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ABSTRACT

SEARCH FOR PHYSICS BEYOND THE STANDARD MODEL WITH

ADDITIONAL NON-STANDARD PARTICLES AT FUTURE COLLIDERS

Şenol, 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 E6 the-

ories at future ep colliders; THERA with
√

s=1 TeV, L = 40 pb−1 and CERN
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Large Hadron Electron Collider (LHeC) with
√

s=1.4 TeV, L = 104 pb−1. 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 (ν4) in ep, pp(pp̄) and e−e+ collisions in the context of a new eν4W

and ν4ν̄4Z anomalous magnetic dipole moment type interactions and analyze the

background using optimal cuts. We have obtained the mass limits of 700 GeV

for THERA (
√

s=1 TeV), 2.8 TeV for LC⊗ LHC (
√

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 E6 model.
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ÖZET

STANDART OLMAYAN EK PARÇACIKLARLA STANDART MODEL

ÖTESİ FİZİĞİN GELECEK ÇARPIŞTIRICILARDA ARAŞTIRILMASI

Şenol, Abdulkadir

Doktora Tezi, Fizik Bölümü

Tez Danışmanı: Prof. Dr. Ahmet Turan ALAN

Şubat 2008, 104 sayfa

Bu tez, standart model ötesi fizik çerçevesinde standart olmayan ek parçacıklar

ile ilişkili üç farklı problem üzerindeki çalışmalara dayanmaktadır.

Birinci problemde, gelecek lepton-hadron çarpıştırıcılarında efektif Lagranjiyen

yaklaşımı kullanarak üst tipi dördüncü aile kuarkların üretimini inceledik ve op-

timal sınırlandırmlar ile sinyalin kinematik karakteristiğini çalıştık. Kütle üst

limitini THERA (
√

s= 1 TeV) da 500 GeV ve Linac ⊗ LHC (
√

s= 5.3 TeV) de

1 TeV bulduk.

İkinci problemde, gelecek ep çarpıştırıcılarından, kütle merkezi enerjisi 1 TeV

ve ışınlığı 40 pb−1 olan THERA ve kütle merkezi 1.4 TeV, ışınlığı 104 pb−1 olan

CERN Büyük Hadron electron Çarpıştırıcısı (LHeC)’ nda, yükü -1/3 olan zayıf
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eştekli vektörbenzer egzotik D quarkların üretimini ve bozunumunu sicim esinli

E6 modeli çerçevesinde inceledik. D nin bozunum modlarının analizinden kütle

aralığının kütle merkezi enerjisi 1 TeV iken 100-450 GeV ve kütle merkezi enerjisi

1.4 TeV iken 100-1200 GeV araştırılması gerektiğini bulduk.

Son problemde ise, ep, pp (pp̄) ve e−e+ çarpıştırıcılarında ağır nötrinoların

(ν4) yeni eν4W ve ν4ν4Z anormal manyetik moment tipi etkileşmelerini içeren

tek ve çift üretimini inceledik ve optimal sınırlandırmalar kullanarak fonu analiz

ettik. Kütle sınırlarını THERA için 700 GeV, LC ⊗LHC için 2.8 TeV ve Büyük

Hadron Çarpıştırıcısı (LHC) için 2 TeV bulduk. Bu kütle sınırları Uluslararası

Doğrusal Çarpıştırıcısı (ILC)’nın iki seçeneği
√

s= 0.5 TeV ve
√

s= 1 TeV için

sırayla 450 ve 950 GeV dir.

Anahtar kelimeler : Dördüncü aile, Egzotik kuark, Standart model ötesi

modeller, String inspired E6 model.
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backgrounds for Wg → ū e ν̄e u process at THERA . . . . . . . . . 46
3.10 Transverse momentum P e

T and invariant mass distributions of the
backgrounds for Zg → d̄ e ν̄e u process at THERA . . . . . . . . . 47

xiii



3.11 Transverse momentum P e
T and invariant mass distributions of the

backgrounds for γg → d̄ e ν̄e u process at THERA . . . . . . . . . 48
3.12 Transverse momentum P e

T and invariant mass distributions of the
backgrounds for eu → νe e ν̄e u process at LHeC . . . . . . . . . . 49

3.13 Transverse momentum P e
T and invariant mass distributions of the

backgrounds for ed → e e ν̄e u process at LHeC . . . . . . . . . . . 50
3.14 Transverse momentum P e

T and invariant mass distributions of the
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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 (µ), tau (τ) and an another is

electrically neutral which is electron neutrino (νe), muon neutrino (νµ) and tau

neutrino (ντ ). 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

1



Table 1.1: The fundamental matter constituting particles of SM.
1st generation 2nd generation 3rd generation
up (u)
mass : 1.5− 3.0 MeV
charge = 2/3

charm (c)
mass : 1.25 GeV
charge = 2/3

top (t)
mass : 174.2 GeV
charge = 2/3

Quarks down (d)
mass : 3− 7 MeV
charge = −1/3

strange (s)
mass : 95 MeV
charge = −1/3

bottom (b)
mass : 4.20− 4.70 GeV
charge = −1/3

electron (e)
mass : 0.511 MeV
charge = −1

muon (µ)
mass : 105.6 MeV
charge = −1

tau (τ)
mass : 1.776 GeV
charge = −1Leptons

electron neutrino (νe) muon neutrino (νµ) tau neutrino (ντ )

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 (αs) 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 (γ).

The weak interactions are mediated by W± and Z0 bosons which affect on all

2



Table 1.2: The force carrier particles in the Standard Model.
Carrier Particle Force Mass (GeV) Range(m)

Gluon (g) Strong 0 10−15

Photon (γ) Electromagnetic 0 ∞
W±

Z0 Weak
80.403
91.1876

10−18

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)L ×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)L×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

φ(x) =




φ+

φ0


 =

1√
2




φ1 + iφ2

φ3 + iφ4


 (1.1)

A convenient selection of the neutral direction is φ1 = φ2 = φ4=0 to preserve

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

of φ is

φ(x) =
1√
2




0

v + h(x)


 with v = (−µ

λ
)1/2 (1.2)

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

all physical infinite contributions can be consistently eliminated through a can-
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celation procedure)that leads to a vacuum expectation value

L = |Dµφ|2 − µ2φ†φ− λ(φ†φ)2 (1.3)

where Dµ = ∂µ − (1/2)igσaW a
µ − (1/2)ig′Bµ, Bµ = ∂µBν − ∂νBµ and Wµ =

∂µWν−∂νWµ−gWµ×Wν are respectively, the gauge fields of SU(2)L and U(1)Y

symmetries, with g and g′ the corresponding gauge couplings and σa(a = 1, 2, 3)

are the Pauli matrices. The gauge boson mass term comes from the square of the

covariant of the φ

|Dµφ|2 = |(∂µ − i

2
gσaW a

µ −
i

2
g′Bµ)φ|2 (1.4)

=
g2v2

8
(W µ

1 + iW µ
2 )(W 1

µ − iW 2
µ) +

v2

8
(gW µ

3 − g′Bµ)2 +
1

2
(∂µh)2 + ..

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

gauge fields W µ
3 and Bµ in Eq. (1.4) are given by

W± = 1√
2
(W 1

µ ± iW 2
µ) with MW = g v

2

Z0
µ = 1√

g2+g′2
(gW 3

µ − g′Bµ) with MZ =
√

g2 + g′2 v
2

Aµ = 1√
g2+g′2

(gW 3
µ + g′Bµ) with MA = 0

(1.5)

If the arrangement of scalar Higgs fields φ allows one to construct SU(2)L×U(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 (φ) = µ2φ†φ + λ(φ†φ)2 are given by

Lh = =
1

2
(∂µh)2 − µ2

2
(h + v)2 − λ

4
λ(h + v)4 (1.6)
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=
1

2
(∂µh)2 − λ2v2h2 − λvh3 − λ

4
h4 +

λv4

4
.

From this Lagrangian, the Higgs boson mass is

mh =
√

2µ2 =

√
λ

2
v.

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)L of weak isospin and SU(3)c of color. These components

are given by

L = −1

4
Wµν ·W µν − 1

4
Bµν ·Bµν − 1

4
Gµν ·Gµν

+L̄γµ(i∂µ − 1

2
gτ ·Wµ − 1

2
g′Y Bµ)L + R̄γµ(i∂µ − 1

2
g′Y Bµ)R

+|(i∂µ − 1

2
gτ ·Wµ − 1

2
g′Y Bµ)ϕ|2 − V (ϕ) (1.7)

−(g1L̄ϕR + g2L̄ϕ̃R + h.c.)

+
1

2
gs(ψ̄

j
qγ

µλa
jkψ

k
q )Ga

µ.

where Gµν = ∂µG
a
ν−∂νG

a
µ−gsfabcG

b
µG

c
ν 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, ϕ(ϕ̃) the Higgs doublet and its conjugate and ψj
q a

quark color field. First line of this Lagrangian describes kinetic energies and self
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interactions of gauge bosons (W±, Z0, γ and gluon), second line is fermion kinetic

energies and their electroweak interactions, third line is masses and couplings of

the W±, Z0, γ 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, g′ and gs), the self-coupling (λ) and vacuum expectation (v) of

Higgs field, the mixing angle (sin θw), 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 β-

decay (n → p + e− + ν̄e) 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 β decay

(ν + p → n + e+), in 1953 [12]. The second neutrino from pion decay, muon

neutrino (νµ), was detected by Lederman et.al. in 1962 [13] and third neutrino is

tau neutrino which was observed in 2001 at FermiLab [14].
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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 (1±γ5). 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)L 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

−LM =
∑

MD
il ν̄iRνlL +

1

2
MM

ij (νiR)(νjR)c + h.c. (1.8)
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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. MD
il is a complex 3×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 MM
ij is a symmetric matrix of dimension

m×m.

If three light left-handed neutrinos νlL and heavy (sterile) νjR neutrinos are

both present, both Dirac and Majorana mass terms exist simultaneously. The

Lagrangian has the form

−LM =
1

2
ν̄cMνν + h.c., (1.9)

here

ν =




νlL

(νjR)c


 and Mν =




0 MD

(MD)T MM


 .

The matrix Mν 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 MD.

