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ABSTRACT

SEARCH FOR PHYSICS BEYOND THE STANDARD MODEL WITH
ADDITIONAL NON-STANDARD PARTICLES AT FUTURE COLLIDERS

Senol, Abdulkadir
Ph.D. Thesis, Department of Physics

Supervisor: Prof. Dr. Ahmet Turan ALAN

February 2008, 104 pages

This thesis is based on work done in three different problems related with addi-
tional non-standard particles in framework of physics beyond the standard model:

In the first problem, we investigate the production of fourth family up-type
quarks using effective Lagrangian approach at future lepton-hadron colliders and
study the kinematical characteristics of the signal with an optimal set of cuts.
We obtain the upper mass limits 500 GeV at THERA and one TeV at Linac ®
LHC.

In the second problem, we investigate the single production and decay of
charge -1/3 ,weak isosinglet vectorlike exotic D quarks in string inspired Eg the-

ories at future ep colliders; THERA with /s=1 TeV, L = 40 pb~! and CERN

il



Large Hadron Electron Collider (LHeC) with /s=1.4 TeV, L = 10* pb~!. We
found that an analysis of the decay modes of D should probe the mass ranges of
100-450 GeV and 100-1200 GeV at the center of mass energies, 1 and 1.4 TeV |
respectively.

In the last problem, we examine the possible single and pair production of a
heavy neutrino (v4) in ep, pp(pp) and e~ e™ collisions in the context of a new ev, W
and 4,7 anomalous magnetic dipole moment type interactions and analyze the
background using optimal cuts. We have obtained the mass limits of 700 GeV
for THERA (y/s=1 TeV), 2.8 TeV for LC® LHC (1/s=3.74 TeV) and 2 TeV at
Large Hadron Collider (LHC). At ILC options /s = 0.5 and 1 TeV these limits

are 450 and 950 GeV, respectively.

Keywords: Fourth generation, Exotic quark, Models beyond the standard

model, String inspired Eg model.
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OZET

STANDART OLMAYAN EK PARCACIKLARLA STANDART MODEL
OTESI FIZIGIN GELECEK CARPISTIRICILARDA ARASTIRILMASI

Senol, Abdulkadir
Doktora Tezi, Fizik Bolimii

Tez Damgmani: Prof. Dr. Ahmet Turan ALAN

Subat 2008, 104 sayfa

Bu tez, standart model otesi fizik cercevesinde standart olmayan ek parcaciklar
ile iligkili ii¢ farkli problem iizerindeki ¢aligmalara dayanmaktadir.

Birinci problemde, gelecek lepton-hadron garpistiricilarinda efektif Lagranjiyen
yaklagimi kullanarak tist tipi dordiinci aile kuarklarin tiretimini inceledik ve op-
timal smirlandirmlar ile sinyalin kinematik karakteristigini calistik. Kiitle iist
limitini THERA (y/s= 1 TeV) da 500 GeV ve Linac ® LHC (y/s= 5.3 TeV) de
1 TeV bulduk.

Ikinci problemde, gelecek ep carpistiricilarindan, kiitle merkezi enerjisi 1 TeV
ve 15mhig1 40 pb~! olan THERA ve kiitle merkezi 1.4 TeV, 1smhg1 10* pb~! olan

CERN Biiyiik Hadron electron Carpigtiricist (LHeC)’ nda, yiikii -1/3 olan zayif



estekli vektorbenzer egzotik D quarklarin iiretimini ve bozunumunu sicim esinli
Es modeli cercevesinde inceledik. D nin bozunum modlarinin analizinden kiitle
araliginin kiitle merkezi enerjisi 1 TeV iken 100-450 GeV ve kiitle merkezi enerjisi
1.4 TeV iken 100-1200 GeV arasgtirilmasi gerektigini bulduk.

Son problemde ise, ep, pp (pp) ve e” e’ carpigtiricilarinda agir nétrinolarin
(v4) yeni evy,W ve vyvy7Z anormal manyetik moment tipi etkilegmelerini igeren
tek ve ¢ift iiretimini inceledik ve optimal sinirlandirmalar kullanarak fonu analiz
ettik. Kiitle sinirlarimi THERA igin 700 GeV, LC' ® LHC i¢in 2.8 TeV ve Biiyiik
Hadron Carpigtiricisi (LHC) igin 2 TeV bulduk. Bu kiitle sinirlar1 Uluslararas
Dogrusal Carpistiricist (ILC)min iki segenegi 1/s= 0.5 TeV ve y/s= 1 TeV igin
sirayla 450 ve 950 GeV dir.

Anahtar kelimeler: Dordiincii aile, Egzotik kuark, Standart model 6tesi

modeller, String inspired Eg model.
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CHAPTER 1
INTRODUCTION

The main purpose of elementary particle physics is to expose the inmost building
blocks of matter and fundamental forces acting between them. The physics of
elementary particles is also important to understand the evolution of the Universe
from the Bing Bang to its present appearance. The development of elementary
particle physics have two important sides: one is setting up physical models and
calculating the observables with the appropriate mathematical methods. The
other one is discovering new particles with the particle accelerators and detectors

and measuring them with high precision.

1.1 Standard Model

The Standard Model (SM) describes matter-constituting and force-carrying par-
ticles and the interaction between them, except gravity. The matter-constituting
particles are divided into two kind of fermions (which obey the Pauli exclusion
principle); quarks and leptons. Each of leptons have two groups; one carries an
electric charge which includes electron (e), muon (u), tau (7) and an another is
electrically neutral which is electron neutrino (), muon neutrino (v,) and tau
neutrino (v,). The quarks, have fractional charges, include up (u) and down (d)
which are bound in protons and also other massive quarks, charm (c), strange
(s), top (t) and bottom (b). The matter-constituting particles are summarized
in Table 1.1. The matter constituting particles interact with each other through

the exchange of integer spin gauge boson. These bosons are the mediators of



Table 1.1: The fundamental matter constituting particles of SM.

1st generation 2nd generation 3rd generation

up (u) charm (c) top (1)

mass : 1.5 — 3.0 MeV mass : 1.25 GeV mass : 174.2 GeV

charge = 2/3 charge = 2/3 charge = 2/3
Quarks | down (d) strange (s) bottom (b)

mass : 3 — 7 MeV mass : 95 MeV mass : 4.20 — 4.70 GeV

charge = —1/3 charge = —1/3 charge = —1/3

electron (e) muon () tau (1)

mass : 0.511 MeV mass : 105.6 MeV mass : 1.776 GeV
Leptons | charge = —1 charge = —1 charge = —1

electron neutrino (v.) | muon neutrino (v,) | tau neutrino (v,)

the three fundamental forces; the electromagnetic, weak and strong. These force
carrier particles are summarized in Table (1.2). Among the forces the gravity
can be ignored in high energy physics because it is too weak compared to the
other forces acting between elementary particles.

The strong force binds the quarks together into the hadrons such as protons
and neutrons which are described by Quantum Chromo Dynamic (QCD). Its ex-
change particles are called gluons (g). They act on everything that has color
charge, which is carried by quarks and by the gluons themselves. QCD is a non-
abelian SU(3) gauge symmetry (if the group elements commute with each other
in a group, this group is an Abelian group) which includes quarks come in three
color (red, blue and green) and gluons come in eight colors. The theory pre-
dicts, the effective coupling strength (ay) decreases with the increase of energy,
therefore quarks are confined in hadrons but behave like free particles at high
energy (short distance or asymptotic freedom). The electromagnetic interaction
is described by the Quantum Electrodynamics gauge theory (QED). This theory
based on the Abelian U(1) symmetry which yields the conservation of the electro-
magnetic charge and the appearance of massless gauge boson called photon (7).

The weak interactions are mediated by W+ and Z° bosons which affect on all



Table 1.2: The force carrier particles in the Standard Model.

| Carrier Particle | Force | Mass (GeV) | Range(m) |
Gluon (g) Strong 0 10~
Photon (v) Electromagnetic 0 00
W 80.403 T
20 Wealk 91.1876 10

fermions. In 1967, the electromagnetic and the weak interactions are combined by
Glashow-Weinberg-Salam (GWS) [1, 2] as called electroweak interactions. The
unification is based on the theory that both quarks and leptons carry internal
quantum numbers which transform under the SU(2), x U(1)y symmetry group.
Here SU(2) is non-Abelian electroweak isospin group and U(1) is the Abelian
hypercharge group.

In the SM, particle masses are generated by spontaneous breaking of the
SU(2)r x U(1)y symmetry of vacuum which is generally called Higgs mechanism

[3, 4, 5]. In this mechanism, we consider an SU(2) doublet of complex scalar as

o 1 ¢1 + 192
¢(z) = =7 (1.1)
¢° ¢3 + iy
A convenient selection of the neutral direction is ¢; = ¢ = ¢4=0 to preserve

electric charge conservation. Therefore, the non-zero vacuum expectation value

of ¢ is

0
() = — with v = (=212 (1.2)

V2 |, + h(zx)

an explicit renormalizable Lagrangian (Renormalizable theory is a theory in which

all physical infinite contributions can be consistently eliminated through a can-



celation procedure)that leads to a vacuum expectation value
L =Dy — 2¢'o — No'¢) (1.3)

where D, = 0, — (1/2)igo*W3 — (1/2)ig'B,, B, = 0,B, — 0,B, and W, =
oW, —0,W,, — gW, x W, are respectively, the gauge fields of SU(2);, and U(1)y
symmetries, with g and ¢’ the corresponding gauge couplings and o%(a = 1,2, 3)
are the Pauli matrices. The gauge boson mass term comes from the square of the

covariant of the ¢

i i
Dol = (0, — 5gaawgf — 5g’BM)¢>|2 (1.4)
g2,U2 U2 1

= T(W{‘ +iWE (W —iW2) + g(gwg‘ — ¢'B")?* + 5(3%)2 + ..

the mass term of the charged gauge boson field and neutral components of the

gauge fields W1 and B* in Eq. (1.4) are given by

W = (W, £iWp) with My = g%

Zy = —5—gW) —g¢'B,) with My =\/¢>+g?} (1.5)

+g

i

A, = ;(ngqug’Bu) with M4 =0

92 +g/2

;

If the arrangement of scalar Higgs fields ¢ allows one to construct SU(2), xU(1)y
invariant interaction of the Higgs fields with fermions, the fermion masses are
obtained. Finally, The pure SM Higgs Lagrangian which includes kinetic part of
Higgs field, the last term in Eq. (1.4), and Higgs mass and self interaction parts

come from the scalar potential V(¢) = pu2¢'é + A(¢'¢)? are given by

2

L= = %(8‘%)2 - %(h +v)? — EA(h +v)? (1.6)



1 A vt
_ liaupy2 2,272y, 23 g4
2(8 h)* — Av°h* — \vh 4/1 + T

From this Lagrangian, the Higgs boson mass is

mp = \/§,u2 = \/gv.

This particle is known as the Higgs boson which is the agent of electroweak sym-
metry breaking. Therefore, the search for Higgs boson with the Large Hadron
Collider (LHC) is the highest priority steps to understand the origins of elec-

troweak symmetry breaking.

1.1.1 Standard Model Lagrangian

The SM Lagrangian is constructed to be locally invariant under the U(1)y of weak
hypercharge, the SU(2), of weak isospin and SU(3). of color. These components

are given by

1 1 1
L= =W W = 2By B = Gy G
- 1 1 _ 1
+L~*(10, — 397 W, — Eg’YB#)L + Ry*(i0,, — §g’YBH)R
. 1 1
H(i0u = 597 Wi = 59V Bu)gl” = V() (1.7)

—(g1 LR + g2 LPR + h.c.)

1 7] a a
59 BN G

where G, = 0,G¢, — 8,,GZ —gsfachZG,ﬁ are gluon fields with a = 1,2, ..., 8 runing
over gluon indices, L and R represents a left handed fermion doublet and right
handed singlet, respectively, ¢(@) the Higgs doublet and its conjugate and ¢Z a

quark color field. First line of this Lagrangian describes kinetic energies and self



interactions of gauge bosons (W=, Z° ~ and gluon), second line is fermion kinetic
energies and their electroweak interactions, third line is masses and couplings of
the W*, Z° ~ and Higgs boson, last line is interaction between quark-gluon
couplings.

To summarize, the SM defines the behaviour of strong and electroweak inter-
actions between 25 particles as six quarks and leptons, twelve gauge bosons and
Higgs boson. These interactions are described by 19 parameters: three gauge
couplings (g, ¢" and g,), the self-coupling (\) and vacuum expectation (v) of
Higgs field, the mixing angle (sin#,,), the nine fermion masses and four elements
of the CKM matrix. The SM assumes that there are no right handed neutrinos
and thus they are expected to be massless. However, the recent observation of
neutrino oscillations gives evidence that the neutrino mass is non-zero [6, 7, 8, 9].
If we include mass of these neutrinos, three more mass parameters and additional

mixing matrix elements like CKM type must be added to the SM Lagrangian.

