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ABSTRACT

ANALYSIS OF DYNAMICAL MODELS EXTENDING THE STANDARD
MODEL WITH HEAVY LEPTONS

Tasci, Ahmet Tolga
Ph.D., Department of Physics

Supervisor: Prof. Dr. Ahmet Turan Alan

February 2008, 106 pages

In this thesis, some analysis of models which are extending the Standard Model
with heavy leptons are presented. Effects of anomalous interactions and string
inspired Fg model are investigated for heavy lepton production at future ete™
(ILC and CLIC), ep (THERA, LHeC and Linac® LHC) and pp (LHC) collisions.
Hence, this thesis motivates three new aspects of new physics together, namely,
string inspired Eg model, anomalous interactions and a new generation of lepton
family. Analytical expressions for the differential cross-sections are derived and
numerical results are presented. The production, backgrounds and signatures of
heavy leptons are analyzed.

It is shown that, with optimal choices of relevant parameters and optimal kine-
matical cuts, observation of heavy leptons with masses 3000 GeV at Linac® LHC

and 2750 GeV at ILC is possible in string inspired Fg model while heavy leptons

il



with masses 650 GeV at LHeC, 350 GeV at ILC and 650 GeV at the LHC is
possible with anomalous couplings according to the criteria of SS>3. On the
other hand, with the models we used in this thesis, according to the conventional
criteria of SS>3, THERA is not capable for searching heavy lepton signals due

to its low luminosity.

Keywords: Models beyond the Standard Model, heavy leptons, anomalous

interactions, string inspired Fg model.
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OZET

STANDART MODELI GENISLETEN DINAMIK MODELLERIN AGIR
LEPTONLAR ILE ANALIZI

Tasci, A. Tolga
Doktora, Fizik Bolimi

Tez Danmigmani: Prof. Dr. Ahmet Turan Alan

Subat 2008, 106 sayfa

Bu tezde, Standart Model’i genigleten modellerin agir leptonlar ile bazi analizleri
sunuldu. Anormal etkilesmeler ve sicim esinli Fg model etkileri agir lepton igin
gelecek eTe™ (ILC ve CLIC), ep (THERA, LHeC ve Linac® LHC) ve pp (LHC)
carpismalarinda incelendi. Bu tez bu yiizden, yeni fizige, sicim esinli Fg model,
anormal etkilesmeler ve yeni lepton aile kusagi olarak adlandirilan {i¢ yeni bakig
agisini motive etmektedir. Diferansiyel tesir kesiti i¢in analitik ifadeler tiiretilmis
ve niimerik sonuclar sunulmugtur. Agir leptonlarin iiretim, fon ve sinyalleri analiz
edilmigtir.

Uygun parametrelerin optimal se¢imi ve optimal kinematik sinirlarla sicim
esinli Fg modelde, Linac® LHC’de 3000 GeV ve ILC’de 2750 GeV agir lepton-
larin gozlenebilmesi olast iken, anormal etkilesmelerde LHeC’de 650 GeV, ILC’de

350 GeV ve LHC’de 650 GeV agir leptonlarin SS>3 kriterine gore gozlenebildigi



gosterilmistir. Diger taraftan, geleneksel kriter SS>3’e gore, bu tezde kullandigimiz
modeller ile THERA, diisiik 1iginligindan dolayi, agir lepton sinyalleri incelemesi

icin yeterli degildir.

Anahtar kelimeler: Standart model 6tesi modeller, agir leptonlar, anormal

etkilesmeler, sicim esinli Fg model.
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CHAPTER 1
INTRODUCTION

1.1 Standard Model

The behavior of all known subatomic particles can be described within a theo-
retical framework called the Standard Model. The Standard Model (SM) [1-11],
which describes the strong, electromagnetic and weak interactions, is remarkably
successful theory of interactions of quarks and leptons which have been verified
experimentally at energies up to about a few hundred GeV. Only gravity remains
outside the SM because of its weakness compared to the other forces. SM is
the renormalizable model of strong and electroweak interactions that describes
the interactions of spin—% point like fermions which are mediated by spin-1 gauge
bosons, the force carrying particles.

There are three main symmetry groups in the SM. These are SU(3) (color),
SU(2) (weak isospin) and U(1) (hypercharge) symmetry groups. The SM is

invariant under the following group:

SU(g)color X SU(Q)left X U<1)hypercharge (11)

which describes the electromagnetic, weak and strong interactions of elementary
particles. The weak and electromagnetic interactions are unified in the SU(2), x
U(1)y group. Pairs from each group (one up-type quark, one down-type quarks,
a lepton and its corresponding neutrino) form a generation. There are three

generations of fermions. Fermions are the particles of the matter, described by



1*'Gen. 2™Gen. 3"Gen. Q Color Spin

Quarks u c t +2/3 1, b,g 1/2
d S b —1/3 1, b,g 1/2
Leptons Ve Vy v, 0 - 1/2
e i T -1 - 1/2

Table 1.1: Fundamental fermions in SM.

Force Boson @ Spin Related Group
Strong gluons 0 1 SU3)¢c
Electromagnetic v 0 1 SU©2)xU(l)y
Weak W:‘: +1 1 SU(2)L X U(l)y
ZY 0 1 SUQ2),xUQ)y

Table 1.2: Fundamental gauge bosons in SM.

the SM. Leptons and quarks are the fundamental fermions. Their main properties
are listed in Table 1.1.

Bosons are the force mediating particles described by the SM. Photons are
the mediator of the electromagnetic force between electrically charged particles,
the gauge bosons (W%, Z°) are the mediator of the weak interactions and the
gluons mediate the strong interactions between quarks. Fundamental bosons and
their main properties are listed in Table 1.2.

Energy, momentum, angular momentum, charge, color, baryon number and
lepton numbers are conserved quantities in all interactions in SM. The parity and
charge are conserved in strong and electromagnetic interactions but not conserved
in weak interactions.

The SM is in good agreement with the experimental data which predicted
the existence of W and Z bosons, the gluon, the ¢ quark and the ¢ quark before
these particles had been observed. The SM has 19 free parameters whose values

are determined by experiments and which are proved by theoretical calculations.



Measured Value (GeV) SM Prediction (GeV)
W boson mass 80.403 £ 0.029 80.390 £ 0.0180
Z boson mass 91.1876 £+ 0.0021 91.1874 = 0.0021

Table 1.3: Experimental and SM values of W and Z bosons.

Their predicted properties were experimentally confirmed with excellent preci-
sion. Table 1.3 [12], shows comparison between the measured and the predicted
values of some quantities to get an idea of the success of the SM.

Although the SM provides a remarkably successful theory of the fundamental
particles at energy scales of O(100) GeV and below, the SM is not the ultimate
theory of the fundamental particles and their interactions. Some of fundamental
problems that the SM cannot answer are:

e The unclear mechanism of electroweak symmetry breaking. The dynamics
of Higgs sector is not clear yet. In the SM, the interactions of the Higgs boson
are different from the interactions of the intermediate bosons, since the Higgs
boson has not yet been observed and it is not clear whether it is fundamental or
composite particle.

e Large number of free parameters. The SM contains 19 free parameters, such
as particles masses, another 10 parameters are needed to include neutrino masses
which, cannot be independently calculated.

o CP wiolation in strong interaction. The problem of CP violation is not well
understood. QCD does not violate the CP-symmetry as easily as the electroweak
theory and experiments do not indicate any CP violation in the QCD sector.

e Number of generations are arbitrary. In SM, quark and lepton pairs form a
generation but we do not know why generations repeat or how many there are.

The answers of these problems, which SM can’t answer, lies beyond the SM.

Some non-standard models have the facility to go beyond the SM. There are two



possible ways of going beyond the SM. The first one is to consider new interactions
with same fields, which leads supersymmetry [14-16], grand unification, string
theory, etc. The other way is to consider new interactions with new fields. This
leads us to technicolor [17, 18], compositeness [19], extra dimensions [20-23], etc.
In the case of observation of heavy leptons, the problem of finding out the true
underlying model will arise. For this reason, we analyze the heavy leptons in
two different models, which are; the string inspired Fg model and an effective

lagrangian description with anomalous interactions.

1.1.1  String Inspired Eg Model

The possibility of a consistent unified theories based on the gauge group Eg [24-34]
has great interest over the last few years. Greater interest was sparked in Ejg as a
grand unified theory (GUT) in the 1970’s which was noted that each generations
of fermions could be placed in a single 27 dimensional representation. These
GUT’s were only partially successful and the idea of Fg as a GUT died. Green
and Schwartz [34] showed that string theory in ten dimensions is anomaly free
and the compactification of down to four dimensions can lead Eg as an effective
GUT group. New types of quarks and leptons can be predict in Eg model. The
phenomenology of Ejg is particularly rich due to the predictions of exotic fermions
and new gauge bosons. Table 1.4 shows the generations of fermions lies in the 27
dimension of Eg which contains the usual 16 fermions per generation in SO(10)

as well as 11 additional two component new fields for every generation.

1.1.2  Effective Lagrangian Description

As a second way to investigate the physics beyond the SM, we use a model in-

dependent approach and formulate new physics effects in terms of an effective
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Table 1.4: Ejg particle content.

lagrangian. Without specifying the detail of the new physics, the effective la-
grangian which consists of the SM Lagrangian plus corrections represented by a

series of effective operators is given as,
1
Less = L + A2 Z Ci0; (1.2)
(2

where A is the new physics scale, O; represents the effective operators and C; are
the constants which represent the coupling strengths of O;.