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.

ii) If the scale of some eigenvalues of MM 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.

iii) Finally, if MM = 0, there are six massive Majorana neutrinos that combine
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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 νe, νµ and ντ are not mass eigenstates but

quantum mechanical superposition of three mass eigenstates ν1, ν2 and ν3 with

mass eigenvalues m1, m2 and m3, respectively

| να〉 =
∑

j

U∗
αj | νj〉 (1.10)

where | να〉 represents a flavor eigenstate, | νj〉 represents a mass eigenstate

and U∗
αj represents a matrix known Pontecorvo-Maki-Nakayawa-Sakata (PMNPS)

leptonic mixing matrix, which can be parametrised as:

U =




1 0 0

0 c23 s23

0 −s23 c23







c13 0 s13e
−iδ

0 1 0

−s13e
−iδ 0 c13







c12 s12 0

−s12 c12 0

0 0 1




=




c12c13 s12c13 s13e
−iδ

−s12c23 − c12s13s23e
iδ c12c23 − s12s13s23e

iδ c13s23

s12s23 − c12s13c23e
iδ −c12s23 − s12s13c23e

iδ c13c23




(1.11)

where cij = cos θij and sij = sin θij, (i, j = 1, 2, 3). The three angles θ12, θ23 and

θ13 represent the mixing angles and δ is the CP violating phase.
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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 θ. Considering the two neutrino flavors (for example νe, νµ) as mix-

tures of two mass eigenstates ν1 and ν2 with masses m1 and m2. The relation

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



| νe〉
| νµ〉


 =




cos θ sin θ

− sin θ cos θ






| ν1〉
| ν2〉


 (1.12)

We assumed that an electron neutrino is created at time t = 0 with momentum

p. This corresponds to the initial states:

| ν(t = 0)〉 =| νe〉 = cos θ | ν1〉+ sin θ | ν2〉 (1.13)

Applying the time evolution operator, e−iHt, a time t the neutrino state will be:

| ν(t)〉 = cos θe−iE1t | ν1〉+ sin θe−iE2t | ν2〉 (1.14)

here E1 and E2 are energies of two different neutrino states. Then, the probability

that a neutrino originally of the νe flavor will at a time t be detected as a νµ is

P (νe → νµ; t) = | 〈νµ | ν(t)〉 |2

= | {− sin θ〈ν1 | + cos θ〈ν2 |} | ν(t)〉 |2

= cos2 θ sin2 θ | e−iE2t − e−iE1t |2 (1.15)

= 2 cos2 θ sin2 θ{1− cos[(E2 − E1)t]}

= sin2 2θ sin2[
(E2 − E1)t

2
] (1.16)
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where we have used the approximation, valid for m ¿ p,

Ei =
√

p2 + m2
i ≈ p(1 +

m2
i

2p
) (1.17)

then,

E2 − E1 =
√

p2 + m2
2 −

√
p2 + m2

2

≈ m2
2 −m2

1

2p
(1.18)

≈ 4m2

2E
(1.19)

If L is the distance the particle travels in time t, Eq. (1.15) becomes

P (νe → νµ; L) = sin2(2θ) sin2(1.27
4m2L

E
) (1.20)

where L is measured in km, 4m2 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 sin2 2θ and oscillation

length L given by

λ = 2.48
E

4m2
(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 :

P =
1

2
sin2 2θ (1.22)

11



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 νe or ντ (i.e. of e or τ) in an initially pure νµ beam.

2. Disappearance experiments, in which one looks for a change in, e.g., the νµ

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-

inated by the process π± → µ± + νµ(ν̄µ). The µ± then decays via the reaction

π± → e±+νe(ν̄e). Both the νµ and the νe 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.
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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 νe + d → p + p + e− is sensitive exclusively to electron-type neutrinos.

Second, neutral current reaction νx + d → p + n + νx (x = e, µ, τ) is equally

sensitive to all active neutrino flavors and finally, the elastic scattering reaction

νx + e− → νx + e− is sensitive to all flavors as well, but with reduced sensitivity

to νµ and ντ . 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: νe + p → e+ + n, measuring the positron in the liquid scintilla-

tor, the photon emitted in the neutron capture is also observable. The νe 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 ν̄µ → ν̄e. 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

stopped in target region and decay with usual sequence π+ → νµ+µ+ followed by

µ+ → ν̄µ + νe + e−. The contribution of π− is much suppressed because they are

capture on nuclei with very high probability and thus, the beam contains νµ, ν̄µ

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

there are no ν̄e 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 νR.
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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 Λ 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) × SU(2) × U(1) in a larger group with the aim of relating the different
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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 E6 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 E6 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 eν4W and ν4ν̄4Z 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 u4 and ordinary quarks, involving electroweak boson and

gluon is given as follow [57, 58, 59]:

Leff =
∑

U=u,c

i
eeU

Λ
κγ,u4ū4σµνq

νUAµ
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+
g

2 cos θW

ū4[γµ(vZ,U − aZ,Uγ5) + i
κZ,u4

Λ
σµνq

ν ]UZµ

+i
gs

Λ
κg,u4ū4σµνq

ν λi

2
UGiµ + h.c., (2.1)

where σµν=(i/2)[γµ , γν ], θW is the Weinberg angle, q is the four-momentum of

the exchanged boson; e, g and gs denote the gauge couplings relative to U(1),

SU(2) and SU(3) symmetries, respectively; eU is the electric charge of up-type

quarks, Aµ, Zµ and Giµ the fields of the photon, Z boson and gluon, respectively;

and Λ denotes the scale up to which the effective theory is assumed to hold. By

convention, we set Λ=m4, mass of the fourth family quark in following.

2.1 The Anomalous Decays of Fourth Family Up Quark

For calculation of the eqV (here q = u, c, t and V = γ, Z, g) cross section in-

cluding fourth generation up-quark contributions, the total width Γu4 is needed.

In this section, all of the tree level two-body decay widths for u4 are computed.

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

Γ =
S|M12|
16πm1

β123 (2.2)

where mi, i = 1, 2, 3 are the masses of the particles, pi, in the decay process

p1 → p2p3,

β123 =

√
1− 2(m2

2 + m2
3)

m2
1

+
(m2

2 −m2
3)

2

m4
1

(2.3)

S is a symmetry factor for the outgoing particles, p2 and p3, M12 is the amplitude

for the process.

From Eq. (2.1), the amplitude of the u4(1) → q(2)γ(3) decay process can be

written as

M = ū(p2)[
eeU

Λ
κγσµν(p1 − p2)

ν ]ε∗µu(p1) (2.4)
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f Charge af vf

νe, νµ, ντ 0 1
2

1
2

e−, µ−, τ− −1 −1
2

−1
2

+ 2 sin2 θW

u, c, t 2
3

1
2

−1
2
− 4

3
sin2 θW

d, s, b −1
3

−1
2

−1
2
− 4

3
sin2 θW

Table 2.1: Neutral Vector and Axial Vector Couplings

and then matrix element squared is:

|M|2 =
4e2e2

Uκ2
γ

Λ2
[−4(3m2

1 + 4m1m2 + 3m2
2 − 2p1.p2)(m1m2 − p1.p2)] (2.5)

with p1.p2 = (m2
1 + m2

2)/2 and plugging into Eq. (2.2) gives

Γ(u4 → qγ) = αe2
Uκ2

γm1(1− m2
2

m2
1

)3 (2.6)

here α is fine structure constant, m1 is mass of the u4 and m2 is mass of the

ordinary quarks.

In order to obtain the decay width Γ(u4 → qZ), we write the decay amplitude

again from Eq. (2.1);

M =
gZ

2
ū(p2)[γ

µ(vq − aqγ
5) +

iκZ

Λ
σµρ(p1 − p2)ρ]u(p1)ε

∗
µ (2.7)

where gZ = g/ cos θW , vq and aq neutral vector and axial vector couplings of

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

|M|2 = g2
Z [

(a2
q + v2

q )

m2
3

(p1.p2(m
2
1 + m2

2 + 2m2
3)− 2m2

1m
2
2)− 6vqκZ(p1.p2 −m2

2)
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Table 2.2: Branching ratios (%) and total decay widths of u4 quark depending
on its mass (κγ = κZ = κg = 0.1, Λ = mu4)

Mass (GeV) gu(c) gt Zu(c) Zt γu(c) γt Γ(GeV)
300 3.1 0.9 70.5 25.2 0.1 0.04 7.15
400 1.4 0.8 61.1 36.6 0.07 0.04 20.12
500 0.8 0.6 57.3 41.2 0.04 0.03 42.31
600 0.5 0.4 55.2 43.8 0.03 0.02 76.29
700 0.4 0.3 53.9 45.4 0.02 0.02 124.45

− κZ

m2
1

(2(p1.p2)
2 + 4m2

1m
2
2 − 3(m2

1 + m2
2)p1.p2)] (2.8)

with p1.p2 = (m2
1 −m2

2)/2 and m2 = 0 which yields, via Eq. (2.2),

Γ(u4 → qZ) =
αm1

4s2
W c2

W

(1− m2
3

m2
1

)2[κ2
Z(1 +

m2
3

2m2
1

)

− 3vqκZ + (a2
q + v2

q )(1 +
m2

1

m2
3

)] (2.9)

The other decay mode of u4 is Γ(u4 → qg). 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 αe2
0 → 3αse

2
0;

Γ(u4 → qg) = 3αse
2
Uκ2

gm1(1− m2
2

m2
1

)3 (2.10)

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

and total decay widths of u4 with κγ = κZ = κg = 0.1.
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e− e−

q u4

γ, Z

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 u4 → qγ and u4 → qZ can

be written as follows;

Γγ
µ =

ieeU

Λ
κγσ

µνqν

ΓZ
µ =

gZ

2
[γµ(vq − aqγ

5) + iκZσµνqν ]. (2.11)

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

−igµν

q2 for massless (2.12)

−igµν−qµqν/M2

q2−M2+iΓM
for massive (2.13)

here Γ and M decay width and mass of the massive spin-1 particles, respectively.