1.2 Neutrino Physics

The history of the neutrino begins in 1930. On 4 December 1930 Wolfgang
Pauli postulated the existence of massless, chargeless and non interacting new
particle [10]. These particles are emitted together with electrons in nuclear /-
decay (n — p + e~ + 1) as the carrier of missing energy. He called this new
particle "neutron”, but it was later renamed the "neutrino” by Enrico Fermi in
1934 [11]. The first experimental evidence of W. Pauli’s postulate was directly
observed by Reines and Cowan in a nuclear reactor experiment, inverse 3 decay
(v+p — n+et), in 1953 [12]. The second neutrino from pion decay, muon
neutrino (v,), was detected by Lederman et.al. in 1962 [13] and third neutrino is

tau neutrino which was observed in 2001 at FermiLab [14].



Neutrinos have played a special role in the SM in that they are the only
particles that have zero mass and only interact via the weak interaction. All
neutrinos have only been observed in left handed states (spin parallel to their
momentum), while anti-neutrinos have only been observed in right-handed (spin
and momentum are anti-parallel). This is a consequence of the Vector-Axial
(V — A) structure of the weak interaction. In this theory the spinor of the
fermions or anti fermions produced in W¥ vertex are projected with (14+s). So,
particles are produced in weak interaction vertices with a well defined chirality.
Neutrino interactions occur through two types of boson exchange; the two gauge
bosons which carry the weak force are the W and the Z. Exchange of Z is called
a neutral current interaction, and exchange of a W or W~ is called a Charged
Current (CC) interaction.

However, recent experimental evidence of neutrino oscillation indicate that
neutrinos have a mass [6, 7, 8, 9]. One of the fundamental principle (Neutrino
mass is zero in the SM) of the Standard Model of particle interaction is destroyed
by these experimental results. Therefore, the discovery that the neutrinos have

mass paved the path to extension of the SM.

1.2.1 Neutrino Masses

In the SM, neutrinos only appear in the doublets of the group SU(2), which do
not allow any Yukawa coupling. Therefore, neutrinos have no mass with particle
content of the SM. The nature of neutrino mass and character of neutrino mixing
is determined in Lagrangian by the explicit neutrino mass terms. There are two

possible types of mass terms

1
~Lar =3 M Pinvis + GM (vin) ()" + e (L8)



The first term is a Dirac mass term which allows a conserved lepton number but
might violate the individual lepton flavor numbers, because it has a neutrino and
antineutrino field. MZ is a complex 3 x m matrix.

The second term in Eq. (1.8) is a Majorana mass term. It is a singlet of the
SM gauge group and involves two neutrino fields. Therefore, this term breaks
lepton number conservation by two units and it is allowed only if the neutrinos
have no additive conserved charges. The MZ»]]W is a symmetric matrix of dimension
m X m.

If three light left-handed neutrinos v, and heavy (sterile) v,z neutrinos are
both present, both Dirac and Majorana mass terms exist simultaneously. The

Lagrangian has the form
1_
—Ly = iyci\/[,,l/ + h.c., (1.9)

here
1%99 0 MD
V= and M, =

(vir)* (MP)T MM
The matrix M, is complex and symmetric. It can be diagonalized by a unitary
matrix of dimension (3 + m) which yields two Majorana mass eigenvalues and
eigenstates. There are several interesting cases, in the hierarchy of scales between
MM and MP.
i) If the scale of the MM is very large, this case called the seesaw mechanism. In
this case, there are three light active Majorana neutrinos.
i) If the scale of some eigenvalues of M™ is not higher than the scale of elec-
troweak symmetry breaking, there are more than three light Majorana neutrinos

and mixture of active and sterile neutrinos.

i) Finally, if MM = 0, there are six massive Majorana neutrinos that combine



to form three massive Dirac neutrinos. This result is a pure Dirac netrino field.

1.2.2 Neutrino Oscillation

The neutrino oscillation phenomena hinges on the assumption that neutrinos have
mass and that the mass eigenstates are not the same as the flavor eigenstates.
The idea of the possible existence of neutrino oscillations was first introduced
by Pontecorvo [15] and independently by Maki et.al. [16]. According to this
theory the three neutrino flavors v., v, and v, are not mass eigenstates but
quantum mechanical superposition of three mass eigenstates vy, 15 and v3 with

mass eigenvalues my, ms and mgs, respectively
[ va) =Y UL | v) (1.10)
J

where | v,) represents a flavor eigenstate, | v;) represents a mass eigenstate
and U}; represents a matrix known Pontecorvo-Maki-Nakayawa-Sakata (PMNPS)

leptonic mixing matrix, which can be parametrised as:

1 0 0 C13 0 8136_16 C12 S12 0
U = 0 co3 S93 0 1 0 —S192 c12 0
0 —S893  Ca3 —8136_2(S 0 C13 0 0 1
—id
C12€13 512€13 S513€
— ) ié
- —512C23 — C12513523€ C12C23 — 512513523€ C13523 (1‘11)
s - 70 o — 512 70
12523 — C12513C23€ C12523 — S14513C23€ C13C23

where ¢;; = cosb;; and s;; = sinb,j, (1,7 = 1,2,3). The three angles 5, 023 and

0,3 represent the mixing angles and ¢ is the CP violating phase.



1.2.3  Two neutrinos oscillation

The neutrino oscillations are clearly demonstrated for simplified case of two gen-
eration mixing. In this case the mixing matrix U is described by only one real
parameter . Considering the two neutrino flavors (for example v, v,) as mix-
tures of two mass eigenstates v; and v, with masses m; and msy. The relation

between flavor and mass eigenstates can then be written in matrix form as:

Ve cosf siné v
[ve) | _ | 1) (1.12)

) —sinf cosf | 1)
We assumed that an electron neutrino is created at time ¢ = 0 with momentum

p. This corresponds to the initial states:

| v(t =0)) =| ve) = cosO | v1) +sinb | vy) (1.13)

Applying the time evolution operator, e~**, a time ¢ the neutrino state will be:

| v(t)) = cosfe "B | v)) + sin fe 2! | 1) (1.14)

here F; and E5 are energies of two different neutrino states. Then, the probability

that a neutrino originally of the v, flavor will at a time ¢ be detected as a v, is

Pve = vuit) = | (v, | v(t)) [

= | {—sinf{v, | +cosO(vy |} | v(t)) |?

—1Eot

= cos?fsin’d | e et )2 (1.15)

= 2cos?fsin? 6{1 — cos[(Ey — E)t]}
(Ey — BNt

= sin® 20 sin?|

] (1.16)
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where we have used the approximation, valid for m < p,

) (1.17)

then,

2 _ 02
~ M2 (1.18)
2p
Am?
~ 1.19
5F (1.19)
If L is the distance the particle travels in time ¢, Eq. (1.15) becomes
Am?L
P(v. — v,; L) = sin?(20) sin2(1.27 === (1.20)

where L is measured in km, Am? is measured in eV, E is measured in GeV
and the factor of 1.27 arises from the unit conversion. Eq. (1.20) describes an
appearance oscillation formula with amplitude equal to sin?26 and oscillation

length L given by

E

A=24
8Am2

(1.21)

We note that, if the oscillation length L is much shorter than the size of the
neutrino source or of the detector (or of both), the periodic term in Eq. (1.20)

averages to 1/2 and the oscillation probability becomes independent of L :

1
P= sin” 26 (1.22)
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1.2.4 Neutrino Oscillation experiments

There are two types of oscillation searches:

1. Appearance experiments, in which one looks for the appearance of a new
flavor, e.g., of v, or v; (i.e. of e or 7) in an initially pure v, beam.

2. Disappearance experiments, in which one looks for a change in, e.g., the v,
flux as a function of L and E.

The three main experiments provide evidence of neutrino oscillation: firstly
SuperKamiokande, which investigates the interactions of both solar and atmo-
spheric neutrinos, secondly Sudbury Neutrino Observatory (SNO), which inves-
tigates the interactions of solar neutrinos, and finally KamLAND and LSND,
which study the interactions of reactor neutrinos. These experiments are briefly
discussed here
Super Kamiokande
Super Kamiokande uses a 50 kiloton water Cherenkov detector where constructed
under Mt. Ikenoyama located at the central part of Japan to detect neutrinos
produced by cosmic ray interactions in the atmosphere as well as the properties
of neutrinos produced in the sun [6]. Atmospheric neutrino production is dom-

* — p*F +v,(7,). The pu* then decays via the reaction

inated by the process 7
7t — et + ve(7.). Both the v, and the v, are detected in the Cherenkov detector,
and the number of each neutrino type observed is compared to the expected value.
The Super Kamiokande detector used in cooperation with another measurement
of oscillations done by the KEK (High Energy Accelerator Research Organiza-
tion) to Kamioka (K2K) neutrino oscillation experiment [17]. The neutrino beam
is produced by a 12 GeV proton beam from the KEK proton synchrotron. Af-
ter the production of the neutrinos at KEK they are sent to the SK detector in

Kamioka mine 250 km away.

12



SNO

SNO is a water Cherenkov detector located at a depth of 6010 m of water equiva-
lent in the INCO, Ltd. Creighton mine near Sudbury, Ontario, Canada [7]. Three
neutrino interactions are detected by SNO ; First, the charged current (CC) re-
action v, +d — p + p + e is sensitive exclusively to electron-type neutrinos.
Second, neutral current reaction v, +d — p+n+ v, (x = e, u,7) is equally
sensitive to all active neutrino flavors and finally, the elastic scattering reaction
Vv, + e~ — v, + e is sensitive to all flavors as well, but with reduced sensitivity
to v, and v.. SNO clearly demonstrates that the flavor of solar neutrinos changes
during the journey from the sun to the earth.

KamLAND

The evidence for the oscillations of solar neutrinos has been recently dramati-
cally confirmed by the Kamioka Liquid Scintillator Anti-Neutrino Detector (Kam-
LAND) experiment [8] with a measurement of the flux of reactor neutrinos for
long (L ~ 180 Km) distance. The sensitive volume of the KamLand detector is a
sphere of 6.5 meters radius that contains 1000 tons of liquid scintillator, instru-
mented with photomultipliers. Electron anti-neutrinos can be detected with the
usual reaction: v, +p — et + n, measuring the positron in the liquid scintilla-
tor, the photon emitted in the neutron capture is also observable. The v, flux is
provided by an ensemble of approximately 70 reactor cores located at a distance
between 150 and 210 Km from the detector in several commercial nuclear plants.
LSND

The Liquid Scintillator Neutrino Detector (LSND) [9] is one other experiment
that claims to observe neutrino oscillations at Los Alamos. This collaboration

has also reported evidence for neutrino flavor transitions of type v, — .. The
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LSND neutrino source is obtained from an accelerated 800 MeV proton beam,
the detector is a tank filled with 167 tons of liquid scintillator at a distance of 30
meters from neutrino source. The large number of charged pions was created and

* — v, +u followed by

stopped in target region and decay with usual sequence 7
pt — v, + v, + e . The contribution of 7~ is much suppressed because they are
capture on nuclei with very high probability and thus, the beam contains v, v,

and v.. These neutrinos all have very well defined energy spectra and note that

there are no 7, produced in this process.

1.3 Beyond the Standard Model

Despite the impressive success of the SM in explaining available experimental
observation to very high degree of precision, it contains theoretical problems
which cannot be solved without an introduction of some new physics. As a
result, further test of the SM and the search for the signature of new physics are
highly needed. The more common complaints about the SM can be summarized
as follows;

The number of fermion generations and their mass spectrum are not explained
by the SM. Up to date, there is no experimental evidence for extra generations
of fermions, but there is no experimental or theoretical result disregarding such
a possibility.

The neutrino is massless in the SM. However, there is by now quite solid
evidence supporting the existence of non-zero neutrino mass, coming from the
explanation of the neutrino oscillation experiment [6, 7, 8]. However, the SM
with just left-handed neutrinos and a Higgs doublet is unable to provide a non-
zero mass. Simply adding neutrino mass terms to the SM Lagrangian would

introduce the right-handed states vg.

14
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Figure 1.1: Divergent loop contributions to the Higgs boson mass.

The origin of baryon asymmetry, the excess of matter over antimatter in the
universe, is explicitly ruled out by the SM. In order to generate the observed
baryon asymmetry, the non conservation of baryon number, CP violation and
existence of non-equilibrium processes are needed.