The outline of the rest of this dissertation is as follows. We study the pro-
duction, signatures and backgrounds of new heavy leptons via string inspired FEjg
model at the proposed Linac®@ LHC and at future linear colliders (ILC and CLIC)
in chapter 2 and in chapter 3, respectively.

The phenomenology of the anomalous interactions with heavy leptons in ep

collisions is studied in chapter 4.



In chapter 5 and chapter 6, we study the production of heavy leptons with
anomalous couplings at linear colliders ILC and CLIC and at the Cern LHC,
respectively.

All these chapters contains a detailed study for the production, signatures
and backgrounds and also decays of new heavy leptons.

Chapter 7 contains our summary and conclusions.



CHAPTER 2
HEAVY LEPTON PRODUCTION AT LINAC®LHC

In this chapter we study the possible production of new single heavy leptons
suggested by string inspired Eg model in ep collisions. The possibility of the
existence of new heavy charged leptons is present in many extensions of the SM.
The string inspired Eg model is a well motivated one which includes extra gauge
bosons and new fermions assigned to the 27-dimensional representation [24-34].
In the search for extensions of the SM the new heavy leptons play an important
role. It is known that there has been no clear signal of heavy leptons found
experimentally so far. The known experimental upper bounds for the heavy
lepton masses were found to be 44 GeV by OPAL [35], 46 GeV by ALEPH [36],
90 GeV by H1 [37] and 100 GeV by L3 [38] Collaborations.

For the searches of new physics beyond the SM, the linac-ring type ep colliders
have as much potential as lepton colliders [39]. Linac-ring type machines will
give opportunity to investigate appropriate phenomena at higher center of mass
energies and at better kinematic conditions [40].

Productions of heavy leptons in ep collisions have been studied in the literature

[41-43).

2.1 Production of Heavy Leptons

The model that we use in the single production of a new heavy lepton is the

string inspired Eg model. We therefore assume the new heavy lepton interactions
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Figure 2.1: The Feynman diagram of the parton level process eq — Lg in ep
collision via FCNC Z exchange in the t-channel.

in the following flavor changing neutral current (FCNC) Lagrangian:

'Cnc =g sin Qqu/)L’yu(l + ’75)¢eZM + h.c. (21)

and similar terms for the other leptonic families. Here 6,,;, are the mixing angles
between right handed components of the ordinary and new heavy charged leptons.
From the high precision measurements of the Z properties at LEP /SLC, the upper
bound for sin 6,,;, is found sin6,,;, < 0.072, at 95% confidence level [44]. This
bound is more restrictive than earlier analysis [45, 46]. Throughout this chapter
we will suppose an upper limit sinf,,;, < 0.1. We use the parameter ;1 for
sin @,,;, to denote the mixing in the vertex | — L — Z explicitly. In FEjg, the
parton level process e”q — L™ q, responsible for the heavy lepton production in
ep collision occurs via FCNC Z exchange in the ¢ channel. The Feynman diagram

of the parton level process e~ (p1)q(p2) — L™ (p3)q(ps) is given in Fig. 2.2.



2.2 Definition of Differential Cross Section

Using the Feynman rules, the matrix element for Z boson exchange in ¢ channel

is;

—iM = [U(P3)gzsz27M(1 + '75)U(p1)} [Ai(g’w e/ M5)

(f — M2) +iM,T,

() (22 ) (v = 4 Julpa)| (2.2)
which gives
M= ety U = G@lME) )0 1)

2 [(5 — M2)+iMyTy

a0y (0, = 0" )ulpa). (23)

X

and

o ihuzdl Egaﬁ 45/ M7) [U(p1)7a(1 +7°)u(ps)
2 {(t _ M%) — iMZFZ]

%

Vg — ag7”)u(ps) (2:4)

X |u(p2)y

To obtain the spin averaged square of the transition matrix element, we must
average over the spins of the incoming lepton and quark and sum over the spins

of outgoing lepton and quark,

(JM][*) Z M]? (2.5)

spms



ignoring the quark and ordinary lepton masses, square of the amplitude is,

(M7 =

biL297 Qo 4aqs
N g;w - M2 gaﬂ - M2
16[(t _ M)+ M%FQZ} Z z
<Tr| (s + ma)"(L+77) iy (1+7°)]
<Tr| per (g = a)") £ (0, = 07")] (2.6
§
P1:-DP2 = 57
2 2
S—m
P3Py = 2 L )
o
m2 —
P1-DP3 = L2 )
i
P2 -Pse = —57
i
P1-P4e = —57
m2 —1u
P2 -P3 = L2 )
@ = mj—5§—1t, (2.7)

using the trace theorems and the Mandelstam variables in Eq. (2.7), the differ-

ential cross section

is given by,

do
dt

for the subprocess e”¢ — L™ ¢ in the framework of Fg model

(M%) (2.8)

16752

272

R (ag + Uq)zgz
sin? Oy cos? Oy 52| (t — M2)2 + M2T%

+(ag + v)2(25 — m2)f + 23(a? + v2) (5 — m%)] , (2.9)
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Figure 2.2: Heavy lepton decay L — [Z.

where Oy is the weak angle, a, and v, are vector and axial vector couplings which
values are given in Table 2.1, a is the fine structure constant, § and t are the
Mandelstam variables and § = xs is the square of the center of mass energy for

the subprocess while z is the momentum fraction of the parton inside the proton.

f Cy Ca

Ve, Uy, Vr 1/2 1/2
e, U, T —1/2 + 2sin? Oy —1/2
u, ¢, t 1/2 — (4/3)sin® Oy 1/2
d,s, b —1/2+(2/3)sin*Oy —1/2

Table 2.1: Vector and axial vector couplings.

2.3 L — [Z Decay

Considering the FCNC Lagrangian in Eq. (2.1), matrix element for the L — [Z
heavy lepton decay, where [ is an ordinary lepton (e, u, 7), in Eg model is written

as,

M = ibipzgz |[u(p)V* (1 +7°) (") u(pr) (2.10)

11



and

M = —ibrz9z

() (14 7)€ ulpr)| (211)

ignoring the quark and ordinary lepton masses we find

(MP) = (9255 Tr [ " (1 +57) (b + me)v (v, — a7°)] (2.12)

where the relation (e)*(e”) = [—g" + ¢"q"/M%] has been used. Using the rela-

tions, gz = e/(sin Oy cos by ), e = V4dra and

pL-p = mpEp,
pL-q = mi;—mpE,

p-q = mpEp,

q2 = m%_szEla
m2 - M2
B = L2 2.13
l 2mL ) < )
we obtain

b? 3 3MZ  2M}
D(L —17) = —y 2 KA Z|. (2.14)

sin® Oy cos? 0w LM5  my, my

Where, 0y (~ 28°) is called weak mixing angle and my, is the heavy lepton mass.

12



2.4 Numerical Calculation

The total cross section can be obtained by folding the subprocess cross section &

over the parton distribution functions as

1 tmax d/\ N
olep— L ¢X) = / dxfy(x, QQ)/ d(;dt (2.15)
Tmin tmin
where Loin = M2 /5, tmin = —(§—m2) and £,,4, = 0. These relations are obtained

for the massless lepton and quark case. We give the production cross sections
for the signal as function of the heavy lepton mass, my, in Fig. 2.3 for three
different values of b;;z. In Fig. 2.4, we display the invariant mass distribution
of the background process e”p — gZe~ X as function of invariant mass of Ze™
system at future lepton-hadron collider Linac® LHC with the main parameters
V5 = 5.3 TeV and L™ = 10*pb~! [47]. We have used the COMPHEP package
[48] to calculate the cross sections, decay widths and branching ratios. For the
parton distribution functions we have used MRS [49].

The heavy lepton production cross sections (o X BR) and the number of signal
events depending on the mass mj are shown in Table 1. For decreasing values
of the | — L — Z couplings, b;;,z, the production cross section and therefore the
number of events decreases.

After their production, heavy leptons will decay via the neutral current process
L= — 17 Z, where I~ is a light lepton (e~, =, 77). The branching ratio for these
processes would be around 33% for each channel.

The backgrounds for the signal process e”p — L~ ¢X with the subsequent
decays L~ — Zu~ or L= — Z7~ and Z — ete are expected to be at very
low rate. By applying appropriate cuts to the final state particles this type of

backgrounds can be kept at very low levels. Still we may need at least 10 signal

13



100

10

0.1

0.01

o (pb)

0.001

0.0001

1e-005

1e-006

1e-007 1 1 1 1 1 1 1 1 ‘\‘l
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

m_ (GeV)

Figure 2.3: Total production cross sections for the process e”q — L™ ¢, as func-
tions of the heavy lepton masses (my), at lepton hadron collider Linac®@ LHC
(Vs =5.3 TeV, L™ = 10*pb ") for different [ — L — Z couplings by z.
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Figure 2.4: The invariant mass distribution of the Ze system for the background
process e p — qle” X.
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mry, o 0’><BR1 O'XBR1><BR2 OB S/\/S+B r

(GeV)  (pb) (ph) (ph) (ph) (GeV)
200 9.423  3.109 0.105 121 x 1073 307 0.59
400 6.873  2.267 0.076 591 x 1074 262 5.18
600 5384  1.776 0.059 3.62 x 104 232 17.53
800  4.333  1.429 0.048 2.50 x 10~* 208 41.53
1000 3.519  1.161 0.039 1.95 x 1074 188 81.05
2000 1.129  0.373 0.012 6.03 x 10~° 106 647.16
3000 0221  0.073 0.002 9.48 x 106 47 2142.88

Table 2.2: Cross sections depending on the heavy lepton mass, my at /s = 5.3
TeV, L™ = 10*pb~* for bz = 0.1. The branching ratios BR; and BR, denote
BR(L™ — Ze™) and BR(Z — ete ,utpu™), respectively. The total decay width
of the heavy lepton is given in the last column.

events in the final state after all cuts. Therefore, the ep collider Linac® LHC can
probe heavy lepton masses up to about 3 TeV as can be deduced from Table 2.2.
For a heavy lepton with a mass of 200 GeV we expect 103 signal events for the
coupling value of b;;,, = 0.1.