The u4 are produced via e(p1)+q(p2) → e(p3)+u4(p4). 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;

< |M|2 >=< |Mγ|2 > + < |MZ |2 > + < MγM̄Z > + < M̄γMZ > (2.14)

Using the effective vertices Γγ
µ and ΓZ

µ given by Eq. (2.11), the amplitudes of

subprocess eq → eu4 are written as

Mγ = ū(p3)(ieγ
µ)u(p1)[

gµν

(p1 + p2)2
]ū(p4)(Γ

γ
ν)u(p2) (2.15)

MZ = ū(p3)(−i
gZ

2
γµ(ve − aeγ

5))u(p1)[
gµν − qµqν/M

2
Z

[q2 −M2
Z + iΓZMZ ]

]

× ū(p4)(Γ
Z
ν )u(p2) (2.16)

MγM̄Z = ū(p1)(−i
gZ

2
γα(ve − aeγ

5))u(p3)[
gαβ − qαqβ/M2

Z

[q2 −M2
Z − iΓZMZ ]

]

× ū(p2)(Γ
Z
β )u(p4)ū(p3)(ieγ

µu(p1)(−i
gµν

q2
)ū(p4)(Γ

γ
νu(p2) (2.17)

M̄γMZ = ū(p2)(Γ
γ
ρ)u(p4)(−i

gρσ

q2
)ū(p1)(ieγ

σ)u(p3)

× ū(p3)(i
gZ

2
γα(ve − aeγ

5))u(p1)[
gµν − qµqν/M

2
Z

[q2 −M2
Z + iΓZMZ ]

]ū(p4)(Γ
Z
ν u(p2)

(2.18)

and the trace form of the amplitude squared are

< |Mγ|2 > =
e2

Ue4κ2
γ

4Λ2q4
Tr[(6 p1 + m1)γ

µ(6 p3 + m3)γ
ρ]

× Tr[(6 p4 + m4)σµαqα(6 p2 + m2)σρβqβ]. (2.19)

< |MZ |2 > =
g4

Z

64[(t̂−M2
Z)2 + Γ2

ZM2
Z ]

[gµν − qµqν/M
2
Z ][gαβ − qαqβ/M2

Z ]

× {Tr[(6 p3 + m3)γ
µ(ve − aeγ

5)(6 p1 + m1)γ
α(ve − aeγ

5)]
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× Tr[(6 p4 + m4)[γ
ν(vq − aqγ

5) + i
κZ

Λ
σνρqρ](6 p2 + m2)[γ

β(vq − aqγ
5)

−i
κZ

Λ
σβδqδ]]} (2.20)

< MγM̄Z > = −ieUe2g2
Zκγ[(t̂−M2

Z) + iΓZMZ ]

16Λq2[(t̂−M2
Z)2 + Γ2

ZM2
Z ]

[gαβ − qαqβ/M2
Z ]

× Tr{(6 p1 + m1)[γ
α(ve − aeγ

5)]( 6 p3 + m3)γ
µ} (2.21)

× Tr{(6 p2 + m2)[γ
β(vq − aqγ

5)− i
κZ

Λ
σβδqδ](6 p4 + m4)σ

βρqρ}.

< M̄γMZ > =
ie0e

2g2
Zκγ[(t̂−M2

Z)− iΓZMZ ]

16Λq2[(t̂−M2
Z)2 + Γ2

ZM2
Z ]

[gµν − qµqν/M
2
Z ]

× Tr{(6 p2 + m2)σ
ρβqβ( 6 p4 + m4)[γ

ν(vq − aqγ
5) + i

κZ

Λ
σνδqδ]}

× Tr{(6 p1 + m1)γρ(6 p3 + m3)[γ
µ(ve − aeγ

5)]} (2.22)

Using the usual Mandelstam invariants ŝ = (p1 + p2)
2, t̂ = (p1 − p3)

2 and û =

(p1 − p4)
2, which yields total differential production cross sections are

dσ̂

dt̂
=

1

16πŝ2
< |M|2 >

=
2πe2

Uακ2
γ

ŝ2t̂
[(2ŝ + t̂)− 2ŝ(ŝ + t̂)

m2
4

−m2
4]

+
πα2

8 sin4 θW cos4 θW ŝ2m2
4[(t̂−M2

Z)2 + Γ2
ZM2

Z ]

× {(a2
e + v2

e)κ
2
Z [(2ŝ + t̂)m2

4 − 2ŝ(ŝ + t̂)−m4
4]t̂

+ 2κZm2
4[vq(a

2
e + v2

e)(t̂−m2
4)− 2aeveaq(2ŝ + t̂−m2

4)]t̂ (2.23)

+ [(a2
q + v2

q )(a
2
e + v2

e)[2ŝ
2 + 2ŝt̂− (2ŝ + t̂)m2

4 + t̂2]

− 4aeveaqvq(2ŝ + t̂−m2
4)]m

2
4}

+
πeUα2κγ(t̂−M2

Z)

sin2 θW cos2 θW ŝ2m2
t [(t−M2

Z)2 + Γ2
ZM2

Z ]

{aeaq(2ŝ + t̂−m2
4)m

2
4 + ve[2ŝ

2κZ − (t̂−m2
4)(m

2
4(vq + κZ)− 2ŝκZ)]}.
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2.3 Numerical Results and Discussion

The total cross section is obtained by the integral:

σtot =

∫ 1

xmin

fq(x)dx

∫ t+

t−

dσ̂

dt̂
dt̂ (2.24)

where t− = −(ŝ − m2
4), t+ = −0.01 and xmin = m2

4/s. fq(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

ū4 production through the subprocess eq̄ → eū4. The contribution of this process

is relatively small when compared with the u4 production due to the sea quark

distribution in the proton.

We present the total production cross sections as functions of u4 mass in

Fig. 2.2 and Fig. 2.3. In Fig. 2.2, we display the cross sections as functions of

the mass of u4, at future lepton-hadron collider THERA with the center of mass

energy
√

s= 1 TeV and with the luminosity of L = 4.1030 cm−2s−1 [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 m4 at Linac ⊗
LHC with

√
s= 5.3 TeV and with the luminosity of L = 1033 cm−2s−1 [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 γ and Z exchange
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Figure 2.2: Photonic (lower line) and total (upper line) production cross section
for the FCNC single u4 at

√
s=1 TeV as a function of m4 with κγ = 0.1 and

κγ = κZ = 0.1, respectively.

diagrams. Graphs in Fig. 2.2 and 2.3 were computed by taking the illustrative

anomalous coupling values κγ = κZ = 0.1. In Figures 2.4 and 2.5, the total

production cross sections are shown also as a function of coupling κγ and κZ for

center of mass energies 1 TeV and 5.3 TeV, respectively. The total production

cross section for FCNC single u4 with κγ = κZ = 0.1 as a function of center of

mass energies and m4 is plotted in Fig. 2.6.

We assume the anomalous decays of u4 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 u4 quark

via anomalous interactions. SM decay modes are negligible for κ/Λ > 0.01 TeV−1

due to the small magnitude of the extended CKM matrix elements Vu4b [63, 64].

Tables 2.3 and 2.4 present the total production cross sections of u4 and ū4 in

addition to the number of signal and background events in various decay channels

of u4 at THERA and Linac⊗LHC, respectively.

When the fourth family u4 (or ū4) 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 u4 at

√
s=5.3 TeV as a function of m4 with κγ = 0.1 and

κγ = κZ = 0.1, respectively.

FCNC interactions giving rise to the signal e−qV , where q = u, c, t (or ū, c̄, t̄) and

V denotes the neutral gauge bosons γ, Z, g.

We consider the relevant backgrounds from the following subprocesses:

eq → eqγ

eq → eqZ

eq → eqg

where q = u, c (or ū, c̄). 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

pe,γ,j
T > 10 GeV and optimal cuts pe,γ,j

T > 20 GeV and MqV > 250 GeV on the

final state particles. From Table 2.3, we conclude that the number of signal

events for u4 → gq and u4 → Zq (q=u,c) channels is promising, which makes it

possible to observe a u4 production signal at the THERA, especially for low lying

u4-quark mass values (300-500 GeV). As can be seen from Table 2.4, it will be

possible to observe the anomalous production of u4 quark in all decay channels
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Figure 2.4: Total production cross section for the FCNC single u4 at as a function
of κγ and κZ with m4=500 GeV and

√
s=1 TeV.

if the corresponding backgrounds is kept at a low level at Linac ⊗ LHC collider.

We found that u4 production signal at this machine is observable down to the

anomalous coupling κV,u4 = 0.01 at the mass of u4-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/
√

B ≥ 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 u4 at as a function
of, κγ and κZ with m4=500 GeV and

√
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Figure 2.6: Total production cross section for the FCNC single u4 as a function
of m4 and center of mass energy with κγ = κZ = 0.1.
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Table 2.3: Number of signal and background events in various decay channels of
u4 quark at THERA with

√
s = 1 TeV and L = 40 pb−1 with corresponding total

cross section (σtot ≡ σtot(eu(c) → eu4) and σ̄tot ≡ σtot(eū(c̄) → eū4)) in pb. B1

and B2 denote the number of background events with the cuts (pe,γ,j
T > 10 GeV)

and (pe,γ,j
T > 20 GeV, MV q > 250 GeV), respectively.

Mass (GeV) gu(c) gt Zu(c) Zt γu(c) γt σtot σ̄tot

300 12.4 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 0.6 75.9 60.1 0.04 0.03 1.88 1.55
700 0.3 0.3 43.3 36.4 0.02 0.01 1.05 0.96
B1 17440 - 6.7 - 1152 -
B2 20.3 - 1.3 - 41.2 -

Table 2.4: Number of signal and background events in various decay channels of
u4 quark at Linac⊗LHC with

√
s = 5.3 TeV and L = 104 pb−1 with corresponding

total cross section (σtot ≡ σtot(eu(c) → eu4) and σ̄tot ≡ σtot(eū(c̄) → eū4)) in pb.
B1 and B2 denote the number of background events with the cuts (pe,γ,j

T > 10
GeV) and (pe,γ,j

T > 20 GeV, MV q > 250 GeV), respectively.

Mass gu(c) gt Zu(c) Zt γu(c) γt σtot σ̄tot

(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 91990.9 72926.4 45.8 34.9 11.74 4.92
700 592.3 488.3 85088.9 71614.7 30.4 25.4 11.15 4.63
B1 1.9× 107 - 1.2× 104 - 1.4× 106 -
B2 6.5× 104 - 3.3× 103 - 5.1× 104 -
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CHAPTER 3

EXOTIC QUARK PRODUCTION IN EP COLLISIONS

String inspired E6 theories predict the existence of exotic particles. In E6,

each generation of fermions is assigned to the 27-dimensional representation

[26, 27, 28]. The fermion content of a single E6 27 representation containes

fifteen standard fermions and right handed neutrino as follows




νe

e




L

,




u

d




L

, eR, uR, dR and NR

and eleven new exotic fermion fields




νE

E




L

,




NE

E




R

, DL, DR, ν ′′L

The fermion assignments in 27 representation are given Table 3.1 where Q,I3L

are the usual charge and weak isospin and Q̃, I3R 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 SU(3) Q I3L Q̃ I3R

16 5∗ dc 3∗ 1/3 0 -1/6 1/2
e− 1 -1 -1/2 -1/6 0
νe 1 0 1/2 -1/6 0

10 e−c 1 1 0 1/3 1/2
d 3 -1/3 -1/2 1/3 0
u 3 2/3 1/2 1/3 0
uc 3∗ -2/3 0 1/3 -1/2

1 N c 1 0 0 5/6 -1/2
10 5∗ Dc 3∗ 1/3 0 -1/6 0

E− 1 -1 -1/2 -1/6 -1/2
νE 1 0 1/2 -1/6 -1/2

5 D 3 -1/3 0 -2/3 0
E−c 1 1 1/2 -2/3 1/2
N c

E 1 0 -1/2 -2/3 1/2
1 1 ν ′′ 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
√

s=1 TeV and L = 40 pb−1 [55] and CERN Large Hadron

Electron Collider (LHeC) with
√

s=1.4 TeV and L = 104 pb−1 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−1 at the LHeC

makes an essential facility to resolve possible puzzles of the LHC data.

