in the Type II 2HDM ®; couples to the down sector while &,
couples to the up sector.

The corresponding 2HDM Type I sector is:
— Ly = gZ’OWéQU;)R + fg’oﬁq)QDjR + leptonic sector + h.c. (3.118)
In terms of the mass eigenstates:

Ly =

DMpD (soH + coh) +
2mW35 myyt 5

UMUU (SaH + Cah) — UMU’}/5UA
QmWSﬁ 2mw 8 (3.119)

+ LU (VCKMMDPR — MUVCKMPL> DH*
\/§th5

-+ leptonic sector + h.c.

DMD’75DA

_I_

In the case of 2HDM Type II:
— Ly = /<a <I>1D + fg’oQ_?ngngR + leptonic sector + h.c. (3.120)

In terms of the mass eigenstates:

. ote — -
Ly =) DMpD (call — suh) — L2 DMprsDA
Qmwcg 2my

+ UMyU (saH + coh) — UMy~sUA

2mw 8 (3.121)
(tBVCKMMDPR +t; MUVCKMPL> DH*

2mW55

\/_mw

+ leptonic sector + h.c.

This type of Yukawa Lagrangian is required in the MSSM.
In case of the most general type of the 2HDM, the type III Yukawa Lagrangian eq. (3.116),
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all fermions can couple to both doublets unless some of the Yukawa matrices elements are zero.
It is convenient to make a rotation of the doublets in such a way that only one of the doublets
acquire VEV. Therefore we assume that only ®; acquires non zero VEV. In terms of the mass

eigenstates it is:
g =5 I = p
—Ly =——D D (coH — sqoh) + —=Dp~ D (so H + coh
L MpD (c s )—l—\/§ p” D (soH + coh)

g =47 I = ¢
+ ——UMyU (coH — soh) + —=Up U (so.H + c,h)
2my . V2 (3.122)

1 — —
+ —DpPvDA — —UpV~UA
\/§ P s \/5 P s

+U (VCKMpDPR — pUVCKMPL) DH™ + leptonic sector + h.c.

To be more precisely, the 2HDM Yukawa Lagrangian in the Higgs mass eigenstates basis, in

the basis independent form is [49]:

1 —
—Ly :—2D (KDSB_Q + pD%_ ) 7
(/i S—a +p Cg— )Uh

E(ff CB—a pDSg_a) DH

U(li CB—a pUSg,a) UH

%I

f (3.123)
\/—DP Vs DA — TUP U A

+U (VCKM,O Pr—0p VCKMPL) DH™ + leptonic sector + h.c.

On the other hand, if both doublets acquire VEV the type III 2HDM Yukawa Lagrangian
changes. Assume that in order to convert this Lagrangian from the weak basis into the mass

eigenstates basis the following transformations are needed:

Dpr= (VER)DY s,

U oo (3.124)
UL,R = (VL,R)UL,R
After the parametrization the mass matrices are:
M e (\/15~D0+%ﬁD,O> VPIBT7
(3.125)

My =V <%R‘U° + %ﬁm) vy

There are two ways of getting the Yukawa Lagrangian. Either expressing & or p.
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4 Constraints of the Two Higgs Doublet Model

So far we have discussed possible choices of the 2HDM basis and interactions terms with
bosons and fermions. In order for model to be valid there are several theoretical constraints.
In the following section the 2HDM scalar potential constraints are described. We cover only
several of them, the ones we used to perform analysis of the C'P-conversing 2HDM. We cover
stability of the potential, S-matrix unitarity and quartic Higgs bosons perturbativity. Also we

take a look at how Peskin-Takeuchi parameters are formulated in the 2HDM.

4.1 Stability of the Potential

First of all potential needs to be stable. For a stable vacuum, the 2HDM scalar potential has
to be bounded from below. To fulfil this condition, the potential must be positive in field space
along large values of the fields. Therefore the scalar potential has to be bounded from below.
The Higgs potential (3.21) must be positive in all field space directions for asymptotically large
values of the fields ref. [56]. The perform derivation of the stability condition in the generic
basis.