We applied an initial cut on the electron and jet transverse momentum p7:? >
10 GeV for the signal and background analysis. These cuts reduce the background
by about 20%. The total background cross section is (o x BR)=0.055 pb after

the cuts. This improves the statistical significance,

S
SS = —— 2.16
vS+B (2.16)

where S and B denote the total signal and background events, respectively. We
give the heavy lepton mass dependent SS on the Fig. 2.5. The calculated 30 and
50 discovery contours for heavy lepton masses and couplings, are displayed in
Fig. 2.6.

We also have performed the same calculations for the THERA (y/s =1 TeV,

15
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Figure 2.5: The signal significance S/v/S + B as function of heavy lepton mass.

Lt = 40 pb™") collider [50]. Unfortunately, we have seen that at this collider it
is not possible to observe a heavy lepton with mass greater than 200 GeV. Taking
the | — L — Z coupling value of 0.1 for a heavy lepton with a mass of 200 GeV,

the production rate is 100 events per year.

2.5 Discussion

This chapter shows that some of future high energy lepton-hadron colliders can
test the existence of heavy leptons. Linac® LHC has very promising discovery
potential for heavy leptons with masses up to 3 TeV at 3o significance, that is, it
offers the opportunity of the manifestations of new physics beyond the SM, while

at THERA it does not seem to be likely to achieve masses greater than 200 GeV.

16
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CHAPTER 3
SINGLE AND PAIR PRODUCTION OF HEAVY
LEPTONS IN STRING INSPIRED E; MODEL

We consider both the single and the pair production of heavy leptons separately
by using the same model in Chapter 2, taking into account the signal and back-
ground events at future linear colliders. The main parameters of these collider
options were taken from Refs. [51, 52] and displayed in Table 3.1. Several model
independent studies of heavy lepton production have been appeared in the liter-

ature in ete” colliders [53-60].

ete” Colliders E,+ (TeV) E.- (TeV) /sere- (TeV) L™ _(pb™ 1)

ILC 0.25 0.25 0.5 10°
ILC 0.5 0.5 1.0 10°
CLIC 1.5 1.5 3.0 10°

Table 3.1: The main parameters of the future e~ e™ colliders.

3.1 Single Production of Heavy Leptons

The single production of heavy leptons L, in e~ e™ collisions occur through the
s and ¢ channel processes e et — L~ et caused by the flavor changing neutral

current (FCNC) Lagrangian:

an =4 sin emme’Y'u(l + 75)¢eZ’M + h.c. (31)

18



where sinf,,;, are the mixing angles between right handed components of the
ordinary and new heavy charged leptons. The Feynman diagrams of the s and

t channel processes e"et — L~e™ are given in Fig. 5.1. The order of the mix-

e~ 1~
A
et et
e > I > L~
|
|
' 7
|
|
ot « I « ot

Figure 3.1: The Feynman diagrams of the s and ¢ channel Z exchange processes
in ep collision.

ings of the ordinary and heavy leptons are known to be sin?,,;, ~ 1072 — 1073,
which comes from low energy phenomenological calculations and the high pre-
cision measurements of the Z properties at linear colliders [44-46]. We use the
parameter b;;z to denote the mixing angles and take 0.1 as an upper value in the

numerical calculations.

3.1.1 Definition of Differential Cross Section

The total differential cross section for the process ete™ — L~e™ is obtained as

datot. . 1

it = Tore M) (32)
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where
(IMior]?) = (IMG*) + (IMef?) + (MMy) + (MMy) (3.3)
s channel matrix elements are,

M, = [ﬁ(pg)gz'zv“(ve—ae75)u(171)]

> |: _iguu - qMQI//M%
(S — M%) —+ iMzrz

(ps)gzbinzy”(1+9")v(pa)|  (3.4)

and

@(pl)gfva(ve - aev5)u(p2)}

igozﬁ - Qaqﬁ/M%
(S — M%) — ’l.Mz]_—‘Z

X

] [u(pzl)gaZLZ'yﬂ(l + 75)v(p3)} (3.5)

ignoring the ordinary lepton masses we find,

412

S g,b
(ML) = ZL (g, qu0./M3 ) (903 = 0005/M5)
16 [(s ~ My)? + TLM

XTr|( pary"(ve — ae75> 1y (ey — CA75)

<Tr| (s + )y (14 7%) b (1+77)] (3.6)

t channel matrix elements are,

M, = [U(m)gzbwz’yu(l+’Y5)U(p1)}

_iguu - Q/.qu/M%
(t—M3) —iMI'z

ﬁ(pz)%zv”(ve — aey”)v(pa) (3.7)

X
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and

Mt:

w(p1)gzbinzy* (1 + VS)U(pzs)}

% [ iga[i’ - QQQB/M%
(t — M%) + Mz,

ignoring the ordinary lepton masses we find,

412
— gzb
(M) = CLL (g, — /M) (903 — 005/ M3
16[(15 M2+ rgMg]

xXTr

(s +ms)y"(1+7°) py*(1+ 75)]

xTr| 27" (Ve — acy®) pay” (ve — aev‘g)} (3.9)

The interference terms of the s and ¢ channel processes are given by,

g4Zbl2LZ (guu - Q,uqy/M§> (gaﬁ - qaqﬁ/M§>

<M8Mt>
16 (S - M%) + irzMZ (t — M%) +iFZMZ
XTr| poy"(ve — aey’) ;7 (1 +7°)
x( s +mp)y (L4+7°) pay®(ve — aev"’)} (3.10)
and
o 93071, (gaﬁ - qacm/M%) <9W - ququ/M%>
<M8Mt> =

(t—M3) —il'z My

xXT'r /plfya(ve - CLE”)/S) pZ’YV(Ue — ae”VS)

% PP (1+°)( s + mo)y (1 +75>} (3.11)
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S
P1-P2 = 57
2
sS—m
P3Py = B L,
m2 —t
p1-pP3 = L2 )
t
D2 -Ps = —57
U
P1-Ps = —57
m? —u
D2 P33 = L2 )
u = mj —s—t, (3.12)

using the trace theorems and the Mandelstam variables in Eq. (3.12), the differ-

ential cross section takes the form,

272
do Tatby ,

dt sin* 0, cos? 6,52

Am? = 5 — )(s + 1) (a0 — v,)? ((s _ M2)(t — M2) + FQZM;)

A
(5= M) + M2

(t — M2)2 + M21%

_(m? =5 = t)(s +t)(ac — ve)® +t(m* —t)(ac + v.)?
(5= M3)? + M3TY

[((3 +1)? 4 5% — (25 + t)m2> (a2 +v?) + 2t(m? — 25 — t)aeve]

+ }
[t = 22 + M3T
(3.13)
where a, = —% and v, = —% + 2sin? 6, 'y is the decay width and M is the

mass of Z boson, s and t are Mandelstam variables.
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3.1.2 Numerical Results

In Fig. 3.2, we display the total cross sections as function of the heavy lepton
masses, for the three center of mass energies of the proposed options. After their
production, the heavy leptons will decay via the neutral current process L — [Z,
where [ = e, i, 7. The branching ratios for these processes would be around 33%

for each channel.
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Figure 3.2: The total cross sections for the process e et — L~e™, as function
of the heavy lepton masses, for linear colliders ILC (y/s =0.5 and 1 TeV, L™ =
10°pb™!) and CLIC (/s =3 TeV, TeV, L™ = 10°pb ') for single production of
heavy lepton. Solid line is at CLIC with /s =3 TeV, dashed line is at ILC with
Vs =1 TeV and dotted line is at ILC with /s =0.5 TeV.