32



e

u D

W−

νe

(a)

e

d D

Z

e

(b)

W−

g D

d

ū
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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) γ-gluon fusion

3.1 Production and decays of Exotic Down Quark

3.1.1 Production of Exotic 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 → νeD

ii) FCNC reaction; ed → eD

iii) Boson-Gluon Fusions; Wg → ūD, Zg → d̄D and γg → d̄D.

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

LCC =
g

2
√

2
ūγµ(1− γ5)(d cos θ −D sin θ)W µ + h.c.

LNC =
g

4cW

sin θ cos θd̄γµ(1− γ5)DZµ (3.1)

where θ 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(p1) + u(p2) → νe(p3) + 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)

M = ū(3)[−i
g

2
√

2
γµ(1− γ5)]u(1)[

gµν − qµqν/M
2
W

t−M2
W + iΓW MW

]

× ū(4)[−i
g

2
√

2
sin θγν(1− γ5)]u(2) (3.2)

after squaring this amplitude, we find

< |M|2 >=
1

4

g4 sin2 θ

64[(t−M2
W )2 + Γ2

W M2
W ]

Tr[6 p3γ
µ(1− γ5) 6 p1γ

ρ(1− γ5)]

×Tr[(6 p4 + m)γν(1− γ5) 6 p2γ
σ(1− γ5)](gµν − qµqν/M

2
W )(gρσ − qρqσ/M

2
W ) (3.3)

These trace of gamma matrices were evaluated by the algebraic computer program

”FeynCalc”. The usual Mandelstam variables for the all subprocess are defined

as ŝ = (p1 + p2)
2, t̂ = (p1 − p3)

2, û = (p1 − p4)
2, ŝ + t̂ + û = m2 is defined

and electron, electron neutrino and light quark masses are neglected. The spin

averaged matrix element squared can be written

< |M|2 >=
g4 sin2 θ

4[(t−M2
W )2 + Γ2

W M2
W ]

s(s−m2) (3.4)
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We obtained differential cross section for the subprocess as

dσ̂

dt̂
(eu → νeD) =

πα2 sin2 θ

4 sin4 θW ŝ

(ŝ−m2)

[(t̂−M2
W )2 + Γ2

W M2
W ]

(3.5)

ii) The FCNC reaction of the single D production is e(p1)+d(p2) → e(p3)+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 = ū(3)[−i
gZ

2
√

2
γµ(ve − aeγ5)]u(1)[

gµν − qµqν/M
2
W

t−M2
W + iΓW MW

]

× ū(4)[−gz

4
sin θ cos θγν(1− γ5)]u(2) (3.6)

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

< |M|2 >=
1

4

g4
z sin2 θ cos2 θ

64[(t−M2
Z)2 + Γ2

ZM2
Z ]

Tr[6 p3γ
µ(ve − aeγ

5) 6 p1γ
ρ(ve − aeγ

5)]

×Tr[(6 p4 + m)γν(1− γ5) 6 p2γ
σ(1− γ5)](gµν − qµqν/M

2
Z)(gρσ − qρqσ/M

2
Z) (3.7)

and

dσ̂

dt̂
(ed → eD) =

πα2 sin2 2θ[t̂(t̂ + 2ŝ−m2)(ae − ve)
2 + 2ŝ(ŝ−m2)(a2

e + v2
e)]

4ŝ2 sin4 2θW [(t̂−M2
Z)2 + Γ2

ZM2
Z ]

(3.8)

As we consider the strong interactions, D quarks couple to gluons in exactly

the same way as ordinary quarks providing the (W , Z, γ)-gluon fusions.

iii) The amplitude of the single production of exotic down quark via W -gluon

fusion, W (p1) + g(p2) → ū(p3) + D(p4), in Fig. 3.1.(c) is given by

M = ū(4)[(igsγ
µT a

ij)ε
µ
2

(6 p1− 6 p3)

t̂
εν
1(−i

g cos θ

2
√

2
γν(1− γ5))]u(3) (3.9)
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The result for spin and color average of < |M|2 > is

< |M|2 > =
1

4

g2
sg

2 cos θ2

8t̂2
(
1

8

∑
i,j

T a
ijT

a
ij
∗)(−gµβ)(−gνα + (qνqα/M2

W )) (3.10)

× Tr[(6 p4 + m)γµ(6 p1− 6 p3)γ
ν(1− γ5) 6 p3γ

α(1− γ5)(6 p1− 6 p3)γ
β]

here

(
1

8

∑
i,j

T a
ijT

a
ij
∗) = 1/2

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

differential cross section is

dσ̂

dt̂
(Wg → ūD) =

παsα cos2 θ

32 sin2 θW ŝ2t̂2M2
W

[2M4
W (m2 + t̂)− 2M2

W t̂(ŝ + t̂)(3.11)

− (m2 − ŝ)t̂2]

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

fusion, Z(p1) + g(p2) → d̄(p3) + D(p4), in Fig. 3.1.(d) is given by

M = ū(4)[(igsγ
µT a

ij)ε
µ
2

(6 p1− 6 p3)

t̂
εν
1(−i

gz

2
γν(vd − adγ

5))]u(3) (3.12)

and the differential cross section as follows

dσ̂

dt̂
(Zg → d̄D) =

παsα(a2
d + v2

d)

8 sin2 2θW ŝ2t̂2M2
Z

[2M4
Z(m2 + t̂)− 2M2

Z t̂(ŝ + t̂) (3.13)

− (m2 − ŝ)t̂2]

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 = ū(4)[(igsγ
µT a

ij)ε
µ
2

(6 p1− 6 p3)

t̂
εν
1(−i

gz

2
γν(vd − adγ

5))]u(3) (3.14)
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and corresponding differential cross sections are written

dσ̂

dt̂
(γg → d̄D) =

παsα

24ŝ2t̂
[−ŝ− t̂] (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 Weizsäcker-Williams distribution [75, 76] for photons in electrons.

For illustrations we have assumed an upper bound of sin2 θ . 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
√

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 γ-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
σS(eu → νeD) 4.01 2.84 1.79 0.99 0.46
σS(ed → eD) 0.27 0.18 0.11 0.053 0.022
σS(Wg → ūD) 3.16 1.25 0.39 0.10 0.019
σS(Zg → d̄D) 23.95 9.30 2.91 0.73 0.14
σS(γg → d̄D) 59.62 9.78 1.73 0.29 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
σS(eu → νeD) 3.61 1.97 0.83 0.24 0.036
σS(ed → eD) 0.25 0.12 0.044 0.011 0.0013
σS(Wg → ūD) 2.09 0.45 0.061 0.0048 1.79x10−4

σS(Zg → d̄D) 16.14 3.49 0.47 0.037 1.42x10−3

σS(γg → d̄D) 15.16 1.23 0.094 0.0049 1.42x10−4
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Figure 3.2: The total production cross sections for the subprocesses eu → νeD 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 → ūD
as a functions of m.
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Figure 3.5: The total production cross sections for the subprocesses Zg → d̄D as
a function of m.
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Figure 3.6: The total production cross sections for the subprocesses γg → d̄D 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 =
gZ

4
sin θ cos θū(1)[γν(1− γ5)]u(2)ε∗µ (3.16)

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

we find

< |M|2 > =
g2

Z

16
sin2 θ cos2 θTr[6 p2γ

µ(1− γ5)(6 p1 + m)γν(1− γ5)]

×
∑

pol

ε∗µεν (3.17)

The sum over physical polarization states of Z boson is

∑

pol

ε∗µεν = gµν − qµqν

M2
Z

(3.18)

and p1 · p2 = (m2 −M2
Z)/2. Inserting these expression into Eq. (3.17), we find

< |M|2 >=
g2

z sin2 θ cos2 θ

8
[
m4 + M2

Zm2 − 2M4
Z

M2
Z

] (3.19)

and plugging into Eq. (2.2) gives

Γ(D → dZ) =
g2

Z sin2 θ cos2 θ(m−M2
Z)

64πm3MZ

[m4 + M2
Zm2 − 2M4

Z ] (3.20)
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here gz =
√

4πα/ sin θw cos θw

Γ(D → dZ) =
α sin2 θ cos2 θ

16 sin2 θW cos2 θW MZ

[m +
M2

Z

m
− 2

M4
Z

m3
] (3.21)

ii) Calculations of D → uW 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 =
g

2
√

2
sin θū(2)[γµ(1− γ5)]u(1)ε∗µ (3.22)

and after squaring of this amplitude is given

< |M|2 > =
g2

8
sin2 θTr[6 p2γ

µ(1− γ5)(6 p1 + m)γν(1− γ5)]

×
∑

pol

ε∗µεν (3.23)

where summation over the polarization of W boson is

∑

pol

ε∗µεν = gµν − qµqν

M2
W

(3.24)

and p1 · p2 = (m2 −M2
W )/2. The squared of matrix element is computed as

< |M|2 >=
sin2 θg2

2
(

m4

M2
W

+ m2 − 2M2
W ) (3.25)

and substituting in Eq. (2.2), we get

Γ(D → uW ) =
α sin2 θ

8 sin2 θW MW

[m +
M2

W

m
− 2

M4
W

m3
] (3.26)
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Finally, the general form of these partial decay widths can be written as

Γ(D → qV ) = αCV
m

Y 2
(1− 3Y 4 + 2Y 6) (3.27)

where q is up or down quark, V denotes W− and Z bosons, α is the fine structure

constant, m is mass of the exotic quark, Y ≡ MV /m, CW = sin2 θmix/8xW , CZ =

(sin θmix cos θmix)
2/16xW (1 − xW ) and xW ≡ sin2 θW . 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 → qW )(%) BR(D → qZ)(%)
150 70.2 29.2
250 68.1 31.9
350 67.8 32.1
450 67.7 32.3

Therefore, D → ul−ν̄l is taken as the relevant background process since the

D → uW 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 CTEQ6L

[79] which has been used in the background calculations and an optimal cut of

PT > 10 GeV has taken for electron, jet and missing momenta.