It is possible to rewrite the 2HDM scalar potential (3.21) by applying the following para-
metrisation:

oL, i0

D =rc,, Dy =rs,, ——— = pe 4.1
‘ 1| Y | 2‘ v ’(I)IHCI)2| p ( )

where v € [0,7/2], p € [0,1], 0 € [0,27). After the parametrisation the scalar potential (3.21)

can be written as:
V =1V, 4+ 1%, (4.2)

where the quartic part with respect to (4.1) is:

2.2 2

C.,S

T (4.3)
2 2 2

+ Asp s sican + [/\603{ + )\783] 2pcys4co

1 1
Vi :§Alc§ + 5)\28§ + )\30383 + A\yp

V} is positive in all directions when the following requirements are met:

)\1 > O, )\2 > 0, )\3 > —1/ )\1)\2 (44)

In the C'P-conserving case there is an additional condition:

/\3—|—>\4— |/\5| > —/ )\1)\2 (45)

These conditions can be derived by sending some of the directions of the potential to infinity.

For example, in order to get constraint of A, r?c,s, value is set to co. The above conditions
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are sufficient to ensure the EW vacuum stability.

4.2 S-Matrix Tree-Level Unitarity and Perturbativity Conditions

The unitarity constraint comes from the idea, that the scalar-scalar scattering amplitudes at
the tree-level must respect unitarity. This leads to an upper bound of the potential parameters
[57].

There are several possible &£, — £3€4 scattering processes in the high energy limit. Only
the scalar interactions contribute to the S matrix partial wave amplitude. There are several
different possible channels. For simplicity the S matrix is split into several components as most
elements are zeros. This splitting is based on a total charge of the scattering process. There

are 14 neutral weak eigenstate channels:

1 1
wiw: Y, Jwiw; ), lwiwy ), —=|zz ), —=|hihi ),
witwi ), ot ), fwfur ), el ), sl ) o)
|hizi>a |212’2>7 |h1h2>, |h122>, |h221>

8 singly charged scattering processes:

|wZ+Zz > ) ’wi_ZQ > ) |w;Z1 > )

(4.7)
|wl+hz > ) |wf—h2 > ) |w;h1 >
3 doubly charged scattering processes:
LT Lo+ +, .+
E|w1 wy” ), ﬁ|w2 wy ), [wiwsy ) (4.8)

It turns out that all of these scattering processes can be written down with only 4 S matrices.

We get the following S matrices:

3)\1 2)\3 + )\4 3)\6 3)\2;
P 20+ M 3 3\, 3\ G s
0,0) — ) 2,0) — N3 T 4,
0.0 3N 3\ AsH2\ 3A 0)
3¢ 3\ 3\s A3+ 2\ wo)
SN Mods V2N
DYDY WD\
S) = ; ; ; AI . Sen=1 X Ay V2XE
6 7 3 5
N5 V2N s 4 A
Xe At X5 N V2L V2 At A
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In a C'P-conserving case they are simplified to:

A As 0
Seny = | As A 0 ,
0 0 X3+
8(2,0) = )\3 - )\4;
AM N 000
M A 0 0
Son =" " 7 (4.10)
0 0 X3 As
0 0 X5 A3
3Ad1 2X3+ A 0 0
203 + Ay 3o 0 0
S00) =
O O )\3 + 2)\4 3)\5
0 0 3hs A3 +2)\
Eigenvalues of the corresponding S matrices are:
even __ 1 2 9 odd
A’ = ) ()\1 tAE \/()‘1 — A2)” + 4[5 ) ) AJT" = A3+ Ay,
Aggd = A3 — Ag,
(4.11)

1
Aois' =5 (A1 o /(= Ao’ +4Ai) o AGE = Al

1
Agwer =3 (3/\1 80 /9 (0 — A)? +4(20 + A4)2) A = A+ 20 £ 3|

In a non partial-wave expansion we limited the eigenvalues of the scattering matrices by
16m. A note should be taken that if the 2HDM tree-level amplitude grows with energy then
unitarity condition is violated at higher energies.

Also there exist quartic Higgs perturbativity constraints. These constraints can be applied

by demanding that quartic Higgs couplings fulfil:

| Ghitjhhy | < 40 (4.12)

where quartic Higgs couplings are determined in eq. (3.108-3.110). By applying the perturba-

tivity conditions we restrict the value of ¢3.