In Tables 3.2, 3.3 and 3.4, we presented the single production cross sections
(o x BRy), signal and background cross sections depending on the heavy lepton
mass my, for 0.5, 1 and 3 TeV energy e e™ colliders, respectively. The branching
ratios BR; and BRy refer to BR(L — Ze) and BR(Z — eTe™, ptp~). The
significance of signal and background is defined as S/+v/S + B, here S and B are

the signal and background number of events. The total decay widths of the heavy
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mry, o o X BRl o X BRl X BRQ op X 10_3 S/\/S+ B FTotal

(GeV) (pb)  (pb) (pb) (pb) (GeV)
100 141  0.46 0.015 0.63 38 0.008
200 1.22  0.40 0.013 1.25 35 0.589
300 091  0.30 0.010 1.34 30 2.159
400 048  0.16 0.005 1.76 20 5.183

Table 3.2: The signal and background cross sections and 5SS depending on the
heavy lepton masses for ILC with /s = 0.5 TeV, L' = 10°pb~! for the sin-
gle production of heavy lepton. The branching ratios BR; and BR, denote
BR(L™ — Ze™) and BR(Z — ete, ut ™), respectively. The total decay width
of the heavy lepton is given in the last column.

mr, o ocxBR; o xBR; xBRy o0p X 10~4 S/\/S+ B T'rotal

(GeV) (pb)  (pb) (pb) (pb) (GeV)
100 147  0.49 0.016 0.99 40 0.008
300 135 045 0.015 2.89 38 2.159
500 111  0.37 0.012 2.83 35 10.146
700 074 025 0.008 3.33 28 27.834
900 026  0.09 0.003 5.39 16 59.108

Table 3.3: The signal and background cross sections and SS depending on the
heavy lepton masses for ILC with /s = 1 TeV, L™ = 10°pb™! for the sin-
gle production of heavy lepton. The branching ratios BR; and BR, denote
BR(L™ — Ze™) and BR(Z — ete ,utpu™), respectively. The total decay width
of the heavy lepton is given in the last column.

mry, o o X BRl o X BR1 X BRQ op X 10_5 S/\/S+ B PTotal

(GeV) (pb)  (pb) (ph) (ph) (GeV)
250 148  0.49 0.016 21.06 40 1.22
750 140  0.46 0.015 3.97 39 34.23
1250  1.23  0.41 0.013 3.32 37 158.19
1750  0.98  0.32 0.011 4.50 33 433.67
2250  0.65  0.21 0.007 6.35 26 921.23
2750  0.24  0.08 0.003 10.05 16 1681.41

Table 3.4: The signal and background cross sections and 5SS depending on the
heavy lepton masses for CLIC with /s = 3 TeV, L™ = 10°pb™! for the sin-
gle production of heavy lepton. The branching ratios BR; and BR, denote
BR(L™ — Ze™) and BR(Z — eTe™, ut ™), respectively. The total decay width
of the heavy lepton is given in the last column.
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Figure 3.3: pr distribution of the background process e et — e~ Ze™ for linear
colliders ILC and CLIC for single production of heavy lepton. Solid line is at
CLIC with /s =3 TeV, dashed line is at ILC with /s =1 TeV and dotted line
is at ILC with /s =0.5 TeV.

leptons are given in the last column of the tables. As seen from these tables, the
S/\/S + B values are higher than five, which is enough for observability, up to
the center of mass energies of the colliders. Single production of heavy lepton is
feasible up to the center of mass energies of the e~ e™ colliders even with smaller
mixing coupling values. For example, if we take at least 10 signal events and
S/\/S + B > 5 as discovery criteria, the ILC with /s =0.5 TeV can probe mixing
values of b,z = 0.032 for 350 GeV leptons. The same couplings can be probed at
Vs =1 and /s =3 TeV for even greater masses such as 800 and 2750 GeV. We
applied a cut of |mz.- —mp-| < 10 GeV in order to form the signal and reduce the
background for the SM background process e”e™ — e~ Zet. Fig. 3.3 shows the
pr distributions at three different linear colliders. In Figs. 3.4, 3.5 and 3.6, we
give the invariant mass distributions m .- with cut p5. 7 > 10 GeV at /s =0.5, 1

and 3 TeV, respectively. Figs. 3.4 and 3.5 have an increasing character for a cut
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Figure 3.4: The invariant mass distribution of the Ze™ system for the background
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0.000040? \/_ | Tev é

] S = (§ .

— 0.000030 = =

= = H

<] ] u

@) 4 H

B ] N

= 0.000020 T

S ; ;

= 3 :

=z 10757 :
s} -
~ e

0.0- ‘ . ‘ . ‘
300 600 900
MZQ<GGV)

Figure 3.5: The invariant mass distribution of the Ze™ system for the background

at ILC (/s =1 TeV).

26



] T T T T T T T | T T T T T T T | T T T T T T T | T T T ]
0.000012 Ve =3TeV ]
% 9 x 10_6t
<
'8‘ -
= 6x1076
N _
= ]
o
S 3%1076
r—o -
0.0 T T T T T T T | T T T T T T T | T T T T T T T | T T T T
800 1600 2400
MZB<G6V)

Figure 3.6: The invariant mass distribution of the Ze™ system for the background
at CLIC (y/s =3 TeV).

10 GeV interestingly, but lose this character for higher cuts. For instance, all of
the three distributions in Figs. 3.4-3.6 have decreasing characters with Jacobian

peaks around 150-200 GeV for a cut value of 80 GeV.

3.2 Pair Production of Heavy Leptons

v
=

et

A
A

I+
Figure 3.7: The Feynman diagrams of the s and ¢ channel processes e”e™ —

L~L*.

Pair production of heavy leptons in Fg occur through the t-channel flavor

changing neutral current process e" et — L~ LT. The Feynman diagram of the ¢
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channel process e”et — L~ L% is given in Fig. 5.15.

3.2.1 Definition of Differential Cross Section

We can write the matrix elements from the FCNC Lagrangian given in Eq. (3.1)

as,
2 b2
M — A (g;u/_quV/M%)
(t — M2) + iMZFZ}
x {U(pg)v”(l + 77 )u(p1)v(p2)y” (1 + 75)?}(194)} (3.14)
and
L 2 b2
M — 97917 (gaﬁ i QQQB/M%)

(t — M2) — iMyTy

x|alpa)r (L P Julps)o(pa)r (42 7ep)|  (315)

ignoring the lepton masses,

412
g,b
(IM]?) = £z <g,w - ququ/M§> (gaﬁ - QaQﬂ/M%)
4[(15 — M2)2 4+ M2

<Tr| s+ ma)y (L4+7°) biy™(1+ )]

XTr| (14 %) by = me)y (1 +97) (3.16)

Mandelstam variables for the pair production of heavy leptons are,

S
p1-p2 = 57

s — 2m?
P3Py = TL>

2

ms; —t
b1-DP3 = L2 )



P2 Py = 9 )
m? —u
pb1-Py = L2 )
m? —u
P2-pP3 = L2 )
u = 2mi —s—t. (3.17)

Using the trace theorems and the Mandelstam variables in Eq. (3.17), the differ-

ential cross section for this process is obtained as,

do 4},

M2 {(t — M2)? + M2I%,

dt

x [(mi C0Pml o+ AMEmts + A(s + 1 — m2)PME|. (3.18)

3.2.2  Numerical Results

The total cross sections as functions of heavy lepton masses my, are displayed in
Fig. 3.8.

Signal and background cross sections depending again on the heavy lepton
masses, are presented in Tables 3.5, 3.6 and 3.7 at 0.5, 1 and 3 TeV, respectively.
For the pair production of heavy leptons at linear colliders we expect of order of
102 — 103 signal events for 1250 GeV leptons for the coupling value of bz = 0.1.
On the other hand, the lower limit of the coupling which can be probed by pair
production at linear colliders is found to be 0.05.

We applied an initial cut on the electron and jet transverse momentum p§. J >
20 GeV for the signal and background analysis. Fig. 3.9 shows the pr distributions
of the background at the colliders. The distribution of invariant mass m.- is

presented in Figs. 3.10, 3.11 and 3.12 at /s =0.5, 1 and 3, respectively.
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mrp, o cxBR; oxBR;yxBRy o Xx 10-8 S/\/S-{- B TI'iotal

(GeV) (pb)  (pb) (pb) (pb) (GeV)
100 036  0.12 0.0039 0.005 20 0.01
150 035  0.12 0.0038 2.49 20 0.13
200  0.37  0.12 0.0040 5.03 20 0.59
240 027  0.09 0.0029 1.25 17 1.22

Table 3.5: The signal and background cross sections and SS depending on
the heavy lepton masses for ILC with /s = 0.5 TeV, L™ = 10°pb~* for the
pair production of heavy lepton. The branching ratios BR; and BR; denote
BR(L™ — Ze™) and BR(Z — ete, ut ™), respectively. The total decay width
of the heavy lepton is given in the last column.

mryp, o ocxBR; o xBR; xBRy opx 1077 S/\/S+ B T'rotal

(GeV) (pb)  (ph) (pb) (pb) (GeV)
100 043  0.14 0.0047 0.004 22 0.01
200 044  0.15 0.0048 1.51 22 0.59
300 056  0.18 0.0061 3.57 25 2.16
400 094 031 0.0102 5.12 32 5.18

Table 3.6: The signal and background cross sections and SS depending on
the heavy lepton masses for ILC with /s = 1 TeV, L™ = 10°pb™' for the
pair production of heavy lepton. The branching ratios BR; and BRs denote
BR(L™ — Ze™) and BR(Z — ete ,utpu™), respectively. The total decay width
of the heavy lepton is given in the last column.

mry, g cx BR; o xBR;yxBRy opXx 1076 S/\/S-{- B FTotal

(GeV) (pb)  (pb) (pb) (pb) (GeV)
250 0.47  0.16 0.0051 0.90 23 1
500  0.61  0.20 0.0066 4.04 26 10
750 151 0.50 0.0164 3.92 41 34
1000 3.96  1.31 0.0431 1.18 66 81
1250 7.79  2.57 0.0848 16.20 92 158

Table 3.7: The signal and background cross sections and SS depending on
the heavy lepton masses for CLIC with /s = 3 TeV, L™ = 10°pb~" for the
pair production of heavy lepton. The branching ratios BR; and BRs; denote
BR(L™ — Ze™) and BR(Z — ete , utpu™), respectively. The total decay width
of the heavy lepton is given in the last column.
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Figure 3.8: The total cross sections for the process e"et — L~ LT, as function
of the heavy lepton masses, for linear colliders ILC (y/s =0.5 and 1 TeV, L™ =
10°pb™!) and CLIC (y/s =1 TeV, TeV, £™ = 10°pb™~ ') for pair production of
heavy lepton.