In Figures 3.7-3.11, we displayed the transverse momenta, PT of secondary

electrons by assigning a mass value of 350 GeV to m giving peaks around P e
T =30-

40 GeV and the invariant mass distributions of e− ν̄e − q 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 P e
T values and 125-350

GeV for invariant mass values depending on different subprocess.
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Figure 3.7: Transverse momentum P e
T and invariant mass distributions of the

backgrounds for eu → νe e ν̄e u process at THERA
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e d → e e ν̄e u
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Figure 3.8: Transverse momentum P e
T and invariant mass distributions of the

backgrounds for ed → e e ν̄e u process at THERA
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Wg → ū e ν̄e u
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Figure 3.9: Transverse momentum P e
T and invariant mass distributions of the

backgrounds for Wg → ū e ν̄e u process at THERA
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Zg → d̄ e ν̄e u
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Figure 3.10: Transverse momentum P e
T and invariant mass distributions of the

backgrounds for Zg → d̄ e ν̄e u process at THERA
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γg → d̄ e ν̄e u
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Figure 3.11: Transverse momentum P e
T and invariant mass distributions of the

backgrounds for γg → d̄ e ν̄e u process at THERA
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e u → νe e ν̄e u
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Figure 3.12: Transverse momentum P e
T and invariant mass distributions of the

backgrounds for eu → νe e ν̄e u process at LHeC
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e d → e e ν̄e u
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Figure 3.13: Transverse momentum P e
T and invariant mass distributions of the

backgrounds for ed → e e ν̄e u process at LHeC
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Wg → ū e ν̄e u
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Figure 3.14: Transverse momentum P e
T and invariant mass distributions of the

backgrounds for Wg → ū e ν̄e u process at LHeC
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Zg → d̄ e ν̄e u
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Figure 3.15: Transverse momentum P e
T and invariant mass distributions of the

backgrounds for Zg → d̄ e ν̄e u process at LHeC
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γg → d̄ e ν̄e u
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Figure 3.16: Transverse momentum P e
T and invariant mass distributions of the

backgrounds for γg → d̄ e ν̄e 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
σB(eu → νe e ν̄e u) 1.122x10−3 1.451x10−3 4.238x10−4 1.856x10−4 8.976x10−5

σB(ed → e e ν̄e u) 8.349x10−4 1.095x10−3 3.332x10−4 8.996x10−4 1.195x10−3

σB(Wg → ū e ν̄e u) 2.011x10−3 2.556x10−2 7.473x10−2 2.578x10−2 1.425x10−4

σB(Zg → d̄ e ν̄e u) 1.502x10−3 7.417x10−3 8.200x10−3 3.843x10−5 5.511x10−4

σB(γg → d̄ e ν̄e u) 5.071x10−3 1.195x10−3 3.196x10−4 2.860x10−5 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
σB(eu → νe e ν̄e u) 1.852x10−3 5.002x10−4 2.157x10−4 3.405x10−5 7.724x10−6

σB(ed → e e ν̄e u) 8.398x10−4 5.814x10−5 4.309x10−5 4.619x10−6 1.128x10−6

σB(Wg → ū e ν̄e u) 5.976x10−3 5.260x10−3 3.330x10−4 2.352x10−4 2.786x10−5

σB(Zg → d̄ e ν̄e u) 7.938x10−3 1.399x10−2 1.048x10−3 9.683x10−6 3.436x10−5

σB(γg → d̄ e ν̄e u) 1.369x10−3 1.090x10−5 1.239x10−5 2.512x10−8 1.114x10−9

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 → νeD 12.66 10.65 8.46 6.29 4.30
ed → eD 3.28 2.68 2.05 1.46 0.94
Wg → ūD 11.24 7.00 3.64 1.77 0.87
Zg → d̄D 30.94 19.28 10.78 5.40 2.39
γg → d̄D 48.83 19.78 8.31 3.40 1.28

Table 3.8: The significance (S/
√

S + B) for the exotic quarks at LHeC (L = 104

pb−1).

m(GeV) 200 400 600 800 1000
eu → νeD 189.95 140.33 91.04 48.91 18.87
ed → eD 49.58 34.85 21.67 10.35 3.54
Wg → ūD 144.62 66.93 24.61 6.75 1.25
Zg → d̄D 401.64 186.42 68.62 19.32 3.72
γg → d̄D 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 D0, LEP and SLAC rule out the possibility of ν4 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 (ν4) in ep, pp(pp̄) and e+e− collisions in the context of

a new eν4W and ν4ν̄4Z 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 (
√

s=1 TeV) and LC⊗LHC (
√

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 e+e−

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 ν4 can occur via the t-channel W ex-

change reaction eq → ν4q
′, by proposing the following new charged current eν4W

interaction

Lcc =
g√
2

ē[γµ +
i

2mν4

κ1σµνq
ν ]PL ν4 W µ + h.c., (4.1)
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Table 4.1: The main parameters of future colliders

ep Ee (TeV) Ep (TeV)
√

s (TeV) Lint(pb
−1)

THERA 0.25 1 1 40
LHeC 0.7 7 1.4 104

LCxLHC 0.5 7 3.74 100

e+e− Ee+ (TeV) Ee− (TeV)
√

s (TeV) Lint(pb
−1)

ILC 0.25 0.25 0.5 104

ILC 0.5 0.5 1 104

pp̄ Ep (TeV) Ep (TeV)
√

s (TeV) Lint(pb
−1)

LHC 7 7 14 105

which parallels the coupling structure for τνW vertex [122]. In Eq. (4.1), κ1

is the anomalous magnetic dipole moment factor, mν4 is the mass of the fourth

generation neutrino, q is the momentum carried by the exchanged W boson, g

denotes the gauge coupling relative to SU(2) symmetries, PL = (1 − γ5)/2 is

left-handed projection operator and W µ is the field of W .

As a first step to compute the amplitude of the subprocess eq → ν4q
′, 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]

−iUij
g√
2
γµPL (4.2)

here Uij (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:

Uij =




0.97383 0.2272 3.96× 10−3

0.2271 0.97296 42.21× 10−3

8.14× 10−3 41.61x10−3 0.99100




and the vertex of ν4 → eW− transition is written from Eq. (4.1) as follow

γµPL − i
κ1

2mν4

σµνqνPR (4.3)

Using Eqs. (4.2) and (4.3), we can write the amplitude of the subprocess e−(p1)+

q(p2) → ν4(p3) + q′(p4) of which the Feynman diagram in Fig 4.1 as

M = ū(p3)[
g√
2
(γµPL − i

κ1

2mν4

σµηqηPR)]u(p1)(
gµν − qµqν/M

2
W

(q2 −M2
W ) + iΓW MW

)

× ū(p4)[−i
g√
2
γνPL]u(p2) (4.4)

58



and taking the Hermitian conjugate of Eq. (4.4)

M̄ = ū(p1)[
g√
2
(γαPL + i

κ1

2mν4

σαρqρPR)]u(p1)(
gαβ − qαqβ/M2

W

(q2 −M2
W ) + iΓW MW

)

× ū(p2)[−i
g√
2
γβPL]u(p4) (4.5)

here ΓW and MW are decay widths and mass of the W boson, respectively. The

squared spin-averaged invariant matrix element of these amplitude becomes

< |M|2 > =
g4

16[(q2 −M2
W )2 + Γ2

W M2
W ]

×Tr[(6 p3 + mν4)(γ
µPL − i

κ1

2mν4

σµηqηPR) 6 p1(γ
αPL + i

κ1

2mν4

σαρqρPL]

×Tr[6 p4γ
µPL 6 p2γ

βPL](gµν − qµqν/M
2
W )(gαβ − qαqβ/M2

W ) (4.6)

We define the usual Mandelstam invariants for the process e−(p1) + q(p2) →
ν4(p3) + q′(p4) as ŝ = (p1 + p2)

2, t̂ = (p1 − p3)
2, û = (p1 − p4)

2 and q = (p1 − p3).

We also define a variable ŝ + t̂ + û = m2
ν4

with electron and quark masses are

neglected. We find the differential cross section as

dσ̂

dt̂
=

πα2[κ2
1((2ŝ + t̂)m2

ν4
− ŝ(t̂ + ŝ)−m4

ν4
)t̂ + 4m2

ν4
ŝ(ŝ−m2

ν4
)]

16 sin4 θW ŝ2m2
ν4

[(t̂−M2
W )2 + Γ2

W M2
W ]

(4.7)

here θW 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 fq(x) we have used the MRST parametriza-

tions [61] and taken κ1=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 κ1 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 κ1=0.1.

mν4(GeV) σS(pb) σB (pb)
100 80.41 0.045
200 56.80 0.062
300 35.77 0.031
400 19.77 0.013
500 9.23 0.0052
600 3.41 0.0017
700 0.88 4.20×10−4

800 0.12 5.77×10−5

900 0.003 1.75×10−6

will decay via charged current interaction ν4 → l W where l = e, µ, τ . In this

work we concentrate only on ν4 → eW decay channel and consider the relevant

background from the semileptonic reaction eu → eW d. We present background

and signal cross sections with respect to invariant mass of eW 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 eW invariant mass. Thus in the presentation of

these tables we introduced the cuts |meW − mν4| <25 GeV for the mass range

of mν4=100-1000 GeV and |meW − mν4| <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 mWe with cuts pe−,j
T > 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 pT distributions due to the ν4 production at these collider options.
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Table 4.3: Total cross sections of signal and background at LHeC for κ1=0.1.

mν4(GeV) σS(pb) σB (pb)
300 54.89 0.023
600 16.58 0.0037
700 9.45 1.8×10−3

800 4.79 8.34×10−4

900 2.07 3.42×10−4

1000 0.71 1.17×10−4

1100 0.17 2.94×10−5

1200 0.022 4.08×10−5

1300 5.55×10−5 1.15×10−7

Table 4.4: Total cross sections of signal and background at LC ⊗LHC for κ1=0.1.

mν4(GeV) σS(pb) σB (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 3.60×10−4

3000 0.12 4.90×10−5

3400 0.0022 1.42×10−6
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Figure 4.2: The total production cross sections of the subprocess eu → ν4d as a
function of mν4 at THERA and LHeC.
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Figure 4.3: The total production cross section of the subprocess eu → ν4d as a
function of mν4 at LC⊗LHC.
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Figure 4.4: The invariant mass mWe distribution of the background at THERA.
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Figure 4.5: The invariant mass mWe distribution of the background at LHeC.
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Figure 4.6: The invariant mass mWe distribution of the background at LC⊗LHC
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Figure 4.7: pT distribution of the background at THERA.
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Figure 4.8: pT distribution of the background at LHeC.