One of the most common issue for physics beyond the SM is the hierarchy
problem. This theoretical problem is related to the fact that loop corrections to
the scalar (Higgs) masses are quadratically divergent as shown in Fig.1.1, a cut
off A must be introduced in the loop integral to regulate the divergence. Hierar-
chy problems are related to fine-tuning problems. Although the large quantum
contributions (quadratically divergent) to the square of the Higgs boson mass
would inevitably make the mass huge at the Planck scale, the Higgs mass must
remain smaller than 900 GeV to maintain unitarity in longitudinal gauge boson
scattering. This constraint requires fine-tuning cancelation between the quadratic
radiative corrections and bare mass. This is called fine-tuning problem.

The SM fails to describe any details of gravitational force and their interac-
tions, while the other forces and interactions between the particles are defined.
Therefore, the unification all fundamental forces is not achieved.

The three interaction coupling strengths of the SM are energy dependent.
These coupling constants would not meet a single point at high energies as one
would expect in Grand Unified Theories (GUT). GUT combines the SM group

SU(3) x SU(2) x U(1) in a larger group with the aim of relating the different

15



gauge couplings.

Measurements of matter energy density of the universe from WMAP (Wilkinson
Microwave Anisotropy Probe) experiment find that SM particles contributes only
a small fraction of matter density of Universe. So, the SM is not a good candidate
for the dark matter. Until now there is no description for dark matter and dark
energy.

Finally, the SM has unrelated 19 parameters. These parameters are three
coupling constants, three charged lepton masses, six quark masses, three CKM
mixing angles, one CP violating phase, Higgs quartic coupling and Higgs vacuum
expectation value in the Higgs sector and QCD parameter. If the neutrino masses
and leptonic mixings are taken into account, this number is further increased.
This large number of parameters can itself be seen as a disadvantage of the SM.

The unsolved theoretical problems of the SM motivated the development of
some other theories beyond the SM. Two methods can be used to investigate
the physics beyond the SM. For the first method, a specific model is used for
the calculation while in the second method parametrization of any given high
energy model by the coefficients of the series of the effective operators without
any specific theory. Thus, there are many different theories for new physics
beyond the SM in recent years e.g., supersymmetry [18, 19], technicolor [20] extra
dimensions [21, 22, 23, 24|, two Higgs doublet model [25], String inspired Eg model
[26, 27, 28] , left-right symmetric model [29, 30, 31], Zee Model [32, 33|, Randall-
Sundrum model [34] and others. There are also reasons to believe that the SM
will be inadequate at higher energies than those available today. Therefore, the
future colliders might discover new physics which could hold the answer to these
questions. Especially, the Large Hadron Collider (LHC) will begin taking data

in a few months and it is widely believed that new physics beyond the SM will
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be discovered in the coming years.

As a result, the search for the signatures of new physics are highly needed.
This thesis describes searches for new physics using additional non-standard par-
ticles at future colliders. The outline of this thesis is as follows: in chapter 2, the
anomalous production and decay of fourth generation up quarks at lepton hadron
colliders are discussed. Chapter 3, deals with the single production and decay of
charge -1/3, weak isosinglet vectorlike exotic quarks in string inspired Eg theo-
ries at future ep colliders and we also discussed the background processes of this
quark. In chapter 4, the fourth generation neutrino production in the context of
a new ev,W and 14,7 magnetic dipole moment type interaction is investigated
and the background is analyzed using optimal cuts. This chapter is divided into
three section; in section 4.1, the possible single production of fourth generation
neutrino in ep collisions are discussed, in section 4.2 the single and pair produc-
tion of fourth generation neutrino using pp colliders is studied and in section
4.3, we present the single and pair production of fourth generation neutrino at
future e™e™ colliders options. Chapter 5 contains summary and conclusions. In
the appendix, we display some properties of Pauli and Dirac matrices and useful

formulae of the trace theorems.
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CHAPTER 2
ANOMALOUS PRODUCTION OF FOURTH
GENERATION UP QUARKS AT FUTURE LEPTON
HADRON COLLIDERS

As is well known, the Standard Model (SM) with three families is in excellent
agreement with experimental data available today [35]. But it leaves some open
questions. At the most fundamental level, the number of fermion generations
and the origin of their mass hierarchy are not explained by the SM. For these
reasons, and others, several models extending SM have been proposed [36, 37,
38, 39, 40, 41]. Except the minimal SU(5) GUT all these models accommodate
extra fermion generations [42, 43, 44].

In the context of the search programs of future colliders, many analyses have
been done for the production of fourth generation quarks at the linear [45, 46, 47,
48, 49] and at hadron colliders [50, 51, 52, 53, 54]. The potentials of the future
lepton-hadron colliders in the new physics searches are comparable to those of
the linear and hadron colliders [55, 56]. Thus, in this chapter, we investigate the
possibility of a single production of a fourth-generation up quark (u4) suggested
by the effective Lagrangian approach. In this approach the most general effec-
tive Lagrangian, which describes the Flavour Changing Neutral Current (FCNC)
interactions between w4 and ordinary quarks, involving electroweak boson and

gluon is given as follow [57, 58, 59

.€ey _
Lopp = ZTK%MMUWQ”UA“

U=u,c
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/{Z,U4

mfm V. (vzu — aZ,U75) +1 A owq"JUZ"
.gs — oA UGH™ + | 2.1
+foig,u4U4O'qu ? + .C., ( . )

where 0,,=(1/2)[y* , 4" |, Ow is the Weinberg angle, ¢ is the four-momentum of
the exchanged boson; e, g and g; denote the gauge couplings relative to U(1),
SU(2) and SU(3) symmetries, respectively; ey is the electric charge of up-type
quarks, A*, Z# and G the fields of the photon, Z boson and gluon, respectively:
and A denotes the scale up to which the effective theory is assumed to hold. By

convention, we set A=my, mass of the fourth family quark in following.

2.1 The Anomalous Decays of Fourth Family Up Quark

For calculation of the eqV (here ¢ = u,c¢,t and V= =, Z, g) cross section in-
cluding fourth generation up-quark contributions, the total width I',, is needed.
In this section, all of the tree level two-body decay widths for uy are computed.

Therefore, the generic two-body decay formula is given by [60]

S|IM
['= l 12|5123 (2-2)

167rm1

where m;,i = 1,2,3 are the masses of the particles, p;, in the decay process

P1 — P2DP3;

Bros = \/1 _ 2 k) | (s — mi)? (2.3)

mi mj
S is a symmetry factor for the outgoing particles, ps and p3, M5 is the amplitude
for the process.
From Eq. (2.1), the amplitude of the uy(1) — ¢(2)v(3) decay process can be

written as

M = (p2) [, (01 = p2)lepu(pr) (24)
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f Charge al vf

Ve, Vyy Vr 0 % %

e, W, T —1 —% —% + 25sin? Oy
u, ¢, t 2 % —%—%sirf&w
d, s, b —% —% —%—%sinZHW

Table 2.1: Neutral Vector and Axial Vector Couplings

and then matrix element squared is:

2

4e*ef k2 ) )
[—4(3m1 + 4m1m2 + 3m2 - 2p1.p2)(m1m2 - p1p2>] (25)

M = =

with p1.ps = (m? + m3)/2 and plugging into Eq. (2.2) gives

2

m

I(ug — qy) = Oze?]/ff/ml( - Eg)?’ (2.6)
1

here « is fine structure constant, m; is mass of the u; and msy is mass of the
ordinary quarks.

In order to obtain the decay width I'(uy — ¢Z), we write the decay amplitude
again from Eq. (2.1);

M = g—Za(p2)[7M(Uq - aq75) + mTzaﬂp(pl - pg)p]U(]h)G; (2.7)

where g, = g/ cosby, v, and a, neutral vector and axial vector couplings of

quarks are given in Table 2.1. We compute the matrix element squared are:

2 2 <a§ +U§) 2 2 2 2 9 2
|M| = gZ[—mQ (pl-p2(m1 +m; + 2m3) - 27”17712) - 6Uq“Z(p1-p2 - m2)
3
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Table 2.2: Branching ratios (%) and total decay widths of us quark depending
on its mass (ky = kz = ky = 0.1, A =m,,)

Mass (GeV) gu(c) gt Zu(c) Zt ~yulc) ~t T(GeV)

300 3.1 09 705 252 0.1 0.04 7.15

400 1.4 08 61.1 36.6 007 0.04 20.12

500 0.8 0.6 573 41.2 0.04 0.03 42.31

600 05 04 552 43.8 0.03 0.02 76.29

700 04 03 539 454 0.02 0.02 124.45

— ;—Z%(Z(pl.pg)Q + 4m3m3 — 3(m3 +m3)p1.p2)] (2.8)

with p1.pa = (m? —m3)/2 and my = 0 which yields, via Eq. (2.2),

2 2
. ATy ms. 9 9 ms
Plus = 47) = Pl 5
2
1
2
3

1 _
15a, ;

— Bugrs + (a2 + 02)(1 + Z;L )l (2.9)

The other decay mode of uy is I'(uy — gg). This decay is obtained by following
steps similar to Eqs. (2.2)-(2.5). Accordingly the corresponding decay width is

obtained from Eq. (2.5) via replacements ae? — 3ae;

2
[(uy — qg9) = 3aserZm (1 — —2)? (2.10)
1

Using Egs. (2.5), (2.8), (2.9), we have presented Table 2.2 the branching ratios

and total decay widths of uy with k, = kz = K, = 0.1.
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Figure 2.1: The Feynman diagram at parton level for single fourth generation up
quark production in ep collisions via FCNC interaction.

2.2 The Anomalous Production of Fourth Generation

Up Quark

Following (2.1), the vertices of the FCNC transitions us — ¢ and uy — ¢Z can

be written as follows;

leey

= THVOWQV
Ff = gg[y“(vq—aq75)—l—mza’”qy]. (2.11)

and the propagator for massless and massive spin-1 particles are defined

—i% for massless (2.12)
_'gHV_QHqV/MQ :
ity for massive (2.13)

here I' and M decay width and mass of the massive spin-1 particles, respectively.
The uy are produced via e(p1)+¢q(p2) — e(ps)+u4(ps). The Feynman diagram

for this process is given in Fig. 2.1. Contributions from Photon exchange, Z-
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boson exchange, and their interference are included. The complete matrix element

squared has the form;
< MP>=< M2 >+ < | Mg >+ < MMz >+ < MMz > (2.14)

. . . Z . .
Using the effective vertices I and I'; given by Eq. (2.11), the amplitudes of

subprocess eq — euy are written as

My = ﬂ(ps)(iev“)U(pl)[(L]E(M)(FZ)U(M) (2.15)

5 _'g_Z M _ 5 g;w_Qqu//M%
MZ - U(pg)( ? 9 7 (’Ue QY ))U(pl)[[qz _ M%—FZFzMz]

% u(pa) (T )u(ps) (2.16)

Jap — Galp/M3
q2 — M% — ZrzMz]

x a<p2><r§>u<p4>a<p3><z'ev“u<p1><—z'{zi;>a<p4><r3u<p2> (2.17)

MMz = (=i (ve = 0er”)ulpo)];

MMy = u(m)<rz>u<p4><—¢%>u<pl><z'ev“>u<p3>

x fa<p3><z'9—%a<ve—aev5>>u<p1>[[ Guw ~ Utel Mz 1,070

2 QQ—M%+iF2Mz]
(2.18)
and the trace form of the amplitude squared are
e etk?
<ML > = 4UA2qZT7”[(ﬁ1 +m )y (3 + ms)y’]
X Tr[( pa+ma)ouqg®(p2 + m2)apﬁqﬁ]- (2.19)
4
g
< |/\/lZ|2 > = z (G — qqu/Mg][gaﬁ - qaq5/M§]

64[(f — M2)2 4+ TZ M2
X {TT‘[(/ﬁ;; + m3)’7”(ve - aeVS)(/ﬁl + ml)Va(Ue - ae'75)]
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X Tr[( pa+ma)[y"(vg — aq75> + i%aypqp](p2 + m2)[75(vq - aq75)

K
_ZXZUM%H} (2.20)
degegyry [(f — M3) + il My]

<M Mz > = [gaﬁ - q@qﬁ/M%]

16Aq2[(t — M2)2 + '3 M2]
x Tr{(pr + m1)[y*(ve — acy’)]( s + ms)y"} (2.21)

< Tr{(fo+ma)[y (v, = a7®) — im0 ™5l (u + ma)oa,).

ieoe? g%k [(t — M2) — il z My

< ./\;l,y./\/lz > = [g;w - QMQV/M%]

16Aq2[(t — M2)2 + T M3]

< Tr{(fo +ma)o g5 u+ ma) 7" (v, = ay”) +i=C0" )

X Tr{( 1 +mu)v,( b3 +ms) [y (ve — acr”)]} (2.22)

Using the usual Mandelstam invariants § = (p; + p2)%,¢ = (p1 — p3)? and @ =

(p1 — p4)?, which yields total differential production cross sections are

do

dt

1 2
< >
16752 M
2mefak? ~ 28(5+1)
- _~ 2A t - 5 2
L0+ - 21D g
Ta?