4.3 Peskin-Takeuchi Parameters

In this section we cover 2HDM scalar potential constraints by applying Peskin-Takeuchi

parameters. We only check S, T and U parameters. We inspect these values directly without
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correlation coefficients between these parameters. Analysis was performed in the following

linear approximation form [58]:

_ Aww(0)  Ag(0)

T =
YT T Ty
g9’ 2 2 2 23%{/ —1 2
=S =cjy |Fzz (my) — Fyy (m3) + | =2— | Fz, (m3) |, (4.13)
167 Swew
g—2(5+U)—F (m2) — B, (m%) — W F, (m2)
167 = 4ww w Y w Zn w

Due to interactions of the 2HDM Higgs bosons with gauge bosons there arise additional cont-

ribution. For simplicity we use the following two-point loop functions [59]:

Bao(q?; mi, m3) = Bas(q®; mi, m®) — By(0; m3, m?),

(4.14)
Bo(q*; mi, m3) = Bo(q®; mi, m®) — Bo(0; m3, m?)
where
2. 2 2 1 2 2 1 1 .
Bas(q7; m7, m3) :—(A+1)[m1+m2——q } - = dx X In(X — ie),
4 3 2 Jo
L (4.15)
Bo(g*; m3, m3) = A —/ dx In(X — ie)
0
In d space time dimension coefficients X and A are:
X =mlz+mi(l — ) — ¢*2(1 — ),
(4.16)

2
A:m—l—ln(@r)—y

We skip the derivation of the Peskin-Takeuchi parameters. Explicit derivation of S, T" and U
parameters is presented in ref. [54].

Next we discuss contribution from the 2HDM C' P-conserving case to the Peskin-Takeuchi
parameters. The 2HDM contribution to T’ is:

T g (el P, ) = P, )
— ¢y F(m3, m3) — g5 F(mi, ms)
+ iy [F(miy, my) — F(mZ, m})] (4.17)
+ 4m3, Bo(0; my,, mi) — 4m?% By(0; m%, mi)
— 4q2, [m%VBO(O; mi,, mi) —m%By(0; m%, mi)}

+ F(mz, mg) — F(my, mg)}
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where .
2 2 mimy
(ml + m2) - 2 2

my —m;

2
m

In("L) (4.18)

N | —

m3

In case of m; = m; we get F((m?, m?) = 0. This can be simplified to:

2 3 2
g
~ 64m2m2 { Z |Ck|2F(m%i’m§fk> - Z |Ck|2F(m§{k, m})
W k=1 1
2
+3 |Co k2 [F(m3,mb,) — F(miy, m¥, )] (4.19)
k=1

—BU%m;nﬁ»—Fmﬁhm%]}

where
C= {Cﬁ_a, SB—a 1} (420)
The 2HDM contribution to S is:
1
S:W[qzllggg(m%; m%, m;) — By(my; my, mi)
— miy g Bo(my; my, mi) +mzBo(mZ; my, m) (4.21)

+ a1 Baa(mz; my, m3) + g3 Baa(miz; mi, mg)
+ 31 Baa(mz; mi, m3) — Boo(m; miys, miys)
In the 2HDM U is defined in the following way:

1
S+U:7rm2 [ = giamiy Bo(miys miy, mg) +miyBo(miy; miy,, md)
w
4.22
— Bos(miy; my, m3) + qiyBaa(miy; miy, my) (4.22)

+ |qu2|*Boz (miy s mipe, mi) — 2Boa(miy; mis, m?{i)}
S and U parameters can also be simplified. Before that additional functions should be intro-

duced. This functions relates masses of two Higgs bosons above the scale (), which corresponds

to masses myy or my:

16 _x+ z—y)?
3[24+y? 22—y (x—y)P]. o (4.23)
— — + In—+ —f(t,r)
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where t =z +y—Q, r = Q*—2Q(z +y) + (r — y)* and f(t,7) is:

Vrin || r>0
flt,r) =40 r=0 (4.24)

24/—r arctan @ r<0
Another function is:

lnz—i-l
Q@ Q

Flt,r)—24 (4.25)

G, Q) = G(x.Q.Q) + F—“Qq}

Q@ r-Q

In terms of functions G(z,y, Q) and G(z, Q), the S parameter is:

2 2
g
{[siv — ey PG (mipe mipe my) + ) |ChlPGmie,mips,m3)

Togpr2.2
384mieyy, £
3
_ 21nm§{i + Zln quk —1In mi (4.26)
k=1
2
+ ) |Cs kPG (Y, m3) — G(ms, mQZ)}
k=1
and U is:
P e
U=5sim { D GG (miye, miy, miy) — [ty — Gy Gmipe, miye, my)

k=1

2
k=1 (4.27)