300 600 900
pT (GeV )

10�5

10�4

10�3

0.01
d�/d pT (pb/GeV)

d
�
/
d

p
T

(p
b
/G

eV
)

Figure 4.9: pT distribution of the background at LC⊗LHC.
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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(pp̄) →
e+ν4 + X (single production) and pp(pp̄) → ν4ν̄4 + X (pair production)

4.2.1 Single Production

The single production of fourth generation neutrinos takes place through the

subprocess qi(p1) + q̄′j(p2) → ν4(p3) + e+(p4) at hadron colliders.

�

����

���

�	�


��

���

�
�

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

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

is

M = v̄(p2)[−iUij
g√
2
γµPL]u(p1)(

gµν − qµqν/M
2
W

(q2 −M2
W ) + iΓW MW

)

× ū(p3)[
g√
2
(γνPL − i

κ1

2mν4

σνρqρPR)]v(p4) (4.8)

where −iUij
g√
2
γµPL is standard q′ → q + W− vertex and complex conjugate of

M is

M̄ = ū(p1)[iUij
g√
2
γαPL]v(p2)(

gαβ − qαqβ/M2
W

(q2 −M2
W )− iΓW MW

)
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× v̄(p4)[
g√
2
(γβPL + i

κ1

2mν4

σβηqηPL)]u(p3) (4.9)

the calculation then reduces to that of product of traces

< |M|2 > =
g4

16[(q2 −M2
W )2 + Γ2

W M2
W ]

×Tr[6 p2γ
µPL 6 p1γ

αPL](gµν − qµqν/M
2
W )(gαβ − qαqβ/M2

W ) (4.10)

×Tr[(6 p3 + mν4)(γ
νPL − i

κ1

2mν4

σνρqρPR) 6 p4(γ
βPL + i

κ1

2mν4

σβηqηPL)]

The usual Mandelstam variables are ŝ = (p1 + p2)
2, t̂ = (p1− p3)

2, û = (p1− p4)
2

and satisfying ŝ + t̂ + û = m2
ν4

and also q = p1 + p2.

The differential cross section for the subprocess qq̄′ → ν4e
+ is

dσ̂

dt̂
(qiq̄

′
j → e+ν4) =

πα2U2
ij(ŝ + t̂)[ŝ(4m2

ν4
− κ2

1t̂) + 4m2
ν4

t̂− 4m4
ν4

]

16 sin4 θW ŝ2m2
ν4

[(ŝ−M2
W )2 + Γ2

W M2
W ]

(4.11)

The total hadronic cross sections are obtained by integrating the parton cross

sections in the usual way over the parton distributions fi(x,Q2) in proton or

antiproton:

σ =

∫ 1

m2
ν4

/s

dτ

∫ 1

τ

dx

x
[fq(x, Q2)fq̄′(

τ

x
,Q2) + fq̄′(

τ

x
,Q2)fq(x,Q2)]σ̂(ŝ,mν4) (4.12)

where s is the hadron-hadron center of mass energy squared which is related to

ŝ, the parton-parton center of mass energy squared via ŝ = xs and we have used

CTEQ5L parametrization with Q2 = m2
ν4

. The dependence of the expected cross

sections on the mass of the ν4 at the LHC (
√

s=14 TeV) and Tevatron (
√

s=1.8

TeV) are shown in Fig. 4.11.

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

current interaction ν4 → 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 (σS), hadronic

(σh
B) and leptonic (σl

B) background cross sections and statistical significance

(S/
√

S + B) where S is the number of the signal events and B is the number

of background events as a function of mass ν4 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 P e,j
T > 10 GeV at LHC and Tevatron in Figures 4.12. As can be seen in these

figures, the SM background decreases for larger Mejj and Meeνe 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 qq̄′ → e+ν4

as a function of mν4 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.

mν4(GeV) σS(pb) σh
B(pb) σl

B(pb) S/
√

S + B
250 4.141x10−1 2.110x10−4 4.904x10−7 203.43
500 1.373x10−1 6.800x10−5 2.215x10−7 117.16
750 3.532x10−2 2.650x10−4 5.890x10−7 59.21
1000 9.320x10−3 1.761x10−5 2.058x10−7 30.50
1250 2.877x10−3 6.634x10−5 1.816x10−8 16.77
1500 1.054x10−3 5.632x10−5 5.088x10−9 10.00
2000 1.964x10−4 3.098x10−6 4.925x10−9 4.40
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Figure 4.12: The invariant mass distributions of a) Mejj b) Meeνe for the single
production of ν4 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.

mν4(GeV) σS(pb) σh
B(pb) σl

B(pb) S/
√

S + B
150 4.422x10−1 1.119x10−3 3.399x10−5 29.70
200 8.262x10−1 1.261x10−3 1.500x10−5 12.76
250 2.202x10−2 1.031x10−3 6.026x10−6 6.62
300 6.781x10−3 2.313x10−4 1.054x10−6 3.62
350 2.221x10−3 2.413x10−4 6.585x10−7 2.00
400 7.519x10−4 1.250x10−4 4.306x10−8 1.14
450 2.597x10−4 1.498x10−5 7.205x10−8 0.70
500 9.081x10−5 2.833x10−5 4.149x10−9 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:

Lnc =
g

2cW

ν̄4[γµ(vν4 − aν4γ
5) +

i

2mν4

κ2σµνq
ν ]ν4 Zµ + h.c., (4.13)

where g is the standard weak coupling, cW = cos θW , vν4 and aν4 are the axial-

vector and vector neutral couplings of the fourth generation neutrino, κ2 is the

anomalous magnetic dipole moment form factor and mν4 is the fourth generation

neutrino mass.

Pair production of ν4 at hadron colliders is achieved through the anomalous

magnetic moment type interactions via parton level process qi+ q̄i → ν4+ ν̄4. 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 pp̄ collisions

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

subprocess qi(p1) + q̄i(p2) → ν4(p3) + ν̄4(p4) the amplitude is given as

M = v̄(p2)[−i
gz

2
γµ(vq − aqγ

5)]u(p1)(
gµν − qµqν/M

2
Z

(q2 −M2
Z) + iΓZMZ

)

× ū(p3)[
gz

2
(γν(vν4 − aν4γ

5) + i
κ2

2mν4

σνρqρ)]v(p4) (4.14)

and Hermitian conjugate of this amplitude:

M̄ = ū(p1)[i
gz

2
γα(vq − aqγ

5)]v(p2)(
gαβ − qαqβ/M2

Z

(q2 −M2
Z)− iΓZMZ

)

× v̄(p4)[
gz

2
(γβ(vν4 − aν4γ

5)− i
κ2

2mν4

σβηqη)]u(p3) (4.15)

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

by

< |M|2 > =
g4

z

64[(q2 −M2
W )2 + Γ2

W M2
W ]

(gµν − qµqν/M
2
Z)(gαβ − qαqβ/M2

Z)

×Tr[6 p2γ
µ(vq − aqγ

5) 6 p1γ
α(vq − aqγ

5)] (4.16)

×Tr[(6 p3 + mν4)(γ
ν(vν4 − aν4γ

5) + i
κ2

2mν4

σνρqρ)

(6 p4 −mν4)(γ
β(vν4 − aν4γ

5)− i
κ2

2mν4

σβηqη)]

The partonic differential cross section for the qi + q̄i → ν4 + ν̄4 process through
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Z s-channel exchange can be written as

dσ̂

dt̂
(qq̄ → ν4ν̄4) =

πα2

16ŝ2m2
ν4

sin4 θW cos4 θW [(ŝ−M2
Z)2 + Γ2

ZM2
Z ]

×
{

(a2
q + v2

q )
[
2m2

ν4
(a2

ν4
+ v2

ν4
)((ŝ + t̂)2 + t̂2 − 2m2

ν4
(2t̂−m2

ν4
))

− 4m2
ν4

ŝ(2a2
ν4

m2
ν4
− ŝvν4κ2) + ŝκ2

2((ŝ + t̂)(2m2
ν4
− t̂)−m4

ν4
)
]

− 8aν4aqvq(vν4 + κ2)m
2
ν4

ŝ(2m2
ν4
− ŝ− 2t̂)

}
(4.17)

The hadronic cross section pp(pp̄) → ν4ν̄4+X is calculated as a function of center
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Figure 4.14: The total production cross sections for the subprocess qq̄ → ν4ν̄4 as
a function of mν4 at the LHC and Tevatron.

of mass energy s, κ2 and mν4 , 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 ν4 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) Mejj b) Meeνe for the pair
production of ν4 at LHC and Tevatron

(σS), hadronic (σh
B) and leptonic (σl

B) background cross sections and statistical

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

mν4(GeV) σS(pb) σh
B(pb) σl

B(pb) S/
√

S + B
200 8.318x10−2 6.846x10−5 1.087x10−5 91.16
400 1.518x10−2 1.300x10−6 2.067x10−7 38.96
600 2.845x10−3 1.515x10−6 2.410x10−7 16.86
800 6.502x10−4 8.018x10−8 1.275x10−8 8.06
1000 1.768x10−4 5.625x10−8 8.945x10−9 4.20
1200 5.437x10−5 1.235x10−8 1.964x10−9 2.33
1400 1.816x10−5 1.426x10−8 2.267x10−9 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.

mν4(GeV) σS(pb) σh
B(pb) σl

B(pb) S/
√

S + B
200 7.684x10−4 3.298x10−6 5.244x10−7 8.74
300 1.722x10−5 1.221x10−6 1.941x10−7 1.26
400 3.380x10−7 1.849x10−7 2.940x10−8 0.16
500 5.629x10−9 7.249x10−8 1.153x10−8 5.9x10−3
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4.3 Fourth Generation Neutrino Searches using future

e+e− Colliders

4.3.1 Single Production

We begin with the t-channel process, e+(p1)e
−(p2) → νe(p3)+ν4(p4), represented

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

���
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� �

���

� �

���	

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

M = v̄(p1)[−i
g√
2
γµPL]v(p3)(

gµν − qµqν/M
2
W

(q2 −M2
W ) + iΓW MW

)