8 sin® Oy cost Oy 82m3[(t — M3)2 + 'y M3

{(a% +v2)K%[(25 + D)m2 — 23(5 + 1) — )¢
2/€Zmi[vq(az + vf)(f — mi) — 2%%%(% 4 {— mi)]f (2.23)
[(a2 + v2)(a? + v2)[28% + 251 — (28 + {)m3 + 7]

dacvea,vy(28 + 1 —m3)m3}
meyalk, (t — M32)
sin? Oy cos? Oy 82m2[(t — M2)2 + T2 M2

{aca,(25 +1 — mi)m3 + v [28%ky — (t — m3)(m3 (v, + Kz) — 28k2)]}.
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2.3 Numerical Results and Discussion

The total cross section is obtained by the integral:

! e
O = | fo(x)dz / d‘fdt (2.24)
. di

Tmin

where = = —(§ —mj3), t; = —0.01 and z,,;,, = mi/s. f,(x) is the quark
distribution functions. In obtaining the mentioned behavior of the cross sections
we have taken into account of both up and charm quark distributions [61, 62].
The charm quark is present inside the proton as part of the quark-antiquark sea
and gives considerable contribution to the cross section. In order to enrich the
statistics for the experimental observations of the signal, we also take into account
4 production through the subprocess e§ — etis. The contribution of this process
is relatively small when compared with the w4 production due to the sea quark
distribution in the proton.

We present the total production cross sections as functions of uy mass in
Fig. 2.2 and Fig. 2.3. In Fig. 2.2, we display the cross sections as functions of
the mass of uy, at future lepton-hadron collider THERA with the center of mass
energy /s= 1 TeV and with the luminosity of £ = 4.10%° em™2s™! [55]. The
new electron proton collider, THERA, can be built at DESY which is based on
the linear accelerators TESLA and proton ring HERA (in the west Hall) with
electron energies 250 GeV and proton energies 1 TeV.

Fig. 2.3 shows the behaviour of the cross section as a function of my at Linac ®
LHC with /s= 5.3 TeV and with the luminosity of £ = 10 ¢cm~2s™! [56]. This
collider has been proposed to collide 1 TeV electron beams tagentially to proton
beams at the LHC. In these figures the lower lines correspond to the photonic

channel only and the upper lines correspond to the sum of v and Z exchange
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Figure 2.2: Photonic (lower line) and total (upper line) production cross section
for the FCNC single uy aty/s=1 TeV as a function of my with ky = 0.1 and
ky = Kz = 0.1, respectively.

diagrams. Graphs in Fig. 2.2 and 2.3 were computed by taking the illustrative
anomalous coupling values s, = kz = 0.1. In Figures 2.4 and 2.5, the total
production cross sections are shown also as a function of coupling «., and k; for
center of mass energies 1 TeV and 5.3 TeV, respectively. The total production
cross section for FCNC single uy with k., = kz = 0.1 as a function of center of
mass energies and my is plotted in Fig. 2.6.

We assume the anomalous decays of uy quark to be dominant, which is differ-
ent from the case of top-quark decays where the SM decay mode is dominant. In
Table 2.2, we present the branching ratios and the total decay widths of uy quark
via anomalous interactions. SM decay modes are negligible for x/A > 0.01 TeV~!
due to the small magnitude of the extended CKM matrix elements V,,,; [63, 64].

Tables 2.3 and 2.4 present the total production cross sections of u, and 4 in
addition to the number of signal and background events in various decay channels
of uy at THERA and Linac® LHC, respectively.

When the fourth family u, (or @) quarks are produced, they will decay via
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Figure 2.3: Photonic (lower line) and total (upper line) production cross section
for the FCNC single uy at 1/s=5.3 TeV as a function of my with x, = 0.1 and
ky = Kz = 0.1, respectively.

FCNC interactions giving rise to the signal e~ ¢V, where ¢ = u, ¢,t (or @, ¢, t) and
V' denotes the neutral gauge bosons v, Z, g.

We consider the relevant backgrounds from the following subprocesses:

€q — eqy

eq — eq/

eq — eqg

where ¢ = u,c (or u,¢). The cross sections for these backgrounds are shown
in table 2.3 (at THERA) and table 2.4 (at Linac ® LHC) for the minimal cuts
P77 > 10 GeV and optimal cuts p57”? > 20 GeV and M,y > 250 GeV on the
final state particles. From Table 2.3, we conclude that the number of signal
events for uy — gq and uy — Zq (q=u,c) channels is promising, which makes it
possible to observe a uy production signal at the THERA, especially for low lying
ug-quark mass values (300-500 GeV). As can be seen from Table 2.4, it will be

possible to observe the anomalous production of uy quark in all decay channels
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Figure 2.4: Total production cross section for the FCNC single u,4 at as a function

of k, and kz with m,=500 GeV and /s=1 TeV.
if the corresponding backgrounds is kept at a low level at Linac ® LHC collider.
We found that u, production signal at this machine is observable down to the
anomalous coupling kv, = 0.01 at the mass of us-quark about 700 GeV. For the
channels including top quark in the final state (e~ V't) we obtain very low number
of background events, therefore we have not shown them in Tables 2.3 and 2.4.
Assuming Poisson statistics, we use the significance formula S/ VB > 3 for
signal observation at the 95% C.L., where the number of signal and background
events S and B are calculated by multiplying the cross section with corresponding
branching ratios depending on the decay channels and the integrated luminosities

of the colliders considered.
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Figure 2.5: Total production cross section for the FCNC single u, at as a function
of, k, and Kz with m,;=500 GeV and /s=5.3 TeV.

o (pb)

Figure 2.6: Total production cross section for the FCNC single u, as a function
of my and center of mass energy with x, = k7 = 0.1.
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Table 2.3: Number of signal and background events in various decay channels of
uy quark at THERA with /s = 1 TeV and L = 40 pb™! with corresponding total
cross section (o = oye(eu(c) — euy) and G0 = oyp(ett(¢) — ety)) in pb. By
and By denote the number of background events with the cuts (p727” > 10 GeV)
and (p577 > 20 GeV, My, > 250 GeV), respectively.

Mass (GeV) gu(c) gt Zu(c) Zt ~ulc) At Ctor  Gror
300 124 3.6 280.1 100.3 0.56 0.17 6.67 3.26
400 4.1 2.2 176.6 105.8 0.20 0.10 4.57 2.66
500 1.7 1.2 117.8 84.6 0.08 0.06 3.02 2.12
600 0.7 06 759 60.1 004 0.03 1.88 1.55
700 0.3 03 433 364 0.02 0.01 1.05 0.96
By 17440 - 6.7 - 1152 -

B, 20.3 - 1.3 - 41.2 -

Table 2.4: Number of signal and background events in various decay channels of
uy quark at Linac@ LHC with /s = 5.3 TeV and L = 10* pb~! with corresponding
total cross section (040 = oyor(eu(c) — euy) and Gy = 0yoi(eu() — ety)) in pb.
B; and By denote the number of background events with the cuts (p?“”j > 10
GeV) and (p777 > 20 GeV, My, > 250 GeV), respectively.

Mass gu(c) gt Zu(c) Zt ~yu(c) Yt Ot ot
(GeV)

300 6423.1  1835.2 144692.4 51786.5 286.7 86.0 13.97 6.54
400 2696.1  1423.3 115137.5 68945.8 131.1 65.5 13.06 5.78
500 1459.8 984.3 101194.3 72720.7 70.9 50.0 12.36 5.29
600 890.8 681.2 919909 72926.4 45.8 349 11.74 4.92
700 592.3 488.3  85088.9  71614.7 30.4 254 11.15 4.63
B, 1.9 x 107 - 1.2 x 10% - 1.4 x 10°

Bs 6.5 x 10* - 3.3 x 103 - 5.1 x 10% -
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CHAPTER 3
EXOTIC QUARK PRODUCTION IN EP COLLISIONS

String inspired Fjg theories predict the existence of exotic particles. In Ejg,
each generation of fermions is assigned to the 27-dimensional representation
[26, 27, 28]. The fermion content of a single Fg 27 representation containes

fifteen standard fermions and right handed neutrino as follows

) y €R, UR, dR and NR

L L

and eleven new exotic fermion fields

VE Ng
"
) ; DL7 -DR7 vy,

E E
L R

The fermion assignments in 27 representation are given Table 3.1 where Q,/I3;,
are the usual charge and weak isospin and Q, I3g are proportional to the hy-
percharges of two additional U(1) groups. The presence of additional fermions
causes Flavor Changing Neutral Current (FCNC) interactions and possible de-
viations from weak universality in Charged Current (CC) [65]. In this study we
consider exotic down quark (D), a charge -1/3, quark which is a weak isosinglet
particle. As well as, the exotic quarks are vectorlike because their left-handed
and right-handed chiralities have the same weak isospin, unlike the usual chiral

quarks which are left-handed doublets and right-handed singlets.
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Table 3.1: Decomposition of 27 and fermion quantum numbers.

Left-handed )
SO(10) SU(5) state SUB) Q Iy Q@ Iir
16 5* de 3* /3 0 -1/6 1/2

e 1 1 -1/2 -1/6 0
Ve 1 0 1/2 -1/6 0
10 e 1 10 1/3 1/2
d 3 13 -1/2 1/3 0
u 3 2/3 1/2 1/3 0
ue 3* 2/3 0 1/3 -1/2
1 Ne 1 0 0 5/6 -1/2
10 5* De 3* /3 0 -1/6 0

E- 1 1 -1/2 -1/6 -1/2
v 1 0 1/2 -1/6 -1/2

5 D 3 1/3 0 -2/3 0

Ee 1 1 1/2 -2/3 1/2

N, 1 0 -1/2 -2/3 1/2

1 1 V! 1 0 0 5/6 0

Production of exotic quarks have been studied at HERA [66, 67], LEP [68, 69]
and hadron colliders [70, 71, 72] as CC and FCNC reactions. We analyze the
possible production of these quarks and some of their indirect signatures including
the contributions of boson-gluon fusions [73] at two future high energy ep collider
options; THERA with y/s=1 TeV and L = 40 pb~! [55] and CERN Large Hadron
Electron Collider (LHeC) with y/s=1.4 TeV and L = 10* pb~! at which 7 TeV
LHC protons collide with 70 GeV ring electron or positron beam [74]. These
colliders complement the hadron collider programmes and provide new discovery
potential to them. A relatively high integrated luminosity of 10 fb~! at the LHeC

makes an essential facility to resolve possible puzzles of the LHC data.
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Figure 3.1: The Feynman diagram at parton level for single exotic down quark
production in ep collisions via (a) charged current interaction (b) neutral current
interaction (c¢) W-gluon fusion (d) Z-gluon fusion (e) y-gluon fusion

3.1 Production and decays of Exotic Down Quark

3.1.1 Production of Fxotic Down Quark

The single production of exotic down quarks occur via the following t-channel
subprocesses in ep collisions as shown in Fig. 3.1;

i) Charged Current reaction; eu — v, D

ii) FCNC reaction; ed — eD

iii) Boson-Gluon Fusions; Wg — uD, Zg — dD and vg — dD.

The CC and FCNC interactions for the exotic D quarks mixed with standard
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fermions and standard bosons W, Z are given by

Loo = %ﬂ%(l —75)(dcosf — Dsin O)W* + h.c.