2
+ D14l [Gm3, miy) = Gmd, m3)
k=1

G mly) + é<mi,m2‘z>}

In our research we used the limits presented by the Gfitter group [60]. At the reference
point my, = 126 GeV and m; = 173 GeV they get:

S =0.05+ 0.11,
T = 0.09 £ 0.13, (4.28)
U=0.01+0.11
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5 Analysis of the C'P-Conserving 2ZHDM Potential

By taking into consideration everything written in the last two chapters we performed a
numerical analyses of the C' P-conserving 2HDM. For the research we used the 2HDMC. Also by
the means of Mathematica computation program we performed a check of possible models. First
of all, we performed a test run of the 2HDMC in the generic basis. For this task we modified
the 2HDMC. A random number generator (RNG) was implemented along with changing the
input format to a convenient form and fixing several bugs. Theoretical and numerical results
were compared to get an idea of possible limits of the 2HDM, which afterwards were used to
improve the efficiency of computing and reduce the number of input parameters. We discuss
our approach to numerical analyses of the C'P-conserving 2HDM and check theoretical and

numerical results.

5.1 Our Approach to the Analysis of the C'P-Conserving 2HDM
Potential

As stated earlier, the main tool for the analysis of the C'P-conserving 2HDM potential was
the 2HDMC. First of all we performed a test run by generating 107 random CP-Conserving
2HDM scalar potentials. It turned out that only 3427 points were valid in terms of the 2HDM
potential stability, tree-level unitarity and quartic Higgs perturbativity. We call this test the
UPS check.

This test brought up several problems. First of all, such research is time consuming. On
average we managed to get around 7 points per hour ** after the UPS check. Another problem is
that data takes a lot of space. A default single output is 360 bytes long. Therefore modifications
of the 2HDMC were a must.

First of all, the 2HDMC code was modified to check the model only if parameters satisfy
the UPS check. Prior to that all possible parameters were calculated at once. This simple
modification reduced computing time by a lot. Secondly, if all of the UPS check conditions are
satisfied result is saved.

At this point a possible further reduction is possible. From the theoretical analysis of

13For the relevance all computing was CPU based and performed on i7-6700k 4.6 GHZ under full load.
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eq.(4.4, 4.5, 4.11, 4.12) we found that:

0 <M < 4,
0 <Ay < A4m,

—4m <)\3 < 8,

B2, 32

——T —T
3 1oy
24, _ 24

——T —m
5 5> 5

(5.1)

Due to mathematical complexity we failed to perform a more in-depth analysis. One of the
possible solutions is to fix A = 0 and therefore it becomes possible to analyse both 2HDM
potential stability and S matrix unitarity. On the other hand, if we account for the pertur-
bativity condition, we get two additional parameters and therefore this implies that there are
two additional degrees of freedom. Obviously this arises even more problems. We compared

theoretical A;_5 values eq.(5.2) with the ones we got from the numerical analysis fig.8:

0.01 <\; < 12.13,

0.01 <Xy < 10.91,
—6.95 <Az < 24.73, (5.2)
—23.8 <Ay < 11.75,
—12.1 <)5 < 8.61

Which are in consistency with the theoretical eq.(5.2) ones. Also we include coupling values in

Higgs bases:
0.26 <77 < 4.23,

0.01 <Z5 < 4.19,
—1.16 <Z3 < 24.68,
—23.71 <Z, < 11.37, (5.3)
—12.33 <Z5 < 7.42,
—4.34 <Zg < 4.25,
—4.42 <77 < 4.37
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At this point we switched from using the generic basis as an input to the mass eigenstates

basis. The input is the following:

3 physical masses : my [130; 1200] GeV,
ma [92;1200] GeV,
mg=+ [300; 1200] GeV.

2 mixing angles : a [—7/2; 7/2],

tg (0; 100]

We assume that C'P-even 2HDM sector is degenerate and thus the lower mass limit for the
C P-even heavy Higgs is at least my = 130 GeV. Current experimental combined lower mass
limits for m4 and my+ were taken from ref. [4]. We set the upper limit for all of the Higgs
bosons to 1200 GeV. We assume that this interval is enough for searches at the LHC in the
following years.