× ū(p4)[
g√
2
(γνPL − i

κ1

2mν4

σνρqρPR)]u(p2) (4.18)

and M̄ is:

M̄ = v̄(p3)[i
g√
2
γαPL]v(p1)(

gαλ − qαqλ/M
2
W

(q2 −M2
W )− iΓW MW

)

× ū(p2)[
g√
2
(γλPL + i

κ1

2mν4

σληqηPR)]u(p4) (4.19)

and the spin averaged squaring matrix element is

< |M|2 > =
g4

16[(q2 −M2
W )2 + Γ2

W M2
W ]

×Tr[6 p1γ
µPL 6 p3γ

αPL](gµν − qµqν/M
2
W )(gαβ − qαqβ/M2

W ) (4.20)
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×Tr[(6 p4 + mν4)(γ
νPL − i

κ1

2mν4

σνρqρPR) 6 p2(γ
βPL + i

κ1

2mν4

σβηqηPL)]

We obtain following result for the differential cross section for the e+e− → ν̄eν4

process:

dσ

dt
(e+e− → ν̄eν4) =

πα2(s + t)[s(4m2
ν4
− κ2

1t) + 4m2
ν4

t− 4m4
ν4

]

16 sin4 θW s2m2
ν4

[(t−M2
W )2 + Γ2

W M2
W ]

(4.21)

Integrating over the t, we obtain the total cross section for e+e− → ν̄eν4. In

Fig.4.17, we show the cross section for e+e− → ν̄eν4 at
√

s= 500 GeV (dashed

curve) and
√

s= 1 TeV (solid line) as a function of mν4 . The invariant mass

distribution of the leptonic and hadronic final states of the final W from ν4 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

(σS), hadronic (σh
B) and leptonic (σl

B) background cross sections and statistical

significance (S/
√

S + B) are listed as a function of mass ν4 at
√

s=500 GeV and

√
s=1 TeV ILC options, respectively.
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Figure 4.17: The total production cross sections for the process e+e− → ν̄eν4 as
a function of mν4 for ILC.
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Figure 4.18: The invariant mass distributions of a) Mejj b) Meeνe for the single
production of ν4 at ILC(

√
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 (

√
s= 0.5 TeV).

mν4(GeV) σS(pb) σh
B(pb) σl

B(pb) S/
√

S + B
150 43.973 8.584x10−3 3.622x10−3 2096.77
200 40.422 8.873x10−3 3.740x10−3 2009.25
250 35.790 7.482x10−3 3.286x10−3 1890.91
300 30.145 7.507x10−3 3.554x10−3 1735.50
350 23.499 7.257x10−3 3.148x10−3 1532.30
400 15.892 6.406x10−3 5.377x10−3 1260.02
450 7.476 1.469x10−2 8.955x10−3 863.50
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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).

mν4(GeV) σS(pb) σh
B(pb) σl

B(pb) S/
√

S + B
200 51.573 1.120x10−2 4.384x10−3 2270.71
300 48.824 9.570x10−3 3.520x10−3 2209.40
400 44.977 7.140x10−3 2.491x10−3 2120.62
500 40.033 5.464x10−3 1.653x10−3 2000.70
600 33.995 4.020x10−3 1.196x10−3 1843.66
700 26.866 3.162x10−3 8.233x10−4 1638.97
800 18.657 2.622x10−3 2.286x10−3 1365.82
900 9.413 3.177x10−3 5.274x10−3 970.06
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Figure 4.19: The Feynman diagram for pair production of fourth generation
neutrino in pp or pp̄ collisions

4.3.2 Pair Production

The matrix element for the reaction e−(p1) + e+(p2) → ν4(p3) + ν̄4(p4) can be

written as the sum of the two subamplitudes corresponding to the above diagrams

:

M(e− + e+ → ν4 + ν̄4) = Ms +Mt

where Ms and Mt contain the exchange of a particle in the channels correspond-

ing to the Mandelstam variables s and t.

By using the effective Lagrangian Eqs. (4.1) and (4.13), it is easy to write the
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invariant amplitude Ms is given as

Ms = v̄(p2)[−i
gz

2
γµ(ve − aeγ

5)]u(p1)(
gµν − qµqν/M

2
Z

(q2 −M2
Z) + iΓZMZ

)

× ū(p3)[
gz

2
(γν(vν4 − aν4γ

5) + i
κ2

2m3

σνρqρ)]v(p4) (4.22)

and we evaluate the complex conjugate of Ms:

M̄s = ū(p1)[−i
gz

2
γµ(ve − aeγ5)]v(p2)(

gµν − qµqν/M
2
Z

(q2 −M2
Z)− iΓZMZ

)

× v̄(p4)[
gz

2
(γν(vν4 − aν4γ5) + i

κ2

2m3

σνρqρ)]u(p3) (4.23)

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

< |Ms|2 > =
g4

z

64[(q2 −M2
W )2 + Γ2

W M2
W ]

(gµν − qµqν/M
2
Z)(gαβ − qαqβ/M2

Z)

×Tr[6 p2γ
µ(ve − aeγ

5) 6 p1γ
α(ve − aeγ

5)] (4.24)

×Tr[(6 p3 + m3)(γ
ν(vν4 − aν4γ

5) + i
κ2

2m3

σνρqρ)

(6 p4 −m4)(γ
β(vν4 − aν4γ

5)− i
κ2

2m4

σβηqη)]

The invariant amplitude for Mt can be written as

Mt = ū(p3)[
g√
2
(γµPL − i

κ1

2m3

σµβqβPR)]u(p1)(
gµν − qµqν/M

2
W

(q2 −M2
W ) + iΓW MW

)

× v̄(p2)[
g√
2
(γνPL + i

κ1

2m3

σνρqρPL)]v(p4) (4.25)

similarly, we write the hermitian conjugate of the Mt:

M̄t = ū(p1)[
g√
2
(γαPL + i

κ1

2m3

σαλqλPL)]u(p3)(
gαη − qαqη/M

2
W

(q2 −M2
W )− iΓW MW

)

× v̄(p4)[
g√
2
(γηPL − i

κ1

2m3

σητqτPR)]v(p2) (4.26)
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The spinor part of this amplitude squared can be converted to a trace:

< |Mt|2 > =
g4

16[(q2 −M2
W )2 + Γ2

W M2
W ]

(gµν − qµqν/M
2
W )(gαη − qαqη/M

2
W )

×Tr[(6 p3 + m3)(γ
µPL − i

κ1

2m3

σµβqβPR) 6 p1(γ
αPL + i

κ1

2m3

σαλqλPL)]

×Tr[6 p2((γ
νPL + i

κ1

2m3

σνρqρPL)) (4.27)

(6 p4 −m4)((γ
ηPL − i

κ1

2m3

σητqτPR))]

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

MsM̄t =
−ig2

zg
2(gµν − qµqν/M

2
Z)(gαη − qαqη/M

2
W )

32[(ŝ−M2
Z) + iΓZMZ ][(t̂−M2

W )− iΓW MW ]

×v̄(p2)[γ
µ(ve − aeγ

5)]u(p1)ū(p3)[(γ
ν(vν4 − aν4γ

5) + i
κ2

2m3

σνρqρ)]v(p4)

ū(p1)[γ
α(1− γ5) + i

κ1

2m3

σαλqλ(1− γ5)]u(p3)

v̄(p4)[(γ
η(1− γ5)− i

κ1

2m3

σητqτ (1 + γ5))]v(p2) (4.28)

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

< MsM̄t > =
−ig2

zg
2(gµν − qµqν/M

2
Z)(gαη − qαqη/M

2
W )

32[(ŝ−M2
Z) + iΓZMZ ][(t̂−M2

W )− iΓW MW ]

Tr[γµ(ve − aeγ
5) 6 p1(γ

α(1− γ5) + i
κ1

2m3

σαλqλ(1− γ5))

( 6 p3 + m3)(γ
ν(vν4 − aν4γ

5) + i
κ2

2m3

σνρqρ)

( 6 p4 −m4)(γ
η(1− γ5)− i

κ1

2m3

σητqτ (1 + γ5)) 6 p2] (4.29)

Proceeding in the same way, in order to obtain < M̄sMt > we take the product

of Eq. (4.23) and Eq. (4.25). Finally, total differential cross section for the process

e+e− → ν4ν̄4 is in the following form:

dσ

dt
(e+e− → ν4ν̄4) =

1

16πs2
[< |Mt|2 > + < |Ms|2 >
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+ < MsM̄t > + < M̄sMt > (4.30)

and

dσ

dt
(e+e− → ν4ν̄4) =

πα2

s2 sin4 θW

{
1

m2
ν4

cos4 θW [(s−M2
Z)2 + Γ2

ZM2
Z ]

(4.31)

×
{

(a2
e + v2

e)
[
2m2

ν4
(a2

ν4
+ v2

ν4
)((s + t)2 + t2 − 2m2

ν4
(2t−m2

ν4
))

− 4m2
ν4

s(2a2
ν4

m2
ν4
− svν4κ2) + sκ2

2((ŝ + t)(2m2
ν4
− t)−m4

ν4
)
]

− 8aν4aeve(vν4 + κ2)m
2
ν4

s(2m2
ν4
− s− 2t)

}

+
1

256M4
W m4

ν4
[(t−M2

W )2 + Γ2
W M2

W ]

×
{

4(m2
ν4
− t)2(4m4

ν4
− 2m2

ν4
tκ2

1 − t2κ2
1)m

4
ν4

+ (4(κ2
1 + 16)m8

ν4
− 4(4s(κ2

1 + 8) + t(κ4
1 + 4κ2

1 + 32))m6
ν4

+ (64s2 + 8st(κ4
1 + 10κ2

1 + 16) + t2m4
ν4

(9κ4
1 + 20κ2

1 + 64))m4
ν4

− 2tκ2
1(24s2 + 8ts(κ2

1 + 3) + t2(3κ2
1 + 4))m2

ν4

+ t2(8s2 + 8ts + t2)κ4
1)M

4
W + 8((tκ2

1 + 8s)m8
ν4

− 2tm6
ν4

(2s + t̂)κ2
1 + t3κ2

1m
4
ν4

)M2
W

}

+
sin2 θW [(s−M2

Z)ΓW MW − (t−M2
W )ΓZMZ ]