Lye = Lsin&cos&ci’yu(l—%)DZ“ (3.1)
4CW

where 6 are the mixing angels between the ordinary quarks and the exotic down
quarks, g denotes the gauge coupling relative to SU(2) symmetries.

i) The single production of exotic down quarks occurs via charged current
reaction e(py) + u(p2) — ve(ps) + D(p4), involving the exchange of a W boson in
t-channel as shown in Fig. 3.1.(a). We can write the amplitude according to the

expression of charged current vertices in Eq. (3.1)

g/ﬂ/ - QMQV/MI%V
t — M2, +il'w My

X u(4)[—z’2L\>§ sin 07" (1 — 75)]u(2) (3.2)

N

M = (3)[—2'2%/5%(1—75)]11(1)[

after squaring this amplitude, we find
1 g*sin? 6

464](t — M2,)? + rgVMgv]Tr[/f’37”(1 —7°) P17y’ (1=7")]

XTr[( a4+ m)y" (1 =) 27" (1 =) (Guw — Qutv/Miy ) (Gpo — 4p40/Miy) (3.3)

< M| >=

These trace of gamma matrices were evaluated by the algebraic computer program
"FeynCalc”. The usual Mandelstam variables for the all subprocess are defined
as 5 = (p1+p2)% t = (p1 —p3)%, @ = (p1 — pu)?, 8+ 1+ a4 = m? is defined
and electron, electron neutrino and light quark masses are neglected. The spin
averaged matrix element squared can be written

g*sin?0

< |MJ? >=
M= g R

s(s —m?) (3.4)
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We obtained differential cross section for the subprocess as

d&(eu L uD) = ma? sin® 0 (5 —m?)
3 ‘ 4sin O s [(t — M3,)2 + T3, M3

(3.5)

ii) The FCNC reaction of the single D production is e(p;)+d(p2) — e(ps)+ D(p4)
as shown in Fig. 3.1.(b). Using the interaction vertices in Eq. (3.1), the amplitude

of this reaction is written as

M= )i - au(n] L
X ﬂ(4)[—% sin @ cos 67" (1 — 5)|u(2) (3.6)

We compute square of this amplitude and differential cross section as follows

1 g4 sin? 0 cos? 0
n . T a e UWe > g e UWe >
464[(t _ M%)Q +FQZM§] r[/p37 (U Qe ) /p17 (U Qe”y )]

XTr[(pa+m)y' (1 =7") P27 (1 =) (Guw — 4o/ MZ)(Gpo — 4pte/M7) (3.7)

< M >=

and
d(A{ (ed — D) ma? sin? 29[7?(2?11— 2.§ - m2)(cALe — )% + 25(5 — m?)(a? + v?)]<3.8>
dt 482 sin* 20y [(t — M2)? + T2 M2]

As we consider the strong interactions, D quarks couple to gluons in exactly
the same way as ordinary quarks providing the (W, Z, )-gluon fusions.
iii) The amplitude of the single production of exotic down quark via W-gluon

fusion, W (p1) + g(p2) — u(ps) + D(ps), in Fig. 3.1.(c) is given by

(fr= £3) ,,_,gcost

1 N 7 (1 =7")u(3) (3.9)

M = u(4)[(ig"Ti; ) el

35



The result for spin and color average of < |M|? > is

1 00892 9 v v
CIMpEs = 1gagicost ZTW MY (=g + (¢"q° /M) (3.10)

VAR

x Tr[(ps+m)y (171— D)7V (L=7") psy* (1 =~°)(pr— b3)7"]

here

ZT;;T;;* =1/2

is the complete color factor in squares of matrix elements. We compute the

differential cross section is

dé - Tosa cos? . N
= (Wg — uD) = 2ol 60 PPN [2My, (m? + 1) — 2M3,1(5 + )(3.11)
W

— (m? -8

Similarly, we can write the amplitude of the single production of D via Z-gluon

fusion, Z(p1) + g(p2) — d(ps) + D(ps), in Fig. 3.1.(d) is given by

M= a@l(iar T PPV L - e (312)

and the differential cross section as follows

do rasalal + v3) R gr . a
Z dD) = A 2M7(m* +t) —2Mzt(s +t) (3.13
29— ap) = SR oy + ) - 20306+ ) (319
- (m? - 3)F

Finally, another mechanism of the production of D quarks is photon-gluon

fusion in Fig. 3.1.(e). The amplitude of this process is written as

M= a0l T LA (L - a3
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and corresponding differential cross sections are written

do - MO0
719 = dD) = —=oa[=5 1] (3.15)

The total production cross section is obtained by folding the partonic cross
section over the parton distributions in the proton. In numerical calculations of
the total cross sections we have used the MRST parametrization [61] for the par-
tons and the Weizsdcker-Williams distribution [75, 76] for photons in electrons.
For illustrations we have assumed an upper bound of sin?# < 0.05 in numerical
calculations which is appropriate as being at the order of CKM angle. The calcu-
lated total cross sections corresponding to five subprocesses have been displayed
in Figures 3.2-3.6 as functions of D masses m for two center of mass energies.
In these figures solid (dashed) lines are for y/s=1.4 (1) TeV. In Tables 3.2 and
3.3, we present the total production cross sections of the five reactions for various
masses at THERA and LHeC, respectively. As can be seen, for 100-300 GeV D
quarks Z-gluon and ~v-gluon fusions are dominant reactions but for higher mass
range contributions of these fusions decrease very fast.

Table 3.2: The total cross sections in pb for the signal processes for the exotic
quarks at THERA.

m(GeV) 100 200 300 400 500
os(eu —v.D) 4.0l 284 1.79 0.99 0.46
osled — eD) 027 018 0.11 0.053 0.022
os(Wg —aD) 316 125 039 0.10 0.019
(
(

os(Zg —dD) 2395 930 291 0.73 0.14
os(vg —dD)  59.62 9.78 1.73 0.20 0.041
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Table 3.3: The total cross sections in pb for the signal processes for the exotic
quarks at LHeC.

m(GeV) 200 400 600 800 1000
os(eu — v.D) 361 197 083 024  0.036
as(ed—>eD) 025 0.2 0044 0.011  0.0013
os(Wg—uD) 209 045 0.061 0.0048 1.79x10~
(
(

o5(Zg — dD) 16.14 349 047 0.037 1.42x1073
os(vg — dD) 1516 1.23 0.094 0.0049 1.42x10~*

— /s= 1.4 TeV

1. T~
20.1

e}

0.01

200 400 600 800 1000 1200
m (GeV)

Figure 3.2: The total production cross sections for the subprocesses eu — v, D as
a functions of m.
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Figure 3.3: The total production cross sections for the subprocesses ed — eD as
a functions of m.
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Figure 3.4: The total production cross sections for the subprocesses Wg — uD
as a functions of m.
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Figure 3.6: The total production cross sections for the subprocesses vg — dD as

a functions of m.
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3.1.2 Decays of D

Since these exotic quarks must be at a scale well above 100 GeV [77], the main
decays of them would be D — dZ and D — uW and calculations of the partial
decay widths as follows;

i) Calculations of D — dZ decay widths

From Eq. (3.1), the amplitude of the D(1) — d(2)Z(3) decay process can be
written as

M= % sin 0 cos 0u(1) [y (1 —~°)]u(2)e, (3.16)

squaring of this amplitude and averaging over D and d quarks polarization states,

we find

2
< MP > = % sin® 6 cos? 0Tr[ oy (1 = 7°) (o1 + m)7" (1 = 7°)]

X Z €y (3.17)

pol

The sum over physical polarization states of Z boson is

* qu4v
Z €€y = Guv — ]“\4% <318)

pol
and p; - pp = (m* — M2)/2. Inserting these expression into Eq. (3.17), we find

g2 sin® 0 cos® O m* + MZm? — 2M}

< M >= 3.19
e = (3.19)
and plugging into Eq. (2.2) gives
2 2 4 2 0 _ M2
(D — dz) = JzSW VoS 0lm = M) a a2 opgs (3.20)

64mm3 M,
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here g, = v4ra/ sin 0, cos 6,

asin?§ cos? 0 - M2 Mé] (3.21)

16 sin? Oy cos? Oy M,

(D — dZ) =

ii) Calculations of D — uWV decay widths
Similarly, the other decay modes of D is D(1) — u(2)W(3). From Eq. (3.1), we

can write amplitude of this process as

M = L singu(2)[y"(1 — *)u(1)e: (3.22)

2v/2

and after squaring of this amplitude is given

<IMP> = Tsin® 0] ooy (1= ") (o +m)y” (1 = 77)

X Z €€n (3.23)
pol
where summation over the polarization of W boson is
* q q1/
Z €6y = Guv — ]\22 (324)
pol w

and p; - pp = (m? — M2,)/2. The squared of matrix element is computed as

: 292 4
<M >=2220 (2 o) (3.25)

and substituting in Eq. (2.2), we get

asin? MZ, M}
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Finally, the general form of these partial decay widths can be written as
m
(D —qV) = aCVW(l —3Y* +2Y9) (3.27)

where ¢ is up or down quark, V' denotes W~ and Z bosons, « is the fine structure
constant, m is mass of the exotic quark, Y = My /m, Cy = sin? Omiz/8xw, Cz =
(8in O iz €08 Opiz)? /162w (1 — zw) and xy = sin® Oy, Eq. (3.27) gives rise to
branching ratios of BR(D — dZ)=30 % and BR(D — uW )= 70 % which do not

change significantly depending on D masses, as seen from Table 3.4.

Table 3.4: The branching ratios for D decays.

m(GeV) BR(D — ¢W)(%) BR(D — ¢Z)(%)

150 70.2 29.2
250 68.1 31.9
350 67.8 32.1
450 67.7 32.3

Therefore, D — ul~1; is taken as the relevant background process since the
D — uWW is dominant one. In Tables 3.2 and 3.8 we present the cross sections
resulting the background processes ( considering only the first generation of lep-
tons) for \/s=1 and 1.4 TeV, respectively. Results reported in these tables were
obtained by using the high energy package CompHEP [78] along with CTEQG6L
[79] which has been used in the background calculations and an optimal cut of
Pr > 10 GeV has taken for electron, jet and missing momenta.

In Figures 3.7-3.11, we displayed the transverse momenta, Pr of secondary
electrons by assigning a mass value of 350 GeV to m giving peaks around P5=30-
40 GeV and the invariant mass distributions of e — v, — ¢ system resulting from
the decay of D quarks for the five subreactions separately. These invariant mass

spectra have Jacobian peaks of around 125-200 GeV. Similarly, in Figures 3.12-
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3.16 the transverse momenta and invariant mass distributions are displayed for
LHeC energy which yields peaks around 20-40 GeV for Py values and 125-350

GeV for invariant mass values depending on different subprocess.
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Figure 3.7: Transverse momentum Py and invariant mass distributions of the
backgrounds for eu — v, e U, u process at THERA
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backgrounds for ed — e e v, u process at LHeC
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Table 3.5: The total cross sections for the background processes for the exotic

quarks at THERA.

m(GeV) 100 200 300 400 500
opleu = veev,u) 1.122x107°  1.451x1073 4.238x10™* 1.856x10~% 8.976x107°
JB(ed —eevou)  8349x107%  1.095x1073  3.332x107* 8.996x10~* 1.195x1073
op(Wg — ueveu) 2.011x1072 2.556x1072 7.473x107% 2.578x1072 1.425x10~*
op(Zg — dev, u)  1.502x1073  7.417x107% 8.200x107* 3.843x107° 5.511x10~*
op(yg — dev,u)  5.071x107%  1.195x107% 3.196x10~* 2.860x10~° 7.210x10~7

Table 3.6: The total cross sections in pb for background processes for the exotic
quarks at LHeC.

m(GeV) 200 400 600 800 1000
opleu = veev,u) 1.852x107% 5.002x10~*  2.157x10™* 3.405x107° 7.724x10°°
JB(ed —eevou)  8.398x107% 5.814x107° 4.309x107° 4.619x1075 1.128x107°
op(Wg — uev,u) 5.976x1072 5.260x1073 3.330x10~* 2.352x10~* 2.786x10°
op(Zg —dev,u) 7.938x107% 1.399x1072 1.048x10~% 9.683x107¢ 3.436x10°
op(vg — devo,u)  1.369x107%  1.090x107° 1.239x107° 2.512x10~% 1.114x10~°
Table 3.7: The significance (S//S + B) for the exotic quarks at THERA (L = 40

pb

_1>

m(GeV) 100 200 300 400 500
eu — v, D 12.66 10.65 846 6.29 4.30
ed —»eD 328 268 205 146 0.94
Wg—uD 1124 7.00 3.64 1.77 0.87
Zg—dD 3094 19.28 10.78 5.40 2.39
vg —dD  48.83 19.78 831 340 1.28

Table 3.8: The significance (S/v/S + B) for the exotic quarks at LHeC (L = 10*

pb

1y,

m(GeV) 200 400 600 800 1000
euw — v.D 189.95 140.33 91.04 4891 18.87
ed — eD 49.58  34.85 21.67 10.35 3.54
Wg—uD 14462 66.93 2461 6.75 1.25
Zg—dD 401.64 186.42 68.62 19.32 3.72
vg — dD  389.33 111.03 30.65 7.00 1.19
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CHAPTER 4
FOURTH GENERATION NEUTRINO PRODUCTION
AT FUTURE COLLIDERS

The recent observation of neutrino oscillations gives evidence that the neutrino
mass is non-zero [6, 7, 8], i.e. suggesting new physics beyond the Standard Model.
Searching for new massive neutrinos has thus high priority at any new collider
[80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97]. These neutrinos
play also the basic role in cosmology for solving the dark matter puzzle[98, 99,
100, 101, 102, 103, 104, 106, 107, 108, 109, 110, 105].