We chose the mass eigenstates basis as it is the only basis where one of the parameters is
fixed. It is the SM Higgs boson mass. Value of the SM Higgs is randomly generated based on
a ref. [3]. The mass of the SM Higgs boson turned out to be uniformly distributed. This can
be seen by taking a look at fig.9.
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Figure 9: Frequency distribution of the SM-like Higgs boson h mass after the UPS check.

69



Based on determination of couplings A;_5 and our choice of the possible Higgs boson mass
values, the range for the value of the coupling coefficient m?, is determined to give a valid
parameter point. Afterwards m?, is randomly chosen in the allowed range. Result is presented
in fig.10.

2.0x10° 7
1.5x10° 4

1.0x10°

5.0x10*

[GeV?

2
12

0.0+

m

-5.0x10*

-1.0x10° 4

-1.5x10° T ———— ———r
0.1 1 10 100

0.30 4 -1.0

o

)

a
1

0.8

o
)
o
1
T
o
o

.
T
o
~

0.10

Relative Frequency
o
o
1
Cumulative Frequency

T
©
[N}

0.05

_//‘L 0.0

0.00

T T T T T
-2x10° -1x10° 0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10°
2
m., [GeV]

Figure 10: Result of generating m?2, parameter after applying the UPS check. Scatter plot of
m3, as a parameter tg (top). Frequency distribution of m?, (bottom).
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At this point, after applying all of the mentioned tweaks we performed a 500 hour run. We
managed to get 224619 valid points in the mass eigenstates basis. This results in around 450
points per hour. That is 64 times more effective computing compared with the default 2HDMC.
Size was reduced from 360 bytes to 244 bytes. That is more than 30 per cent reduction.

Further we analyse the Peskin-Takeuchi parameters by comparing them with values from the
Gfitter group. In our analysis we inspect these values directly without correlation coefficients
between the S, T and U parameters. As expected, the most severe constraints came from the
T parameter, which is a good sign. The valid region of the model after applying the Gfitter
group results is presented in fig. 11. After applying constraints on Peskin-Takeuchi parameters,
224 619 points were reduced to 23 822.

Figure 11: S-T plane. The shaded area is the allowed contribution from the new physics based
on Gfitter values.

Finally, the decay rates are checked. For this check the program Higgs Bounds (HB) [61]
is used. We check the fermiophobic model where the Yukawa couplings of the second Higgs
doublet are zero. This way we get the minimal constraint on the Higgs bosons decay rates. After
applying the HB check, the number of parameters is reduced from 23822 to 2977. Afterwards
we check if such model is possible in the Type II1 2HDM by randomly generating 10 000 Yukawa
couplings. It turned out that all 2977 model points are possible.
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5.2 Results of Our Analysis of the C'P-Conserving 2HDM Potential

In this section we discuss the possible values of the Higgs bosons masses in the CP-
conserving 2HDM potential. We think that in the upcoming years LHC will be able to cover
the mass interval of the Higgs sector up to 1200 GeV. Although the results are based on the
C P-conserving 2HDM potential, nevertheless they can be achieved in the general model. We
provide the frequency distribution of possible mass values at different 2HDM check steps in
fig.(12, 13, 14). The maximum values are presented in tab.5.

Table 5: The maximum mass values, in GeV, of the additional 2HDM Higgs bosons at different
check steps.

| UPS | UPS+STU | UPS+STU+HB

my || 1178.31 | 1178.31 1178.31
mya | 1126.57 | 1098.43 1098.43
mp= || 1162.94 | 1162.94 1162.94
0.08 - —UPS
——UPS + STU
UPS + STU + HB
>, 0.06 -
[S]
c
(]
=)
o
o
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2
; e
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Figure 12: Frequency distribution of the mass of the C'P-even Higgs boson H at various 2HDM
potential check steps.
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Figure 13: Frequency distribution of the mass of the C'P-odd Higgs boson A at various 2HDM
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potential check steps.
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From the plot fig.12 it can be seen that there is a steep at the value of my = 500 GeV.
We analysed this region and it turns out that this is due to the quartic Higgs perturbation
condition. In the plot fig.13 the peak after all three checks corresponds to the value m4 = 2m;,.
This is an undistinguishable decay process by HB.

Also we provide more detailed results after applying all of the three discussed 2HDM const-
raints. For convenience, frequency distribution of all three Higgs bosons is presented on one

plot. The result can be seen in fig.15.
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Figure 15: Frequency distribution of the 2HDM additional Higgs bosons after applying all three
check steps.