3.3 Discussion

The production of a single heavy lepton is more relevant than the pair production.
Namely, in the case of /s = 3 TeV option, we expect 257 single events for
biz = 0.1 and 26 single events for b, = 0.032 for 2750 GeV (which is the upper
bound) leptons. In the case of pair production, for b7z = 0.1 we expect 10% —10?
events for 1250 GeV (upper value) leptons, while no pair event can be observed

for bz = 0.032, since the pair production cross section is suppressed by the

fourth power of mixing couplings.
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Figure 3.10: The invariant mass distribution of the Ze system for the background
for ILC at /s =0.5 TeV for pair production.
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CHAPTER 4
EP ANALYSIS OF ANOMALOUS INTERACTIONS
WITH HEAVY LEPTONS

Many models extending the standard theory of quarks and leptons predict the
existence of new generations of fermions. Any signal for the production of such
fermions will play a milestone role in the discovery of new physics. In this chap-
ter, we analyze the possible production and decay of new heavy leptons in lepton
hadron collisions via some anomalous interactions at CERN Large Hadron Elec-
tron Collider (LHeC) and at Desy THERA. These high energy ep collider options
are ideal places to investigate the production of new leptons which are heavy
compared to the standard ones. In this work, we present the anomalous single
production of heavy leptons at future ep colliders THERA [50] and LHeC [61].

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

Collider F, (TeV) E, (TeV) /s (TeV) L™ (pb™')
THERA 0.25 1 1 40
LHeC 0.07 7 1.4 104

Table 4.1: The main parameters of the ep colliders, L™ denotes the integrated
luminosity for one year.

4.1 Production of Heavy Leptons

In the Standard Model, Flavor Changing Neutral Current (FCNC) processes

receive contributions from only higher order corrections [62-75]. Here we offer
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the following effective Lagrangian describing these interactions via anomalous
magnetic transition moment type vertices;

ek
T'YLUWq”lA“

9
2 cos Oy

£eff
L\ vu(eo — cavs) + w;;,\,q”KZ IZ" + h.c., (4.1)
where s, and k7 are the anomalous magnetic dipole moment factors, ¢, and
cq are the corresponding anomalous non-diagonal Z couplings which are zero in
the SM, ¢ is the momentum of the exchanged gauge boson, 6y is the Weinberg
angle, e and g denote the gauge couplings relative to U(1) and SU(2) symmetries
respectively, A* and Z* the fields of the photon and Z boson and A is the new
physics scale.

The parton level process e”q — L~q, responsible for the heavy lepton pro-
duction in ep collision occurs via FCNC v and Z exchange in the ¢ channel. The

Feynman diagram of the parton level process e~ (p1)q(p2) — L~ (p3)q(ps) is given

in Fig. 4.1.
e~ > > I~
Y
q > > q
e > T > L~
|
|
VA
|
|
q — q

Figure 4.1: The Feynman diagrams of the ¢ channel v and Z exchange processes
e q— Lq.

35



4.2 Definition of Differential Cross Section

Considering the effective Lagrangian in Eq. (4.1), we find the amplitudes for the

~ exchange in the t channel as,

M, = ggigﬁl u(ps)otqpu (pl)}{U(p4)7MU(p2)} (4.2)
and
M, = eqi : u(py)o® %U(Ps)} {U(PQ)%U(M)] (4.3)

ignoring the quark and electron masses we find,

e2eti?

(M) = o X Tr| (s ma)oa, i

4N2¢2
bavy 192%} (4.4)

xXTr

and we find the amplitudes for the Z exchange in the ¢ channel as,

M, = Zi9% (O~ 4u0/M3)
4 (t— M3)+iMyly

 [atos) (3 (0n — az2®) + 2 og, Julp)|

<)y (v = a7 Julpa)|. (1.5
and
-
X {U(pl)(vo‘(% —ary’) - MTZU C]6> (ps)]
< |lp2) (v, = 4 Julp)]. (4.6
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which gives,

(Mz*) =

9%

64[(5 — M2)? + MZT%

xTr

xTr

[g,uu - quV/Mg Gop — qaqﬂ/M%

1K
(3 + mL)(”Y“(UL —ary’) + AZUWQp>

1K
X (70(% —agy’) — Zaa‘sqa)]

A
(00 = 07") £ (04 = 07") (4.7

The interference terms are given by,

<M7mz>

and

G — Gals/ Mz
(t = Mz) — iMzTy

{ B iezeqmg%}
16A¢

xTr

(3 +mp)at’q, pr (7‘1(% —ary’) — mAZUC“‘sq(sﬂ

XTr| payu ,ﬁzvﬂ(vq — aq%)] (4.8)

{ie%qﬁvgé } { v — Qulv/ M }
16A¢ (t — M2) +iMyT',

xTr

10 as( -+ i) (7 (v — %) + 207, )|

XTr| p2va 1y’ (vg — aq%)} (4.9)

The total differential cross section for the process e”q¢ — L™ ¢ is obtained as

dG+ot.

1

dt

(M) + (M) + (M Ma) + (M) (4.10)

16752

using the trace theorems and the Mandelstam variables in Eq. (2.7), the differ-

ential cross section for the subprocess e”q — L™q, mediated by v and Z in the ¢
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channel, takes the form,

dé(eq — L 222 . .
(qdfq) = X%Z{[(Zs +)m7 —23(5 +1) — mﬂ

+

7'('0(2

8A252sin Oy cost Oy {(f — M%)2 + M%FQZ}

X{QﬁzAUL(&qz +v2)(m3 — t)ymyt
+4Av,aarn(Avy, — mpkyz)(m3 — 28 — 1)t

“A%(a,? + v,2)(an® + vi?) ((2§ +D)m? — 28% — 2f — 52)
—ry(a,® +v,%) (m‘i — (25 +1)m?2 +25(5 + f))f}
Kyegma?(t — M2)

_|_
A232 sin? Oy cos? Oy {(f — M2)? + M32T%

X{f{zvq <mi — (25 +1)m2 +25(5 + f))

+Amy, (aLaq(m% — 25— 1) +vpu,(t — m%)) }, (4.11)

where e, is quark charge in units of e, I'; and M are the decay width and mass of
mediator Z, my, is the mass heavy lepton, § and ¢ are the Mandelstam variables.
4.3 Heavy Lepton Decays

After their production, heavy leptons decay via the neutral current processes
L — ~l and L — ZI due to the anomalous couplings in Eq. (4.1), where [ denotes

one of the ordinary charged leptons.

4.3.1 L — ~l Decay

Matrix element for the v decay is written as,

M = u(pl)( _ 7%qu)u(pL)eM (4.12)



Figure 4.2: Heavy lepton decay L — ~l.

and

squaring, we have

2,2
/<L,Y€

ME = {55 Haw e o) [aen)auien]| (-

and we find

2,2

(MP) = { = S e[ G+ o (o + mu)oe’]

Neglecting ordinary lepton masses the decay width is obtained as,

2,3
akimy,

202

(L —ly) =

4.3.2 L — Zl Decay

Matrix element for the Z decay is written as,

M = u(p) {2922 (%(UL —arys) + W)]U(PL)GM
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(4.14)

(4.15)

(4.16)
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Figure 4.3: Heavy lepton decay L — ZI.

and

M = u(pr) {—Z'ng (%(UL —arys) — W)}U(M)Ga (4.18)

squaring, we have

ME = {2 i) (s — as) + 27 Y, )

a(pL)<7a(UL —arys) — W)U(pl)}

JUpe’
X ( — 9"+ (‘2\;2) (4.19)
z

X

and we find

oty - )59

<[ i) (o, — agns) + 252
X(pr+myg) <7a(vL —arys) — mZUAaﬁqﬂ” (4.20)

Neglecting ordinary lepton masses the decay width is obtained as,

a(mj — M3)?

NL—1z
(L—i2) 16A2m3 M2 sin® Oy cos? Oy

KL M,
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+2MZ | A2 (v + ar?) + (km37 — 3c,rzAmy)

A2 (v, + aLQ)m%}, (4.21)

where « is the electromagnetic coupling constant, My and m, refer to masses of

Z boson and decaying lepton, respectively.

4.4 Numerical Results

The total production cross section is obtained by the integration of differential

cross section over the parton distributions in the proton as;

1

tmax dA ~
olep— LoX) = [ defy(e,@?) [ Zhdi. (4.22)
Tmin tmin
where Zpin = m2 /8, typin = —(5 —m?) and t,,4, = 0. For the parton distribution

functions f,(z,Q?) we have used the CTEQ5 parametrization [76] providing the
dependence on momentum transfer which have been taken as () = my and for
illustration, values of kK, = kz = 0.02 have been taken for anomalous magnetic
moment couplings.