Bounds on the possible heavy neutrino masses are obtained either from exper-
iments at accelerators or cosmological arguments. Among the several arguments,
the experimental data of DO, LEP and SLAC rule out the possibility of vy with
masses smaller than 45 GeV [111, 112, 113] while the cosmological limit for the
upper bound is 3 TeV [114, 115, 116, 117]. Heavy neutrino searches at lepton-
hadron colliders has some advantages, larger masses, for instance, are accessible
compared to current e*e” colliders. The H1 experiments at HERA have excluded
the heavy leptons with masses lower than 225 GeV [118]. We assumed a range
of 200 GeV - 3 TeV for single heavy lepton masses.

The purpose of this chapter is to investigate the possible single and pair pro-
duction of a heavy neutrino (v4) in ep, pp(pp) and ete™ collisions in the context of
a new e, W and vy, Z anomalous magnetic dipole moment type interactions and
analyze the background using optimal cuts. The experimental evidence of new

particles often needed access to the highest possible center of mass energy as well
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as the highest possible precision of the measurements which can not be obtained
within the same experimental approach. While the hadron-hadron collision tech-
nically provides highest center of mass energy, the possible highest precision of
the measurements can be achieved in lepton-lepton collisions. The results of these
two type collisions complement and supplement each other in many ways. This
complementarity caused the hadron and lepton colliders to operate concurrently
in the past and thus collaboration between the physics programmes of the two
colliders is established.

The Large Hadron Collider (LHC) is presently under construction and will
start operation in 2007 which will collide protons with center of mass energy
of 14 TeV [119, 120]. The International Linear Colliders (ILC) is a planned to
be electron-positron collider with center of mass energy range 0.5-1 TeV [121].
The THERA (y/s=1 TeV) and LC®QLHC (1/s=3.74 TeV) are two proposed ep
machine options [55, 56]. These proposed two ep machines has a lower luminosity
but it can provide the complementary information to hadron-hadron and ete~
colliders in TeV energy scale. For the years to come, three types of colliders will
be mainly used in particle physics as far as the energy frontiers are considered.

The main parameters of these future colliders are given in Table 4.1.

4.1 Possibility of Searching for Fourth Generation
Neutrino at Future ep Colliders
The single production of heavy leptons v, can occur via the t-channel W ex-

change reaction eq — v4q’, by proposing the following new charged current ev, W

Interaction

7
Lee = iéhﬂ‘i‘ K10u,q" )P v WH + hec., (4.1)
2my,
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Table 4.1: The main parameters of future colliders

ep E. (TeV) E, (TeV) /s (TeV) Liu(pb™")
THERA 0.25 1 1 40
LHeC 0.7 7 1.4 10
LCxLHC 0.5 7 3.74 100
ete” E.+ (TeV) E.- (TeV) +/s (TeV) Li(pb™!)
ILC 0.25 0.25 0.5 104
ILC 0.5 0.5 1 104
p E, (TeV) E, (TeV) /s (TeV) Liu(pb™")
LHC 7 7 14 10°

which parallels the coupling structure for 7vW vertex [122]. In Eq. (4.1), x4
is the anomalous magnetic dipole moment factor, m,, is the mass of the fourth
generation neutrino, ¢ is the momentum carried by the exchanged W boson, g
denotes the gauge coupling relative to SU(2) symmetries, P, = (1 —~°)/2 is
left-handed projection operator and W* is the field of W.

As a first step to compute the amplitude of the subprocess eq — v4¢’, let
us write down the interaction vertices relevant for our purpose. The coupling of
quarks and leptons to W is a universal ”V-A form; the vector factor is always
[60]

—iUy-LAr P, (4.2)
V2
here U;; (i = u,c and j = d, s or b) is the Cabibo-Kobayashi-Maskawa (CKM)

quark mixing matrix [77]:
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Figure 4.1: The Feynman diagram at parton level for single fourth generation
neutrino production in ep collisions via charged current interaction.
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and the allowed range of the magnitudes of all nine CKM elements are:

0.97383 0.2272 3.96 x 1073
Uij = 0.2271 0.97296  42.21 x 1073
8.14 x 1073 41.61x1073 0.99100

and the vertex of vy — e~ transition is written from Eq. (4.1) as follow

VP, — i2lﬁ o, Pr (4.3)

2
Using Egs. (4.2) and (4.3), we can write the amplitude of the subprocess e (p1)+
q(p2) — v4(ps) + ¢'(ps) of which the Feynman diagram in Fig 4.1 as

oy K G — Al / M
M = u(p3)[ﬁ('7“PL - ZQm UW%PR)]U(pl)((qQ _ILMI%V)M_‘_ iI‘V:;VMW

2
9

X a<p4)[—i\/§’VVPL]U(P2) (4.4)

o8



and taking the Hermitian conjugate of Eq. (4.4)

M= w07 Py i, Pl (2
X alp) =iy Puu(p) (4.5)

here I'yy and My, are decay widths and mass of the W boson, respectively. The

squared spin-averaged invariant matrix element of these amplitude becomes

4

g
< M]2> =
M e TR
K N TR
xTr[( ps 4 my,) (" Py — i3 oMM, Pr) (v Py 4 i———0%q, Py
ml/4 2 V4
XTr[ pay" P 27" PL) (G — 4t/ Miy ) (Gas — Gads/Miy) (4.6)

We define the usual Mandelstam invariants for the process e™(p1) + q(p2) —
va(ps) + ¢ (pa) as $ = (p1 +P2)2;£= (P —p3)?, @ = (p1 —pa)?* and ¢ = (p1 — p3)-
We also define a variable § + { + @ = m2, with electron and quark masses are

neglected. We find the differential cross section as

do ma?[k}((28 + )m2, — 3(t + 8) — mik )t + 4m?2 3(3 — m?)]

V4

~

4
dt 16 sin4 01 52m2 [(£ _ M2 )2 + F2 M2 ] (47)
ws?m2, 2 2 M2,

here 6y is the weak mixing angle. Using Eq. (2.24), the total production cross
section is obtained by the integration over the parton distributions in the proton.
For the parton distribution function f,(z) we have used the MRST parametriza-
tions [61] and taken r1=0.1 for illustrative purposes. The calculated cross sections
are displayed in Fig. 4.2 for the mass range from 100 to 1400 GeV at THERA
and LHeC, and in Fig. 4.3 from 100 GeV to 3 TeV at LC®LHC.

For the mass values larger than 200 GeV, the cross sections are not sensitive

to the x; values at all. When the fourth generation neutrino is produced, it
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Table 4.2: Total cross sections of signal and background at THERA for x;=0.1.

m,,(GeV) og(pb) op (pb)

100 80.41  0.045

200 56.80  0.062

300 35.77  0.031

400 19.77  0.013

200 9.23 0.0052
600 3.41 0.0017
700 0.88 4.20x1074
800 0.12 5.77x107°
900 0.003  1.75x10°°

will decay via charged current interaction vy, — (W where | = e, pu, 7. In this
work we concentrate only on vy — e W decay channel and consider the relevant
background from the semileptonic reaction eu — e W d. We present background
and signal cross sections with respect to invariant mass of el in Tables 4.2, 4.3
and 4.4 for THERA, LHeC and LC®LHC options, respectively. To extract the
fourth generation neutrino signal and to suppress the Standard Model background
one has to impose a cut on the el invariant mass. Thus in the presentation of
these tables we introduced the cuts |m.yw — m,,| <25 GeV for the mass range
of m,,=100-1000 GeV and |m.w — m,,| <50 GeV for the mass range of 1-3.4
TeV which are reasonable for the mass resolution of detectors of the purposed ep
machines [55, 56]. All calculations for the background were done using the high
energy package CompHEP [78] with CTEQ6L [79] distribution function.

We present the distribution of invariant mass my, with cuts peTf 7> 10 GeV
for the background process eu — e~ W*d for THERA in Fig. 4.4, for LHeC in
Fig. 4.5, for LC®LHC in Fig. 4.6. Finally, in Fig. 4.7, Fig. 4.8 and Fig. 4.9 we

show the pr distributions due to the v4 production at these collider options.
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Table 4.3: Total cross sections of signal and background at LHeC for x;=0.1.

m,,(GeV) og(pb) op (pb)

300 54.89 0.023

600 16.58 0.0037
700 9.45 1.8x1073
800 4.79 8.34x10~*
900 2.07 3.42x10~*
1000 0.71 1.17x10~*
1100 0.17 2.94x1075
1200 0.022 4.08x107°
1300 5.55%x107° 1.15x1077

Table 4.4: Total cross sections of signal and background at LC Q LHC for x;=0.1.

m,, (GeV) os(pb) op (pb)

200 98.23  0.21

600 69.78  0.048
1000 44.16  0.012
1400 24.40  0.020

1800 11.31  0.0045
2200 4.09 0.0014
2600 1.00 3.60x107%
3000 0.12 4.90x107°
3400 0.0022 1.42x10°°
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Figure 4.2: The total production cross sections of the subprocess eu — 14d as a
function of m,, at THERA and LHeC.
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Figure 4.3: The total production cross section of the subprocess eu — v4d as a
function of m,, at LC®@LHC.
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Figure 4.5: The invariant mass myy. distribution of the background at LHeC.
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Figure 4.7: pr distribution of the background at THERA.
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Figure 4.9: pr distribution of the background at LCRQLHC.
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4.2 Fourth Generation Neutrino Searches using pp

Colliders

The fourth generation neutrinos may be produced either in singly or pairs. In this
section, we calculate the squared scattering amplitude of the processes pp(pp) —

etv, + X (single production) and pp(pp) — v4vy + X (pair production)

4.2.1 Single Production

The single production of fourth generation neutrinos takes place through the

subprocess q;(p1) + @;(p2) — va(p3) + e*(pa) at hadron colliders.

Figure 4.10: The Feynman diagram for single fourth generation neutrino produc-
tion in pp or pp collisions via charged current interaction.

The amplitude of this reaction M corresponding to the diagram of Fig. 4.10

1S

g/w - qMQV/MI%V

M = @(pQ)[_iUij%VHPL]u@l)((

x u<p3>[%<m ~ g 0" P)lu(pa) (4.8)

where —iU;; \%’y“PL is standard ¢ — g + W~ vertex and complex conjugate of
M is

M = u(pl)[iUij%wPL]v(pg)(< Gop — Gods/Miy
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< olp)[ 507 P+ i P (4.9)

2 2m,,

the calculation then reduces to that of product of traces

4

9
< MP> =
M= g T

XTr| poy" Pr 17" Prl(9uw — @uto/Miy) (9ap — ags/Miy) (4.10)

KL, K
XTT[(p3+mu4)(7VPL—@2m1 0"7q,Pr) ﬁ4(7’6PL+22 !

V4 V4

UﬂnanL)]

The usual Mandelstam variables are § = (p; + p2)?,t = (p1 — p3)?, @ = (p1 — pa)?

and satisfying § 4+ ¢ + 4 = m2, and also ¢ = p; + pa.

The differential cross section for the subprocess q¢’ — v4et is
do Ta*UZ(5 + £)[8(4m2, — k3) + 4m? t — 4m? |

— iflA @+y = 4.11
g (4 = eTva) 16sin® Oy 32m2, (5 — MZ,)? + L2, M3)] (4.11)

The total hadronic cross sections are obtained by integrating the parton cross
sections in the usual way over the parton distributions f;(z,@*) in proton or

antiproton:

g :/ dT/ (i_x[fQ(waQ2>fq’(£aQ2)+fq’(%vQ2)f¢](x7@2)]a-(§7ml/4> (4'12)

mZ, /s

where s is the hadron-hadron center of mass energy squared which is related to
S, the parton-parton center of mass energy squared via § = xs and we have used
CTEQ5L parametrization with Q* = m? .- The dependence of the expected cross
sections on the mass of the v, at the LHC (y/s=14 TeV) and Tevatron (1/s=1.8
TeV) are shown in Fig. 4.11.

When the fourth generation neutrino is produced, it will decay via charged

current interaction vy — eW. If the W boson is reconstructed different final
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states are obtained. The first state consist of three charged leptons and a neutrino.
The three charged leptons and the missing transverse energy associated with the
neutrino is a identifying signature among the all SM backgrounds.

The second final state has a high branching ratio and is a hadronic channel
consisting of two leptons and two jets. The signal cross section (og), hadronic
(o) and leptonic (o)) background cross sections and statistical significance
(S/v/S + B) where S is the number of the signal events and B is the number
of background events as a function of mass v, are given in Table 4.5 at the LHC
and in Table 4.6 at Tevatron. We analyzed invariant mass distribution which is
one of the main characteristic of final state identifications. Especially, the LHC
will be constructed with high resolution leptonic and hadronic detectors as well
as a wide rapidity coverage [123].