A useful value for the determination of couplings between the 2HDM is the physical mixing
angle sz_,. Possible values of sz_, are presented in fig.16. It can be seen that the most
favourable values are around sg_, = 41. This indicates that the 2HDM sector is SM-like.

We also present relation between o and ( in fig.17. An interesting conclusion can be made
about the value of the C'P-even Higgs mixing «. The most probable value of o corresponds to

the non-degenerate case. This explains the peak at minimum values of the plot fig.12.
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It turns out that in our model the most possible value of ¢4 is around one. This corresponds

to the of the maximal mixing between Higgs doublets. This can be seen in fig.18.
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Figure 18: Frequency distribution of the ratio of VEVs relation after applying all three check

steps.

We face the fact that in most articles generic bases and Higgs bases are used for the analysis.

Therefore we show our results in terms of couplings A and Z. The generic basis is presented in

fig.19 and Higgs bases in fig.20. We found that possible values of coupling coefficients lay in

the following intervals:

0.0l <X\ < 1213,

0.01 < Ay < 10.53,
=554 < A3 < 19.27,
—13.66 < Ay < 7.5,
—8.67 < A5 < 6.5,
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6 Results and Conclusions

In the process of the research we obtained several results:

o We worked out possible transformations of the 2HDM C P-conserving potential between

the generic basis, Higgs bases and the mass eigenstates basis
o We derived and applied theoretical constraints of the 2HDM C'P-conserving potential:

— Stability of the potential

— S matrix tree-level unitarity

— Quartic Higgs bosons perturbativity
— Peskin-Takeuchi parameters

o Using the 2HDMC and our own code we managed to get stable 2HDM C P-conserving

potential

By performing multiple transformations of the 2HDM C'P-conserving potential we managed
to get to the original values. Therefore the derived transformations during the research are
correct. Numerical results of both 2HDMC and our code coincide. This implies that theoretical
constraints were derived correctly. After applying all of the constraints on the 2HDM CP-

conserving potential we got the following maximum values of the Higgs bosons masses:
e my = 1178.31 GeV
e my = 1098.43 GeV
o mpy+ = 1162.94 GeV

All of these conditions are in the interval 0.9 <tz < 1.2. This might point out that the generic
basis is more preferable in the C'P-conserving 2HDM.

We managed to improve computing results of our Monte-Carlo sampling by at least 60 times.
After applying all possible 2HDM check steps we got 2977 valid C'P-conserving parameter
points in the 2HDM parameter-space.
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Anton Kuncinas

ISPLESTINIO STANDARTINIO MODELIO HIGSO SEKTORIAU TYRIMAS:
STABILAUS CP-SIMETRISKO DVIEJU HIGSO DUBLETU POTENCIALO
PAIESKA SKIRTINGOSE BAZESE

Santrauka

Siame darbe nagrinéjamas dviejy Higso dublety modelis. Dviejy Higso dublety modelio
potencialas buvo tirtas analitiskai ir skaitmeniskai. Aptariami fenomenologiniai C'P simetrisko
(Kombinuoto kruvio ir lyginumo simetrijos) dviejy Higso dublety modelio aspektai. Pagrindinis
tikslas - apriboti stabilaus C'P simetrisko dviejy Higso dublety modelio potencialo parametry
vertes. Darbo teorinis jvadas pateiktas 1-2 dalyje.

Per kelety pastaryjy deSimtmeciy buvo sukaupta daug eksperimentiniy duomeny, patvir-
tinanc¢iy Standartinio Modelio galiojima. 2012 metais Didziajame hadrony greitintuve (LHC)
buvo rasta paskutiné Standartinio Modelio dalelé - Higso bozonas, taciau néra tiesioginiy eks-
perimentiniy jrodymy, kad egzistuoja tik vienas Higso bozonas. Manoma, kad elektrosilpnosios
saveikos Higso sektorius gali buti didesnis, t.y.: susidéti iS daugiau negu vieno Higso dubleto.