We give the production cross sections for the signal as functions of the heavy
lepton masses, my, in Fig. 4.4 at LHeC and THERA energies, namely /s = 1.4
and /s = 1 TeV, respectively. Since the non-diagonal axial and vector couplings
ar, and vy, are additive with anomalous couplings x, and k7 in the lagrangian
(4.1), for compatible contributions, the values of a;, = v, = 0.02 were used in
parallel with the conventional values of K, = kz = 0.02 in numerical calculations.
Furthermore, the values of A = mj were used for the scale parameter. With
the integrated luminosity of 10* pb™', LHeC would yield substantial event rates
compared with THERA (L™ = 40 pb™'). Fig. 4.5 shows the py distributions of
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Figure 4.4: The total cross sections for the process eq — Lgq, as function of
the heavy lepton masses. Solid line is for LHeC with /s =1.4 TeV and L™ =
10*pb™*, dotted line is for THERA /s =1 TeV and L = 40pb .
the final state particles for the relevant background process eq — eZq, related to
the signal reaction ep — LgX in ep collisions. These pr distributions have peaks
around 50 GeV and suppressed at higher values. We applied an optimal cut of
|Mz. —mp| < 50 GeV for the considered heavy lepton mass range, in order to
contain all signal events that are smeared by the experimental resolution. Fig. 4.6
shows the invariant mass distributions of Ze system, after a cut of p%j > 50 GeV.
In Tables 4.2 and 4.3 we present signal cross sections in association with
Fig. 4.4, background cross sections and corresponding statistical significance (SS)
numbers for some mass values of heavy leptons in the ranges of heavy lepton
masses. Table 4.3 shows that the LHeC provides clean signatures with quite

small backgrounds for the heavy lepton signals. As usual, we use the criteria

(4.23)

as the limit of possible observability, where S and B are the numbers of signal and
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Figure 4.5: pr distributions of the background process eq — ¢Zq at LHeC (solid
line) and THERA (dotted line).
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Figure 4.6: The invariant mass distributions of the Ze system for the background
for lepton-hadron colliders LHeC and THERA.
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my, (GeV) o (pb) op(pb)  S/VS+B

100 1.08 x 1071 4.53 x 107° 2
150 477 x 1072 2.54 x 1074 1
200 2.64 x 1072 2.39 x 10~ 1

Table 4.2: The signal and background cross sections and SS depending on the
heavy lepton masses for THERA with /s =1 TeV.

my, (GeV) o (pb) op(pb)  S/VS+B
100 8.66 x 1072 2.01 x 107° 29
300 1.74 x 1072  6.40 x 107° 13
500 461 x 1073 291 x 107° 7
650 1.44 x 1073 1.37 x 107° 4

Table 4.3: The signal and background cross sections and SS depending on the
heavy lepton masses for LHeC with /s = 1.4 TeV, L' = 10*pb ™.
background events, respectively. Hence, the expected number of signal events at
LHeC are about 15 and 865 for 650 and 100 GeV heavy leptons respectively. On
the other hand according to the conventional criteria of SS>3 THERA is not
capable for searching heavy lepton signals due to its low luminosity.

In Figs. 4.7 (4.8) the cross sections are plotted as functions of anomalous

coupling k. (kz) by taking k., (kz)=0.02 for various mass values.

4.5 Discussion

In conclusion, the present work gives an analysis of possible production of heavy
leptons via anomalous interactions in ep collisions at future ep collider options
THERA and LHeC. It is shown that, after kinematical cuts a statistical sig-
nificance of SS > 3 can be achieved for only LHeC. LHeC, with an integrated
luminosity of 10* pb™! yields 15 events per year for 650 GeV leptons, hence a
good place to search for heavy leptons. On the other hand THERA seems capa-
ble for only about four 100 GeV leptons with SS~ 2 which is not sufficient for

observation. Therefore LHeC will play an important role in searching for new
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Figure 4.7: Total cross sections as functions of kz (k, = 0.02) for various masses
of heavy leptons for the subprocess eq — Lg.
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Figure 4.8: Total cross sections as functions of k., (kz = 0.02) for various masses
of heavy leptons for the subprocess eq — Lg.
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physics beyond the SM through the anomalous interactions.
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CHAPTER 5
SINGLE AND PAIR PRODUCTION OF HEAVY
LEPTONS WITH ANOMALOUS COUPLINGS

In this chapter we study the single and pair production of heavy leptons via
anomalous interactions at linear colliders ILC [51] and CLIC [52]. These linear
colliders are excellent places to produce the heavy leptons with their energies and

luminosities, which are given in Table 5.1

ete” Colliders E,+ (TeV) E.- (TeV) /sero (TeV) L™ _(pb™ 1)

ILC 0.25 0.25 0.5 10°
ILC 0.5 0.5 1.0 10°
CLIC 1.5 1.5 3.0 10°

Table 5.1: The main parameters of the future e“e™ colliders, L™ denotes the
integrated luminosity for one year.

5.1 Single Production of Heavy Leptons

The single production of heavy leptons L, in e~ e* collisions occur through the s
and t channel, v and Z exchange processes e et — L~ et caused by the follow-
ing FCNC Lagrangian describing interactions via anomalous magnetic transition

moment type vertices;

ﬁeff = %LO‘MVQVZAM

L | vu(cy — cavs) + %Kz IZF + h.c., (5.1)

2 cos Oy
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Figure 5.1: The Feynman diagrams of the s and ¢ channel processes e”e™ —
L-et.

where s, and kz are the anomalous magnetic dipole moment factors, ¢ is the
momentum of the exchanged gauge boson, 6y is the Weinberg angle, e and g
denote the gauge couplings relative to U(1) and SU(2) symmetries respectively,
A" and Z* the fields of the photon and Z boson and A is the new physics scale.
The Feynman diagrams of the s and t channel, v and Z exchange processes
e (p1)et(pa) — L™ (p3)et(ps4) are given in Fig. 5.1. The total cross section is
the sum of the cross sections of s and ¢ channel, v and Z exchange and their

interference processes.

do 1

— = <My, ?> 2.2

dt 167s? Moot | (5:2)
|Mor|? = |M|* + |My|* + |M.|* + | M|?

+MaMb + MaMb + MaMc + Maﬂc
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+M My + M, M+ MyM,. + MM,

+MyMy + MyM g+ M.M;+ M. M,. (5.3)

Details are given in Appendix B. The corresponding total cross section is obtained

as follows;

do

dt

Ta?

8A2s2 sin* Oy cost Oy [(s — M2%)? + M2T%

(t = MZ)* + MZI

X{QAmzst(t —s)my, <vL(a52 4+ a?)(s +t —2m3) — 2av,(2m3 — 3(s + t))>
—kZ(a?® + vf)st((s +t)ym] — 2(s* + t*)m3 + 2(s* + t3)>
A0 + ) (an? + vn?) (2(54 28?1 — (s 4 1)(28% — 3st + 2t2)m§>

+aagv, N2 st( m2 (s +t) — 2st | + M2 |2x%(a)® + v)°
L AL

X (2m4L —2(s+t)m3 + (s + t)2) st +2kzA(s —t)my,
X ((32 + 12— (s + t)m%) (ai*vp 4 2avar, + vi*or) + Sagvarst)
—2A? ((al2 + %) (ag® +vp?) — 4alvlaLvL> <53 + 13— (s + tz)m%)]

—(M3; +T%)

ky(a? +v%) (s + 1) (m‘i — (s+t)m7 + 25t>

+A? <(a12 + o) (ar® +vp?) — 4alvlaLvL) ((s +t)mi — s* — t2>] }
2ma’K?
A%s3t

{(s +0mt = 2(s% + £2)m2 +2(s° + t3)}
W&ZMMZFZ

+
A2s2 sin? Oy cos? Oy {(t — M2)? + M2T'%

x{/ﬁzvlm‘i — 2N\ (@ar + vvp)md — 2kzum3 s

+A (alaL(Bs +2t) + yup(s + 2t))mL + kzv(2s — t)(s + t)}
7Ta2/{7M2FZ

A2s2 sin? Oy cos? Oy [(s — M%)? + M%FQZ}

+
X{szl (m% —2tm37 — (s — 2t)(s + t))
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—l—A((alaL +vwp)(2m3 —2s —t) — 2alaLt> mL}. (5.4)

5.1.1 Numerical Results

In Fig. 5.2, we plot the corresponding cross sections for the single productions at
ILC and CLIC energies with /s = 0.5 and 1 TeV, and /s = 3 TeV, respectively.
In plotting this figure we have used k, = Kz = 0.02 and a;, = vy = 0.02 for the
coupling parameters. Figs. 5.3, 5.4 and 5.5 shows the pr distributions of the
final state particles at these linear colliders. The characters of py distributions
at these linear colliders are similar to that of ep colliders in the case of the same
cut, |Mz. — my| < 50 GeV imposed. In Figs. 5.6, 5.7 and 5.8, we give the
invariant mass distributions M., with cut p%j > 50 GeV at /s =0.5, 1 and 3

TeV, respectively.