We show the invariant mass distribution of hadronic and leptonic final states
with Pf’j > 10 GeV at LHC and Tevatron in Figures 4.12. As can be seen in these
figures, the SM background decreases for larger M,;; and ML, and the hadronic
final states more pronounced than the leptonic final states for both hadron col-
liders. Moreover, the invariant mass distribution of the hadronic channel has a
Jacobian peak peak around 250 GeV while the leptonic channel has a peak 200
GeV at the LHC. At the Tevatron, both peaks appear around 100 GeV.
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Figure 4.11: The total production cross sections for the subprocess ¢¢7 — ey

as a function of m,, at the LHC and Tevatron.

Table 4.5: The total cross sections for the signal and background process and the
significance for the single production of fourth generation neutrinos at LHC.

my, (GeV)  os(pb) a5 (pb) op(pb)  S/VS+B
250 4.141x10°" 2.110x10~* 4.904x10°7  203.43
500 1.373x10~!  6.800x107° 2.215x10°7 117.16
750 3.532x1072  2.650x10~* 5.890x10~7 59.21
1000 9.320x107%  1.761x107° 2.058x10~7 30.50
1250 2.877x107%  6.634x107° 1.816x10°8 16.77
1500 1.054x10~%  5.632x107° 5.088x10~° 10.00
2000 1.964x10™*  3.098x107¢ 4.925x107° 4.40
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Figure 4.12: The invariant mass distributions of a) M,;; b) M., for the single
production of v, at LHC and Tevatron
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Table 4.6: The total cross sections for the signal and background process and the
significance for the single production of fourth generation neutrinos at Tevatron.

my, (GeV)  os(pb) o(pb) op(pb)  S/VS+B
150 4.422x1071  1.119x107%  3.399x10~° 29.70
200 8.262x1071 1.261x107* 1.500x10~° 12.76
250 2.202x1072  1.031x107* 6.026x10~° 6.62
300 6.781x107%  2.313x107* 1.054x10~¢ 3.62
350 2.221x107%  2.413x10~*  6.585x10~7 2.00
400 7.519x107* 1.250x10~* 4.306x10~8 1.14
450 2.597x107*  1.498x107° 7.205x10°8 0.70
500 9.081x107° 2.833x107° 4.149x10~? 0.37
4.2.2  Pair Production

The other production mechanism of the fourth generation neutrinos at hadron
colliders is the pair production. We need to define the generalized form of the
interaction of the fourth generation neutrino with Z. The neutral current anoma-
lous magnetic moment type interactions for fourth generation neutrinos are de-

scribed by the Lagrangian:

—— [y vy, — a,,475) + K20,,q" Vs ZF + h.c., (4.13)

1
26W 2m,,4

where g is the standard weak coupling, cyy = cosfy, v,, and qa,, are the axial-
vector and vector neutral couplings of the fourth generation neutrino, ko is the
anomalous magnetic dipole moment form factor and m,, is the fourth generation
neutrino mass.

Pair production of v4 at hadron colliders is achieved through the anomalous
magnetic moment type interactions via parton level process ¢; + ¢ — v4+74. The

Feynman diagram which contribute to this subprocess is displayed in Fig.4.13
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Figure 4.13: The Feynman diagram for pair production of fourth generation
neutrino in pp or pp collisions

The starting point is the effective lagrangian ,Eq. (4.13), to write s-channel

subprocess ¢;(p1) + @(p2) — va(p3) + v4(ps) the amplitude is given as

M = @(pQ)[_i%’YM(Uq - aq’YB)]u(pl)((ngiV];[;“(_J:éI]yZ%Z
x @ps)[ L (VY (00, — a0 ®) + im0 0 (pa) (4.14)

2 2m,,

and Hermitian conjugate of this amplitude:

Jap — Gaqs/ M3

M = a<p1>[i%a<vq—aqv5>1v<pz><<

2 QQ—M%) —il'y My
_ g, . K
X 0(pa)[5 (V7 (v, — a0,7”) = 22mz o™ |u(ps) (4.15)

after summing over the initial-state spin average, the amplitude squared is given

by
2 94 2 2
< |M|F> = £ L — q,.q, /M w3 — uqsg/M
| | 64[((]2 — M3V)2+F12/VM3V] (glt quq / Z)(g g —d qﬂ/ Z)
XTr| oy (vg — agy’) 1™ (vg — agy”)] (4.16)
v - K; 1%
<Tr( 3 + 1M0,) (7 (V0 — @0,7°) + i——0""q,)
2my,
. K2
(o1 — mu) (Y (00, — au,7°) — Do, o”qy)]

The partonic differential cross section for the ¢; + ¢; — v4 + 4 process through
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7/ s-channel exchange can be written as

do Tl

=(qq Val =
aF T ) e T B cos O (5 — M2V 1 T2 ]

x{ a2+ 02 [2m2 (a2, + 2)((5+ B2 + 2 - 2m2, (26 — m,))
— 4m2 3(2a2 m2 — Sv,,K2) + 8k5((8 +£)(2m2, — 1) —m, )]

— 8y, aqVg(vy, + K2)m2 3(2m7, — § — 2f)} (4.17)

4
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Figure 4.14: The total production cross sections for the subprocess q@ — 414 as
a function of m,, at the LHC and Tevatron.

of mass energy s, ke and m,,, from Eq. (4.12). We present the total hadronic
cross section as a function of mass of the fourth generation neutrino at the LHC
(solid line) and Tevatron (dashed line) in Fig. 4.14. In Fig. 4.15 we depict the
leptonic (a) and hadronic (b) invariant mass distributions coming from decay
of vy at the LHC and Tevatron. As shown in these figures, the invariant mass
distribution of the hadronic and leptonic final states have a Jacobian peak around

200 GeV at the LHC and 100 GeV at the Tevatron. The total signal cross section
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Figure 4.15: The invariant mass distributions of a) M.;; b) M., for the pair
production of v, at LHC and Tevatron

(0s5), hadronic (o) and leptonic (o) background cross sections and statistical

significance are given in Table 4.7 at the LHC and in Table 4.8 at Tevatron.

74



Table 4.7: The total cross sections for the signal and background process and the
significance for the pair production of fourth generation neutrino at LHC.

my, (GeV)  as(pb) ap5(pb) op(pb)  S/VS+B
200 8.318x10 2 6.846x10°° 1.087x10°  91.16
400 1.518x1072 1.300x10°% 2.067x10~7  38.96
600  2.845x1073 1.515x10°% 2.410x10~7  16.86
800  6.502x107% 8.018x107% 1.275x10~°  8.06
1000 1.768x10~* 5.625x10~° 8.945x109  4.20
1200 5.437x10~° 1.235x10~° 1.964x10~9  2.33
1400 1.816x10~° 1426x10°% 2.267x10~°  1.35

Table 4.8: The total cross sections for the signal and background process and the
significance for the pair production of fourth generation neutrinos at Tevatron.

my, (GeV)  as(pb) o(pb) op(pb)  S/VS+B
200 7.684x107% 3.298x10°° 5.244x10°7 874
300 1.722x107° 1.221x107% 1.941x1077  1.26
400 3.380x1077 1.849x1077 2.940x107%  0.16
500 5.629x1079  7.249x107% 1.153x10~%  5.9x107
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4.3 Fourth Generation Neutrino Searches using future

eTe™ Colliders

4.3.1 Single Production

We begin with the t-channel process, e (p1)e™ (p2) — ve(ps) + va(ps), represented

in Fig. 4.16 at Born level. There is only one diagram with W exchange in the

W wr

Figure 4.16: The Feynman diagram for single fourth generation neutrino produc-
tion in e*e™ collisions via charged current interaction.

t-channel. The corresponding scattering amplitude is
g;w - Q,qu/ / M{%[/

(q2 — M%V) + erMW
0""q" Pr)|u(p2) (4.18)

M = 17(])1)[—2'%7”PL]U(193)(

_ 9, ., K
X U(p4)[ﬁ(7 PL—@2m1

vy

and M is:

Gor — QaCJA/M%/

M= o)l Pelelon) (5 o
x u@)[%w%+z’2§L—1V40A"q"PR>1u<p4> (4.19)

and the spin averaged squaring matrix element is

4

9
< MP> =
M= = g TR

xTr[ )" Pr 37" PL)(9u — 0udo /Miy) (gap — 4ads/My) (4.20)
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v . K1 v . R1
XTr[( pa+mu,) (v P — @2my40 ?q,Pr) p2(v"Pr + 22my4 g, Pp)]
We obtain following result for the differential cross section for the ete™ — 7,1y
process:
d mo?(s + t)[s(4m? — Kk?t) + 4m2 t — 4m?
_0-(€+€7 N ﬂel/4) ( )[ ( vy 1 ) V4 1/4] (421)

dt 16sin* Oy s2m32, [(t — M3,)? + T3, M3/]

Integrating over the ¢, we obtain the total cross section for ete™ — D.vy. In
Fig.4.17, we show the cross section for ete™ — vy at /s= 500 GeV (dashed
curve) and /s= 1 TeV (solid line) as a function of m,,. The invariant mass
distribution of the leptonic and hadronic final states of the final W from v, decay
are shown in Fig.4.18. These graphs indicate that the leptonic and hadronic final
states have similar magnitudes. In Tables 4.9 and 4.10, the signal cross section
(0s), hadronic (o) and leptonic (ok) background cross sections and statistical
significance (S/v/S + B) are listed as a function of mass v4 at /s=500 GeV and

V/s=1 TeV ILC options, respectively.
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2 30 .
\
\\
20 | |
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\
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Figure 4.17: The total production cross sections for the process ete™ — v,vy as
a function of m,, for ILC.
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Figure 4.18: The invariant mass distributions of a) M,;; b) M., for the single
production of vy at ILC(y/s= 0.5 TeV and 1 TeV)

Table 4.9: The total cross sections for the signal and background process and the
significance for the single fourth generation neutrinos at ILC (y/s= 0.5 TeV).

m,,(GeV) ag(pb)  ok(pb) ob(pb)  S/VS+ B
150 43.973 8.584x10~% 3.622x107° 2096.77
200 40.422 8.873x107* 3.740x1073 2009.25
250 35.790 7.482x1073 3.286x1073 1890.91
300 30.145 7.507x1073  3.554x1073 1735.50
350 23.499 7.257x107%  3.148x1073 1532.30
400 15.892  6.406x10~3 5.377x1073 1260.02
450 7476 1.469x107? 8.955x1073  863.50
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Table 4.10: The total cross sections for the signal and background process and
the significance for the single fourth generation neutrinos at ILC (/s = 1 TeV).

m,, (GeV) og(pb)  a(ph) oz(pb)  S/VS+B
200 51.573 1.120x10~2 4.384x10~°  2270.71
300 48.824  9.570x1073  3.520x10~%  2209.40
400 44.977  7.140x107%  2.491x1073  2120.62
500 40.033  5.464x103  1.653x10~%  2000.70
600 33.995 4.020x1073 1.196x10%  1843.66
700 26.866 3.162x10~3 8.233x10~*  1638.97
800 18.657 2.622x10~3 2.286x10~3  1365.82
900 9413  3.177x1073 5.274x10=%  970.06

Z b w w VT
oF o Uy .

Figure 4.19: The Feynman diagram for pair production of fourth generation
neutrino in pp or pp collisions

4.3.2  Pair Production

The matrix element for the reaction e (p1) + et (p2) — v4(ps) + va(ps) can be
written as the sum of the two subamplitudes corresponding to the above diagrams
M(6_+6+ — vy +0y) = Mg+ M,

where M, and M; contain the exchange of a particle in the channels correspond-
ing to the Mandelstam variables s and .