Dviejy Higso dublety modelis yra paprasc¢iausias Standartinio Modelio Higso sektoriaus
pratesimas. Siame modelyje Higso sektorius yra iSple¢iamas papildomu SU(2) dubletu. Dél
to, Higso sektorius tampa sudarytas i$ astuoniy skaliariniy lauky. Trys laukai yra nefizikiniai
Goldstono bozonai, o likusieji penki laukai yra fizikiniai Higso bozonai. Fizikinius Higso bozonus
sudaro du neutralus C'P simetrijos lyginiai & ir H, vienas neutralus C'P simetrijos nelyginis A
ir du jkrauti H=.

Analitiskai buvo istirtas atvejis, kaip galima uzrasyti dviejy Higso dublety modelio po-
tencialg skirtingose bazése. Ne visas transformacijas pavyko uzrasyti bendru atveju, o tik tas,
kuriose dviejy Higso dublety modelio potencialas iSsaugo C'P simetrija. Buvo istirti dviejy Hig-
so dublety modelio potencialo apribojimai: potencialo stabilumas, medzio lygmens S-matricos
unitariskumo salyga, keturiy Higso bozony sgveikos perturbatyvumo uztikrinimo salyga. Si
patikrinima mes pavadinome UPS (unitariskumas, perturbatyvumas ir stabilumas). Uztikrinus
sias salygas potencialui yra jmanoma apriboti 2HDM sarysio koeficientus ir Higso bozony ma-
ses. Taip pat pavyko teoriskai iSvesti Peskin—Takeuchi parametrus S, T, ir U. Eksperimentinés
siy parametry vertés yra paimtos is Gfitter grupés. Rezultatai pateikti 3-4 dalyje.

Tyrime buvo naudojamas dviejy Higso dublety modelio skai¢iuotuvas 2HDMC, sukurtas
D. Eriksson et al. . Deél jvedimo formato nebuvo jmanoma automatizuoti skai¢iavimy. Siekiant
sumazinti duomeny apimtj ir padidinti skai¢iavimy sparta, buvo patobulintas 2HDMC kodas.
Aprasyma galima rasti 5 dalyje. Skai¢iavimy sparta padidéjo beveik 64 kartus, o duomeny

apimtis sumazéjo 30 proc. Tam realizuoti buvo pakeistas algoritmas. Visy pirma buvo konver-
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tuotas 2HDMC jvedimo formatas j patogia forma. Taip pat, atsizvelgiant j teorinius rezultatus
gautus iS UPS patikros, buvo apriboti tam tikri jvedimo parametrai. Pasinaudojant modeliavi-
my su Siais jvedimo parametrais rezultatais ir eksperimentinémis Peskin-Takeuchi netiesioginiy
parametry S, T ir U vertémis, modelio parametrai buvo dar griezc¢iau apriboti. Paskutiniame
zingsnyje buvo patikrinti skirtingy Higso bozono skilimai atsizvelgiant j eksperimentinius re-
zultatus su HiggsBounds programa III tipo Yukawa lagranziano atveju. Visi gauti rezultatai
papildomai buvo patikrinti ir su musy sukurtu Wolfram Mathematica paketu darbui su dvieju
Higso dublety modeliu. Visi rezultatai sutapo.

Po visy patikrinimy gavome tokias dviejy Higso dublety modelio skirtingy Higso bozony

masiy maksimalias vertes:
o my = 1178.31 GeV;
e my = 1098.43 GeV;
e my+ = 1162.94 GeV.

Sios vertés atitinka atvejj, kai ts parametras, t.y. dviejy Higso dublety vakuumo vidutiniy
verciy santykis, yra arti vieneto. Tokiu atveju, matematiniams modeliavimams patogesné yra

apibendrintoji negu Higso bazé.
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KUNCINAS, Anton. ANALYSING THE EXTENDED HIGGS SECTOR OF THE STANDARD
MODEL: IN SEARCH OF STABLE CP-CONSERVING TWO HIGGS DOUBLET POTENTIALS
IN DIFFERENT BASES: Undergraduate physics course thesis. Supervisor doc. dr. Thomas
Gajdosik. Vilnius: Vilnius University Faculty of Physics, 2017, 86 p.

In this thesis we analyse the CP-conserving 2HDM. During our research we performed both
theoretical and numerical analyses. We derive possible transformations between the generic basis,
Higgs bases and mass eigenstates basis. Also we show how the 2HDM interacts with gauge bosons
and fermions. For the numerical analysis we used the 2HDMC by D. Eriksson et al. We modified the
2HDMUC code to suit our needs. Results are presented at different 2HDM check steps.
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