Vs=3 Tev
i Vs=1TeV -------
0.1 R Vs=0.5TeV -+ b

a(pb)

0.01 | B g

L A I I I
500 1000 1500 2000
m_(GeV)

Figure 5.2: Cross sections for the process e" et — L~e™, as function of the heavy
lepton masses, for linear colliders ILC (/s =0.5 and 1 TeV, L™ = 10°pb ') and
CLIC (y/s =3 TeV, L™ = 10°pb ™) for single production of heavy lepton. Solid
line is at CLIC with /s =3 TeV, dashed line is at CLIC with /s =1 TeV and
dotted line is at ILC.
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my, (GeV) o (pb) op(pb) S/VS+ B
150 9.02 x 1072 7.74x 1073 91
250 3.44 x 1072 3.29 x 1073 26
350 1.64 x 1072 1.14x 1073 39
450 6.30 x 107*  7.71 x 107° 25

Table 5.2: The signal and background cross sections and SS depending on the
heavy lepton masses at /s = 0.5 TeV, L™ = 10°pb ™! for single production in

eTe™ collisions.

my, (GeV) o (pb) op(pb)  S/VS+ B
100 2.47 x 1071 1.43 x 1072 153
300 3.75 x 1072 4.60 x 1073 o8
600 1.40 x 1072 1.64 x 1073 35
900 3.90 x 107* 1.81 x 10~* 19

Table 5.3: The signal and background cross sections and SS depending on the
heavy lepton masses at /s = 1 TeV, L = 10°pb ™' for single production in

eTe™ collisions.
mp, (GeV) o (pb) oz(pb) S/\VS + B
250 578 x 1072 6.37 x 1073 72
750 1.86 x 1072 3.55 x 1073 39
1250 1.38 x 1072 3.04 x 1073 34
1750 1.05 x 1072 2.44 x 1073 29

Table 5.4: The signal and background cross sections and SS depending on the
heavy lepton masses at /s = 3 TeV, L™ = 10°pb ™" for single production in
ete™ collisions.
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Figure 5.3: pr distribution of the background process e et — e~ Ze™ for ILC
(v/s = 0.5 TeV) for single production.

In Tables 5.2, 5.3 and 5.4, we presented the signal and total background cross
sections for the single production of heavy leptons depending on their masses, for
0.5, 1 and 3 TeV center of mass energies, respectively. As seen from these tables,
the SS values are high enough for possible observation of these leptons at linear
colliders, even for mass values up to the center of mass energies of these collider
options. The expected number of events per year are about 630 and 390 for 450
and 900 GeV leptons at ILC with /s = 0.5 TeV and /s = 1 TeV, respectively.
At CLIC (y/s = 3 TeV), this number is about 1050 events per year for 1750 GeV
leptons.

In Figs. 5.9, 5.10 and 5.11 the cross sections are plotted as functions of
anomalous coupling kz by taking x,=0.02 for various mass values for 0.5, 1 and
3 TeV center of mass energies, respectively. In Figs. 5.12, 5.13 and 5.14 the cross
sections are plotted as functions of anomalous coupling xz by taking x,=0.02 for
various mass values of heavy leptons for 0.5, 1 and 3 TeV center of mass energies,

respectively.

52



Vs=1TeV

0.0001 ]

do/dp[pb/GeV]

1e-005 —

1 1 1 1 1 1 1 1 I\
50 100 150 200 250 300 350 400 450 500
pr (GeV)

Figure 5.4: pr distribution of the background process e”e™ — e~ Ze™ for ILC
(v/s =1 TeV) for single production.
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Figure 5.5: pr distribution of the background process e et — e~ Zet for CLIC
(v/s = 3 TeV) for single production.
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Figure 5.6: The invariant mass distribution of the Ze system for the background
for ILC (y/s = 0.5 TeV) for single production.
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Figure 5.7: The invariant mass distribution of the Ze system for the background
for ILC (/s = 1 TeV) for single production.
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Figure 5.8: The invariant mass distribution of the Ze system for the background
for CLIC (y/s = 3 TeV) for single production.
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Figure 5.9: Total cross sections as functions of xz (k, = 0.02) for various masses
of heavy leptons for the reaction ete™ — L™ e™.
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Figure 5.10: Total cross sections as functions of kz (k, = 0.02) for various masses
of heavy leptons for the reaction ete™ — L7e™.
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Figure 5.11: Total cross sections as functions of kz (x, = 0.02) for various masses
of heavy leptons for the reaction ete™ — L7 e™.
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Figure 5.12: Total cross sections as functions of x., (kz = 0.02) for various masses
of heavy leptons for the reaction ete™ — L7e™.
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Figure 5.13: Total cross sections as functions of ., (k7 = 0.02) for various masses
of heavy leptons for the reaction ete™ — L7 e™.
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Figure 5.14: Total cross sections as functions of k. (k7 = 0.02) for various masses
of heavy leptons for the reaction ete™ — L™ e™.

5.2 Pair Production of Heavy Leptons

Pair production of heavy leptons with anomalous couplings occur through the
t-channel flavor changing neutral current process e et — L~ L*. The Feynman

diagram of the ¢t channel process e" et — L~ L™ is given in Fig. 5.15.

5.2.1 Definition of Differential Cross Section

Considering the FCNC Lagrangian in Eq. (5.1), we find the amplitudes for the ~y

exchange in the ¢ channel as,

M, = = a0 gt ot o) (55)
and
M, = —ij? [U(pl)awqw’tL(ps)} {v(m)aiqav(pg)} (5.6)
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Figure 5.15: The Feynman diagrams of the ¢ channel v and Z exchange process
e et — L LT,

ignoring the quark and electron masses we find,

4.4

(ML) = s X Tr| s+ ma)o™an pro®a.]
<Tr| oty — mu)da] (5.7

and we find the amplitudes for the Z exchange in the ¢ channel as,

4 (t— M2) +iMyly

X [ﬂ(?s) (’Y“(UL —ary’) + WU“’\QA)U(YH)]

M, — 9% G~ 00/ M7)

A
iliZ

X [5(p2)<7y(vL —ary’) + A prqp)v(p@} (5.8)
and

W, — 92 (905 — a95/M7)
i 4 (t— M2)—iMyI,
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x |u(py) (v‘”(vL —ary’) — mfff‘“%)tt(ps)}
X [U(m) <Wﬁ(vL —ary’) — MAZUB5%>U(ZJ2)} (5.9)
which gives,
g4
(MzP) = . (90 = 00 /22) (00 — a0/ 13

64[(t ~ M2)? + MRTY,

r 1K
xTr|(ps+mz) <’Y“(UL —ary’) + ZU”AQA)

A
1K
X 1 (’Va(vL - CLL’V5) - AZanqwﬂ

r 1K
xTr| po (7"(1),; — aL75) + Azal’pqp>
1K
X (s —mp) <'yﬁ(vL —apy’) — Azcrﬂ‘sq(;ﬂ (5.10)

The interference terms are given by,

o 0242 2 o — quds ] M2
<M7MZ> = {_ ng} Jos 2(] qg./ Z
16A2t (t — MZ) - zMZFZ
1K
xXTr (ﬁ:& + mL)J’“q,\ b1 (Wa(vL — aL75) — AZJawqw>}
1K
XTr| p208q,( s —mr) <’yﬁ(vL —ary’) — Azaﬁ‘sq(;ﬂ (5.11)
and
o 22 g2 B M2
_ . ~97 9uv — quqv Z
M Mz) = { 16A2t } (t— M3) +iMyly
1K
XTr| p10*q,(ps +mr) <7“(UL —ary’) + AZU’MC]AH
1K
xTr|(ps—mr)olas po ('y”(vL —ary’) + /\Za”pqpﬂ (5.12)
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The total differential cross section for the process e" et — L~ L™ is obtained as

doior. 1 M M
it~ M)+ (Mo )+ (MM) + (M, M) (5.13)

using the trace theorems and the Mandelstam variables in Eq. (2.7), the differen-
tial cross section for the subprocess e"et — L~ LT, mediated by v and Z in the

t channel takes the form,

d 2,.2
= - m{zmi — 4tmS + t(ds + 3t)mt — 22(4s + t)m2 + 13(2s + t)z}

Ta?

16 M4 A4s2 sin? Oy cos? Oy {(t — M2%)? + M2T%

+

X {A4(aL2 +vpH)m] ((m% — 1)+ 4M§s>
—2N*MZk3v*mitim] +t(t + 25 — 2m3)]

+My

2A* <(aL4 + o) <m4L —2(25 +t)m3 + 28> + 1% + ZSt)
+2ar%v? (3m4L — 2(2s + 3t)m3 + 25> + 3t* + 63t>)

—2r75A? (4(ch2 +vr?)s(m? + st + %) + (ar® + 2v?)

x(m8 — 2tm] + t*m3) — 1OUL2tsm%>

+K2, <2m§ — 4tm§ + tm] (4s + 3t) — 2% (4s + t)m? + 13(2s + t)2>] }
To’k2(t — M)

2M2A*s%t sin? Oy cos? Oy, {(t — M2)? + M3T%

+

X {KQZM% (QmsL — 4tmS +t(4s + 3t)m] — 2t*(4s +t)m3
+t%(2s + t)2> —2A*Mzm7 (((LL2 +o?)(m] + 12 — 2tm?)

+st(2ar? — vﬁ)) — v A*tm3 (m‘j — 2tm7 + (25 + t)t)} (5.14)
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my, (GeV) o (pb) o(pb) Ng/v/Ns + Np

100 2.99 x 107%  4.61 x 1078 d
125 1.39 x 107*  1.50 x 1077 4
150 7.93x 107° 1.78 x 1077 3

Table 5.5: The signal cross sections for the process e”e™ — L~ L™, total back-
ground cross sections for the process e"et — e~ Ze™Z and SS depending on the
heavy lepton masses at /s = 0.5 TeV, L = 10°pb~! for pair production in
ete” collisions.