By using the effective Lagrangian Eqs. (4.1) and (4.13), it is easy to write the

79



invariant amplitude M is given as

Juv — Q/.qu/M%
q> — M%) +il'z My

< alpy)[ S (v = an”) + Z-;_n;aqu%(m) (4.22)

_ .9z m 5
M, = (pa)[=15 7 (ve —aey )]U(pl)((

and we evaluate the complex conjugate of M:

- o _.% wie e B g,ul/_q/LQV/M%
MS - u(pl)[ ? 2 Y (U ay )]v(pQ)((qQ _ M%) . Z'FZMZ
U G (v (s — qinp K2 upop
< I G — )+ i () (1.23)

the spin average squared of the corresponding matrix element is written as follows:

2 9. 2 2
= v v M af — Qo M
< M2 > Gil(2 — )2 T T2 000 (Iuw = Qu/M72) (9o — 4ads/Mz)
XTT[/pru(Ue - a675) prQ(Ue - a675)] (424)
Ky,
XTr( s+ ms) (0 (0, = 00,7°) + i)
msg
K

(fa = ma) (Y (vuy — 0,,7°) = iQ—n?MUﬂ”qn)]

The invariant amplitude for M; can be written as

— = 9 (n - K1 B 8 Guv — QMQV/MI%V
= L (AP, — i gHBB P
M, U(P:s)[ﬁﬁ L 22m30 q R)]U(p1)((q2 —MZ) + Ty My
LK1,
X AP0 P i o P (p) (4:25)

similarly, we write the hermitian conjugate of the M,:

Mt = ﬂ(pl)[

ey . Rl o A Jon — Qaqn/MI%V
p AL P
(v Pr, + 22m30 q"Pr)u(ps)( (¢ — M2,) — iUy My

. K T T
(v"Pp — 22—7;%0" q" Pr)]v(p2) (4.26)

X 0(pa)l

Sl=gls
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The spinor part of this amplitude squared can be converted to a trace:

4
g 2 2
< |IMPP> = G — 9uq /M5 (Gan — Gaqn /M
‘ t’ 16[((]2 _M‘%V)Q_'_FIQ/VM%/]( % 1% / W)( n 77/ W)
K N K1 g
XTr(( ps +ms) (Y Py, — ZQ—W;U“ﬂqﬂPR) (VP + 22—7;30 Acle,;)]
K1,
xTr| po((' Py, + ZQ—W;U P¢°Pp)) (4.27)

(s —ma) (1" Py, — z';—n;gaWPRm

The interference term of the two diagrams can be written as follows

—1929*(Gur — Qv /M%) (Gan — Gatn/My)
32((5 — M2) + Tz M][(f — M2,) — iTyw My

XQ_J(pQ)[fy“(Ue - ae’y5)]U(p1)H(p3)[(*y”(vy4 - au475) + Z2ﬁ_ﬂ;

MSMt ==

a"?q”)v(ps)

a(p) (1 —°) + z'j—ﬂ}%omqm — ) ]u(ps)

2(pa)[("(1 = ") = g0 (1447 () (428)

Using standard tricks of the matrix algebra we can write the sum as a trace:

_i9§92(9;w - qqu/Mg)(gan - Qaqn/MI%V)
32[(5 — M2) + T 7 M)[(i — M2,) — il M)

Triy"(ve — aey®) pr(7*(1 —~°) + 22—7;30' A1 - 7))

K2 up p
—0
o, )

(b= ma)(0"(1= ") i o (14+57) o] (4.29)

<M5Mt> =

(/{)3 + m3)(,yl/(,vy4 - al/4’}/5) +1

Proceeding in the same way, in order to obtain < M M, > we take the product
of Eq. (4.23) and Eq. (4.25). Finally, total differential cross section for the process

ete™ — vy is in the following form:

do, , _ _ 1 2 2
S leTeT — ) = Wk M| > + < [M,]" >
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+ < MM >+ < MM, > (4.30)

and

do . 1

do B B _ 4.31
dt (6 e - 1/4V4) 32 Sin4 HW { ml2/4 COS4 0W[<S - M%)2 + I\QZ]\4%] ( )

x{ a2+ 02) [2m2 (a2, 4+ o) (s + 1) + £ = 2m, (2t = m2,))

— Am? s(2al,m?, — sv,, ko) + sk3((8 +t)(2m5, —t) —m,)

— 8ay,ac0e(vy, + ko) s(2m], — s — 2t)}
1
2560 it (¢ — M3 + T T3]

x {4<m34 —02(4m?, — 2m2 tk? — 2RY)m,

+  (4(k] + 16)mS, — 4(4s(k] + 8) + t(k] + 4k7 + 32))m],

+ (645" + 8st(k] + 10k7 + 16) + t*my, (9x7 + 20K7 + 64))m,,
—  2tk](24s* + 8ts(kT + 3) + t* (3] + 4))m,

+ t%(85% + 8ts + t*)ky) My, + 8((tk] + 8s)m3,

— 2tmb (25 + K2 + t%gm;)Ma,}

sin2 ew[<8 — M%)FwMW — (t — M%/)FzMz]
32 cos? by Mg m2, [(s — ME)? + TS MEI[(E — M3, )2 + 5 013

X {4m‘,f4(a6 + ve)(ay, (m, — (s + 2t)m2, + %)

= (my, + (s = 20)my, + vy, + 5(t —my, )ks)

_ {ve{v,,4{2(m§4 +A)mS, — 8s + t(3k2 + 16)m},

(8s% + ts(k] + 16) + 8t*)m?> + t*(2s + t)k1 }

an {—2(k7 — 4)md, + (t(5K7 — 16) — 24s)m;,

(85% — t5(k; — 16) — 4¢%(K] — 2))m;, + t*(25 + )k}

s(—8m,, + (—tki +8(s +t))my, + tzﬁ%)@}

+ o+ o+ o+ o+

ae{ — 0, {2(k] — 4)mY, + (85 + t(16 — 3k7))m;,
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(—8s% + ts(k] — 16) — 8t)mp, + t*(2s + )k} }
an, {2(K7 + 4)ml — (24s + t(5KF + 16))m,,
(85 4+ t8(kT + 16) + 4% (k7 + 2))m., — t*(2s + t)KT}

s(—8my, + (8s + t(k} + 8))m?2, — t%%)@} }M&V}} (4.32)

+ o+ o+ o+

We display total cross sections for the pair production of v, as a function of m,,
in Fig 4.20 for the two ILC options. Similarly, we presented og, o, ob and
(S/V/S + B) as a function of mass at the two options of the ILC (/s=0.5-1 TeV)
in Table 4.11 and Table 4.12. The invariant mass distributions of leptonic and

hadronic final states are shown in Figs. 4.21 for two ILC options.

150 | Vs=1TeV
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125+t
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25+
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Figure 4.20: The total production cross sections for the process ete™ — 47, as
a function of m,, for ILC.
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Table 4.11: The total cross sections for the signal and background process and the
significance for the pair production of fourth generation neutrinos at ILC (y/s=

0.5 TeV.)
m,(GeV) os(pb) _ oh(pb)  oh(pb)  S/VS + B
100 45.373  4.345x10~* 6.909x10~° 2130.08
150 44.930 3.613x10~* 5.745x107° 2119.66
200 50.523  3.155x10~* 5.017x107° 2247.72
250 14.445 2.762x10~* 4.393x107° 1201.86

Table 4.12: The total cross sections for the signal and background process and the
significance for the pair production of fourth generation neutrinos at ILC (y/s=

1 TeV.)
m,,(GeV) os(pb)  aj(pb) op(pb)  S/VS+B
200 54.125  1.045x107%  1.662x10~* 2326.45
300 76.536  6.090x10™* 9.686x107° 2766.50
400 138.391 4.402x10~* 7.000x107° 3720.09
500 36.122  3.104x10~* 4.935x107° 1900.57
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Figure 4.21: The invariant mass distributions of a) M.;; b) M., for the pair
production of v4 at ILC(y/s= 0.5 TeV and 1 TeV)
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CHAPTER 5
CONCLUSIONS

Because of some shortcomings inherent in the SM, a new approach beyond the
SM necessitated for the solution of these. As well as, the forthcoming collider
experiments might discover new physics which could hold the answer to these
questions. In this framework, we focused on three problems and the results of
these studies are as follows:

In chapter 2, we have considered the anomalous single production of fourth
family up-quarks via the FCNC couplings at future ep colliders. We have shown
that the reaction eq — euy can take place at an observable rate at these colliders.
Hence, the fourth family up-quark will manifest itself at THERA and Linac ®
LHC with masses below 500 GeV and 1 TeV, respectively. Thus the future
lepton-hadron colliders have promising potential in searching for manifestations
of non-standard physics.

In chapter 3, we have investigated charge -1/3 weak isosinglet vectorlike quarks
predicted by Eg theories. We found that a very clear signature for the semileptonic
eveu final state at two high energy electron-proton colliders options THERA and
LHeC is possible. As presented in Tables 3.5 and 3.6 the background cross sections
varies in the range of the order of 1073 — 107 pb at THERA for 500 GeV quarks
and 107°—107? pb at LHeC for 1000 GeV quarks. As seen from Tables 3.7 and 3.8,
exotic quark masses can be as high as 450 GeV and 1.2 TeV at the center of mass
energies of /s = 1 and 1.4 TeV, respectively, taking S/v/S + B > 5, S is the

number of signals and B is that of background events, as an observation limit of
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signal. In obtaining these numerical values, we have taken an appropriate mixing
angle value of sin? #=0.05 which is at the order of the angle in the CKM matrix.

In chapter 4, we have studied the present and future colliders potential for
the discovery of the fourth generation neutrino. We use the significance formula
S/\/S+ B > 5 (50) which is the discovery potential of the events with vy, where
”S” and B are the number of signal and background events, respectively. Then
it is seen from Table 4.2 that, neutrino masses up to 700 GeV can be reached at
the /s=1 TeV THERA option with an integrated luminosity of 40 pb—!. These
masses could be as high as 1.2 TeV at LHeC (y/s=1.4 TeV) with an integrated
luminosity of 10 pb=! in Table 4.3 and 2.8 TeV at the /s=3.74 TeV LCRLHC
option with an integrated luminosity of 100 pb~! according to Table 4.4. The
number of events corresponding to these mass upper bounds are about 35 at
THERA, 200 at LHeC and 40 at LC®LHC.

According to the 5o criteria, single neutrino with masses up to around 2 TeV
and 250 GeV for the LHC in Table 4.5 and Tevatron in Table 4.6, respectively is
found possible while the pair neutrinos mass limits can be obtained as 1 TeV at the
LHC and 250 GeV at the Tevatron according to Tables 4.7 and 4.8, respectively.
As you can see from Tables 4.9,4.10, 4.11 and 4.12, the future e*e™ collider options
have a large signal cross section and statistical significance higher than four times
up to center of mass energy of these colliders. Thus, these eTe™ colliders provide

the best limits on fourth generation neutrinos masses.
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APPENDIX A
PAULI AND DIRAC MATRICES AND TRACE
THEOREMS

In this appendix, we follow conventions used in the textbook by D. Griffiths [60],
M.E. Peskin and D. V. Schroeder [124], J. D. Bjorken and S. D. Drell [125] and
. J. R. Aitchison and A. J. G. Hey [126, 127]

A.1 Pauli Matrices

Pauli matrices are three Hermitian, unitary, traceless 2 x 2 matrices:

and we record some properties of pauli matrices as follows

0i0; = 0ij + €ijrox; (04, 05] = 2¢50% {0, 05} = 204

(a-0)(b-0)=a-b+io-(axb); €7 =cosf+if-osinf
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A.2 Dirac Matrices

We first prove some useful properties of Dirac matrices. We start with the defi-

nitions of the v matrices:

A = 7= ‘ i=1,2,3. (A.1)

These matrices satisfy the Clifford -Algebra

{7} = 29", (A.2)

that is in Minkowski space (7°)? = I and (7")? = —I. The Minkowski space has

the metric

vV__

with ¢""g,,, = 4 and g,,9"” = 0f,. The following relations hold:

Yt =4
WY = =2
W = 4g”

N YNA = =2
ow = (1/2)7",7"]

O = —Oup (A.3)
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Furthermore the matrix 7° (chirality operator) is defined as

v* = iy yly2AR (A4)

and properties of 7° so that the following relations are satisfied:

(V) =1

{y".7°} =0. (A.5)

In taking traces we form hermitian conjugates of matrix elements for which

[a(p', s")Tu(p, )" = a(p, s)Lu(p', s)

with
[ =A°T1°

for example

P = A0 =

g — ,}/OO_;UJT,}/O — ghv

75 = 72(i7°) 190 = iy

95 = (%) 10 = =

oty = (0"y) 17" = =yt (A.6)
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While calculating Feynman diagrams traces of y-matrices occur. To calculate

them the following relations have been used :

Tr[1] = 4

Trly!.. 42+ = 0

Triy'y"] =g

Tr(4 B = 4a-b

Trip p £ 4 =4(a-b)(c-d)=(a-c)(b-d)+ (a-d)(b- )]
Tr[ys] =0

Trlys 4 Bl =0

Trlys 4 b £ A) = dieunsatb’ *d, (A7)
where €., is the total antisymmetric Levi-Civita-Tensor defined by

—1 ,if yrAoisaneven permutation of 0123,
€uvio :{ +1 ,if pvoisan odd permutation, (A.8)

0 ,if any twoindices are the same.

and the contraction of a four-vector with y-matrix has the conventional abbrevi-

ation

/d = ’Yuau

and the relations 4 4 = a® and 4 k& = 2(pk)— % p holds.
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