32 cos2 θW M2
W m2

ν4
[(s−M2

Z)2 + Γ2
ZM2

Z ][(t−M2
W )2 + Γ2

W M2
W ]

×
{

4m4
ν4

(ae + ve)(aν4(m
2
ν4
− (s + 2t)m2

ν4
+ t2)

− (m2
ν4

+ (s− 2t)m2
ν4

+ t2)vν4 + s(t−m2
ν4

)κ2)

−
{

ve

{
vν4{2(κ2

ν4
+ 4)m6

ν4
− 8s + t(3κ2

1 + 16)m4
ν4

+ (8s2 + ts(κ2
1 + 16) + 8t2)m2

ν + t2(2s + t)κ2
1}

+ aν4{−2(κ2
1 − 4)m6

ν4
+ (t(5κ2

1 − 16)− 24s)m4
ν4

+ (8s2 − tŝ(κ2
1 − 16)− 4t2(κ2

1 − 2))m2
ν4

+ t2(2s + t)κ2
1}

+ s(−8m4
ν4

+ (−tκ2
1 + 8(s + t))m2

ν4
+ t2κ2

1)κ2

}

+ ae

{
− vν4{2(κ2

1 − 4)m6
ν4

+ (8s + t(16− 3κ2
1))m

4
ν4
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+ (−8s2 + ts(κ2
1 − 16)− 8t2)m2

ν4
+ t2(2s + t)κ2

1}

+ aν4{2(κ2
1 + 4)m6

ν4
− (24s + t(5κ2

1 + 16))m4
ν4

+ (8s2 + tŝ(κ2
1 + 16) + 4t2(κ2

1 + 2))m2
ν4
− t2(2s + t)κ2

1}

+ s(−8m4
ν4

+ (8s + t(κ2
1 + 8))m2

ν4
− t2κ2

1)κ2

}}
M2

W

}}
(4.32)

We display total cross sections for the pair production of ν4 as a function of mν4

in Fig 4.20 for the two ILC options. Similarly, we presented σS, σh
B, σl

B and

(S/
√

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.
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Figure 4.20: The total production cross sections for the process e+e− → ν4ν̄4 as
a function of mν4 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 (

√
s=

0.5 TeV.)

mν4(GeV) σS(pb) σh
B(pb) σl

B(pb) S/
√

S + B
100 45.373 4.345x10−4 6.909x10−5 2130.08
150 44.930 3.613x10−4 5.745x10−5 2119.66
200 50.523 3.155x10−4 5.017x10−5 2247.72
250 14.445 2.762x10−4 4.393x10−5 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 (

√
s=

1 TeV.)

mν4(GeV) σS(pb) σh
B(pb) σl

B(pb) S/
√

S + B
200 54.125 1.045x10−3 1.662x10−4 2326.45
300 76.536 6.090x10−4 9.686x10−5 2766.50
400 138.391 4.402x10−4 7.000x10−5 3720.09
500 36.122 3.104x10−4 4.935x10−5 1900.57
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Figure 4.21: The invariant mass distributions of a) Mejj b) Meeνe for the pair
production of ν4 at ILC(

√
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 → eu4 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 E6 theories. We found that a very clear signature for the semileptonic

eνeu 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 10−3− 10−7 pb at THERA for 500 GeV quarks

and 10−5−10−9 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/
√

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 sin2 θ=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 (5σ) which is the discovery potential of the events with ν4, 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−1. These

masses could be as high as 1.2 TeV at LHeC (
√

s=1.4 TeV) with an integrated

luminosity of 104 pb−1 in Table 4.3 and 2.8 TeV at the
√

s=3.74 TeV LC⊗LHC

option with an integrated luminosity of 100 pb−1 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 5σ 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 e+e− 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

I. J. R. Aitchison and A. J. G. Hey [126, 127]

A.1 Pauli Matrices

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

σ1 =




0 1

1 0


 σ2 =




0 −i

i 0


 σ3 =




1 0

0 −1




and we record some properties of pauli matrices as follows

σiσj = δij + εijkσk; [σi, σj] = 2εijkσk ; {σi, σj} = 2δij

(a · σ)(b · σ) = a · b + iσ · (a× b); eiθ·σ = cos θ + iθ · σ sin θ
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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 γ matrices:

γ0 =




I 0

0 −I


 γi =




0 σi

−σi 0


 i = 1, 2, 3. (A.1)

These matrices satisfy the Clifford -Algebra

{γµ, γν} = 2gµν , (A.2)

that is in Minkowski space (γ0)2 = I and (γi)2 = −I. The Minkowski space has

the metric

gµν=




1 0 0 0

0 −1 0 0

0 0 −1 0

0 0 0 −1




with gµνgµν = 4 and gµνg
νρ = δρ

µ. The following relations hold:

γµγ
µ = 4

γµγ
νγµ = −2γν

γµγ
νγλγµ = 4gνλ

γµγ
νγλγσγµ = −2γσγλγν

σµν = (i/2)[γµ, γν ]

σµν = −σνµ. (A.3)
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Furthermore the matrix γ5 (chirality operator) is defined as

γ5 = iγ0γ1γ2γ3 (A.4)

and properties of γ5 so that the following relations are satisfied:

(γ5)2 = I

{γµ, γ5} = 0. (A.5)

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

[ū(p′, s′)Γu(p, s)]† = ū(p, s)Γ̄u(p′, s′)

with

Γ̄ ≡ γ0Γ†γ0

for example

γ̄µ = γ0γµ†γ0 = γµ

σ̄µν = γ0σµν†γ0 = σµν

iγ5 = γ0(iγ5)†γ0 = iγ5

γµγ5 = γ0(γµγ5)†γ0 = −γ5γµ

σµνγ5 = γ0(σµνγ5)†γ0 = −γ5σµν . (A.6)
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While calculating Feynman diagrams traces of γ-matrices occur. To calculate

them the following relations have been used :

Tr[1] = 4

Tr[γµ1 ...γµ2n+1 ] = 0

Tr[γµγν ] = gµν

Tr[6 a 6 b] = 4a · b

Tr[6 a 6 b 6 c 6 d] = 4[(a · b)(c · d)− (a · c)(b · d) + (a · d)(b · c)]

Tr[γ5] = 0

Tr[γ5 6 a 6 b] = 0

Tr[γ5 6 a 6 b 6 c 6 d] = 4iεµνλσa
µbνcλdσ, (A.7)

where εµνλσ is the total antisymmetric Levi-Civita-Tensor defined by

εµνλσ =

{ −1 , if µνλσ is an even permutation of 0123,

+1 , if µνλσ is an odd permutation,

0 , if any two indices are the same.

(A.8)

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

ation

6 a = γµa
µ

and the relations 6 a 6 a = a2 and 6 a 6 k = 2(pk)− 6 k 6 p holds.
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Thesis: Search For Physics Beyond The Standard Model with Additional Non-

standard particles at Future Colliders.

101



Specialization: High Energy Physics.

Publications:

1.A. T. Alan, A. Senol and N. Karagoz. ”Exotic quark production in e p colli-

sions” Phys. Lett. B 639, 266 (2006) [arXiv:hep-ph/0511199].

2. A. Senol and A. T. Alan. ”Possibility of searching for fourth generation

neutrino at future e p colliders” Phys. Lett. B 632, 357 (2006) [arXiv:hep-

ph/0508171].

3. A. T. Alan, A. Senol and O. Cakir ”Anomalous production of fourth fam-

ily up quarks at future lepton hadron colliders” Europhys. Lett. 66, 657 (2004)

[arXiv:hep-ph/0312021].

4. A. T. Alan, A. Senol and A. T. Tasci ”CP violating asymmetries in the flavor

changing single top quark production” J. Phys. G 29, 279 (2003) [arXiv:hep-

ph/0205195].

5. A. T. Alan and A. Senol. ”Single top production at HERA and THERA”

Europhys. Lett. 59, 669 (2002) [arXiv:hep-ph/0202119]

6. A. T. Alan and A. Senol. ”Lepton flavor changing neutral current processes

at lepton hadron colliders” Acta Phys. Polon. B 33, 1343 (2002) [arXiv:hep-

ph/0110294].

Presentations:

1. ”Anomalous production of fourth family up quarks at future lepton hadron

colliders” A. T. Alan, A. Senol and O. Cakir, Workshop on Recent Developments

at High Energy Physics , University of Abant Izzet Baysal, Bolu, 23-25 June

2004.

2. ”Single Fourth Family Up Quark Production At Future Lepton Hadron Collid-

102



ers”, A.T. Alan and A.Senol, Fifth General Conference on Balkan Physics Union,

BPU-5, August 25-29, 2003, Vrnjacka Banja, Serbia and Montenegro.

3. ”Lepton flavor changing neutral current processes at lepton hadron colliders”,

A.T. Alan and A.Senol,Ankara High Energy Physics Workshop, Middle East

Technical University, May 2002.

Conference and Summer School Attended:

1.”Central European School in Particle Physics, Institute of Particle and Nuclear

and Summer Schools Attended Physics, Faculty of Mathematics and Physics

Charles University, Prague-Czech Republic, 12-20 September 2007.

2. ”International Summer School on High Energy Physics: Standard Model and

Beyond”, Akyaka, Mugla-Turkey, 25-30 September 2006.

3. ”International Workshop on Physics Beyond the Standard Model”, Mugla,

Turkey, 22-26 September 2005.

4. ”Summer School on Particle Physics” 13-24 June 2005, ICTP, Trieste, Italy.

5.”23rd International Physics Conference”, Mugla, Turkey, 13-16 September 2005.

6.”Quantization, Dualities and Integrable Systems IV” University of Abant Izzet

Baysal, Bolu, 1-4 February 2005.

7.”Workshop on Recent Developments at High Energy Physics” , University of

Abant Izzet Baysal, Bolu, 23-25 June 2004.

8.”Fifth General Conference of the Balkan Physical Union”, BPU-5, Vrnjacka

Banja, Serbia and Montenegro, August 25-29, 2003.

9.”1st Hellenic Turkish International Physics Conference”, Bodrum-Turkey and

Kos- Greece, 10-15 September 2001.

10.”CP Violation and B Physics Workshop”, University of Ankara, Turkey, 18-21

103



September 2000.

Projects:

1. ”Models extending the Standard Model and Searching for New particles at

this Models ” AIBU Research Fund, Grant No.2005.03.02.216 (Researcher).

2. ”Flavor Changing Reactions at Lepton-Hadron Colliders” AIBU Research

Fund, Grant No.2001.03.02.93 (Researcher)

Working Experience:
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