5.2.2  Numerical Results

The total cross sections as functions of heavy lepton masses my, are displayed in

Fig. 5.16. Signal and background cross sections depending on the heavy lepton

0.01

T

Vs=3 TeV

Vs=1TeV -------
Vs=0.5TeV --------

0.001 f B

a(pb)

0.0001 |- %\ b

A 1 E 1 1 1 1 1
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m,(GeV)

Figure 5.16: The total cross sections for the process e~ e™ — L~ L™, as function of
the heavy lepton masses, for linear colliders ILC (y/s =0.5 TeV, L = 10°pb™ 1)
and CLIC (/s =1 and 3 TeV, L™ = 10°pb™ ') for pair production of heavy
lepton.

masses, are presented in Tables 5.5, 5.6 and 5.7 at 0.5, 1 and 3 TeV, respectively.
We applied an initial cut on the electron and jet transverse momentum p%j >

50 GeV for the background analysis. Figs. 5.17, 5.18 and 5.19 shows the pr
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mry, (GGV) o (pb) O'B(pb) Ns/\/N5+NB
100 1.25 x 1072 3.35 x 1077 11
140 3.63 x 107* 1.52 x 1076 6
170 1.90 x 107* 1.78 x 1075 4
200 1.18 x 107* 1.89 x 1076 3

Table 5.6: The signal cross sections for the process e”e™ — L™ L™, total back-
ground cross sections for the process e"et — e~ Ze™Z and SS depending on the
heavy lepton masses at /s = 1 TeV, L' = 10°pb ™" for pair production in ete~
collisions.

my, (GeV) o (pb) op(pb) Ns/v/Ns + Ng
100 1.12x 1072 4.85x 10°° 33
150 2.27 x 1073 3.56 x 107° 15
250 3.39 x 107* 554 x 107° D
350 1.21 x 107* 7.88 x 107° 3

Table 5.7: The signal cross sections for the process e”e™ — L~ L™, total back-
ground cross sections for the process e"et — e~ Ze™Z and SS depending on the
heavy lepton masses at /s = 3 TeV, L™ = 10°pb ™" for pair production in e*e~
collisions.
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Figure 5.17: pr distribution of the background process e” et — ZZe e™ for ILC
(v/s = 0.5 TeV) for pair production.

distributions of the final state particles at the colliders. The distribution of in-
variant mass My, is presented in Figs. 5.20, 5.21 and 5.22 at /s =0.5, 1 and 3,
respectively.

In Figs. 5.23, 5.24 and 5.25 the cross sections are plotted as functions of
anomalous coupling k., by taking x,=0.02 for various mass values for 0.5, 1 and 3
TeV center of mass energies, respectively. In Figs. 5.26, 5.13 and 5.28 the cross
sections are plotted as functions of anomalous coupling xz by taking x,=0.02 for
various mass values of heavy leptons for 0.5, 1 and 3 TeV center of mass energies,

respectively.
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Figure 5.18: pr distribution of the background process e”e™ — ZZe e™ for ILC
(v/s =1 TeV) for pair production.
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Figure 5.19: pr distribution of the background process e~ e™ — ZZe e for CLIC
(v/s = 3 TeV) for pair production.
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Figure 5.20: The invariant mass distribution of the Ze system for the background
background process e et — ZZe e for ILC (y/s = 0.5 TeV) for pair production.
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Figure 5.21: The invariant mass distribution of the Ze system for the background
background process e"e™ — ZZe e™ for ILC (/s = 1 TeV) for pair production.
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Figure 5.22: The invariant mass distribution of the Ze system for the background
background process e”et — ZZe et for CLIC(y/s = 3 TeV) for pair production.
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Figure 5.23: Total cross sections as functions of kz (x, = 0.02) for various masses
of heavy leptons for the reaction ete™ — L™ L*.
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Figure 5.24: Total cross sections as functions of kz (k, = 0.02) for various masses
of heavy leptons for the reaction ete™ — L™L™T.
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Figure 5.25: Total cross sections as functions of kz (x, = 0.02) for various masses
of heavy leptons for the reaction ete™ — L™ L*.
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Figure 5.26: Total cross sections as functions of s, (kz = 0.02) for various masses
of heavy leptons for the reaction ete™ — L™L™T.
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Figure 5.27: Total cross sections as functions of ., (k7 = 0.02) for various masses
of heavy leptons for the reaction ete™ — L™ L*.
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Figure 5.28: Total cross sections as functions of k. (k7 = 0.02) for various masses
of heavy leptons for the reaction ete™ — L™ L*.

5.3 Discussion

In the pair production case we expect 8 events per year for 150 GeV leptons, 12

events for 200 GeV leptons and 12 events for 350 GeV leptons at 0.5, 1 and 3

TeV, respectively. Hence, future linear colliders, with their clean environments,

are good platforms for searching single and pair productions of heavy leptons.
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CHAPTER 6
SINGLE PRODUCTION OF HEAVY LEPTONS WITH
ANOMALOUS COUPLINGS AT THE CERN LHC

In this chapter, we study the single production and decays of charged heavy
leptons in hadronic collisions via some anomalous interactions at LHC [77, 78§].
These interactions can include additional leptons which are expected to have TeV
scale masses. LHC has enough energy to produce and detect these leptons with
the total energy /s = 14 TeV and L = 10°pb ™" at which two 7 TeV proton beams
collide each other. With this energy LHC will be the ideal machine to answer all
the basic questions at present open through the wonderful success of the SM and
by its obvious lack of predictive power for understanding the mass range of heavy
leptons. Many analysis have been done for the production of heavy leptons with

different models through the pp collisions in [79-89].

6.1 Production of Heavy Leptons

In the Standard Model, Flavor Changing Neutral Current (FCNC) processes re-
ceive contributions from only higher order corrections. Here we offer the following
effective Lagrangian describing these interactions via anomalous magnetic tran-
sition moment type vertices;

1K

Eeff = A LO'MVquAM

L | vu(ey — covs) + %I{Z IZ" + h.c., (6.1)

2 cos Oy
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where s, and k7 are the anomalous magnetic dipole moment factors, ¢ is the
momentum of the exchanged gauge boson, 6y is the Weinberg angle, e and g
denote the gauge couplings relative to U(1) and SU(2) symmetries respectively,
A" and Z* the fields of the photon and Z boson and A is the new physics scale.

The parton level process qq — LI, responsible for the heavy lepton production
in pp collision occurs via FCNC, which takes place through the exchange of Z
boson and ~ in the in the s channel. The Feynman diagram of this process is

given in Fig. 6.1.

V.4

q e

Figure 6.1: The Feynman diagrams of the s channel v and Z exchange processes
qq — Ll.

6.2 Definition of Differential Cross Section

Considering the effective Lagrangian in Eq. (6.1), we find the amplitudes for the

v exchange in the s channel as,

M = =2 o) uln) | [alp) a0 ()| (62
and
M, = = alpr)y"o(pa)| [o(ps)obasulps) (6.3
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ignoring the quark and electron masses we find,

e2e?k?

(M) = T2 < Tr| oy 17"]

xXTr

(p3+mr)opg, 4’6402615] (6.4)
and we find the amplitudes for the Z exchange in the s channel as,

2 L — » M2
My, = % (G — Gudv/Mz)
[(g ~ M2)+iM,T,

727 (0, = a7 )u(p)

X

a(ps) (" (0n — ™) + 2o a0 (6.5

and

My = 9 Wm0tV o )00, — )]
[(é _ M2) —iM,T,

1K
<[00 (1701 = 007%) = S0P gsu(r) )| (6.6)
which gives,
9%
(MzP) = ORI (900 = /M2 ) (905 = 205/
§—Mz)"+ Mz Z}
xTr /ﬁ27u(vq - aq75) /pﬂ/a(vq - aq75)]
1K
XTT[(/ﬁs +my) (7”(% —ary’) + AZUV’)QP)
1K

X pa (’yﬂ(vL — aLfy5) — Azaﬁ‘;q(;)] (6.7)

The interference terms are given by,

2 2
[ gk gz \ [ Yap — dads/Mz
MMz) = { 16A3 } [(§—M§) — iMyDy
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and

xTr

D27 b1y (vg — aq%)]

<Tr[(s + )ty (700 — 00%) = 0% (69

{ . eeqﬁwg%} Guv — Q,qu/M%
16As (§ — M%) + 1Mz,

brYa P27 (vg — aq%)}

XTT{ p4agq5(/{93 +my) ('y”(vL —ary’) + mAZU"pqpﬂ (6.9)

xTr

We evaluate the total differential cross section for the process ¢qg — Ll obtaining;:

door.

1

dt~ 16ns?

(M) 4+ (M) 4+ (M ) + (M M)

. (6.10)

Using the trace theorems and the Mandelstam variables in Eq. (2.7), the form of

the differential cross section is as follows;

do(qqg — L)  2e;rima

dt
+

X

2
{(§ +26)m3 —m] — 2t(5 + f)}

ra?

A28

8A252 sin® Gy cos* Oy [(g M)+ M%FQZ]

{KZZ(af + vq2)§<(§ +2ym2 — 2t(5 4+ 1) — m4L)

+2k7Asmy, <vL(aq2 +v,2) (8 —m3) — 2ara,v,(mi — 8 — Qf))

+A?

(az® + v:2)(a® + v,2) (g? 4o 125 — (3 + 2£)m%>

+darvpagv,s(3 + 2t — m%)} }

+

X

2
eqmat ki, MyI' 7

A232 sin? Oy cos? Oy [(§ — M%)? + M%FQZ}

{mq (m% (34 2D)m2 4205+ f))
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Y Amp(agag(m? — 3 — 28) + vyug(m — g))} (6.11)

where I'; and My are the decay width and mass of mediator Z, s and { are the

Mandelstam variables.

6.3 Heavy Lepton Decays

After their production, heavy leptons decay via the neutral current processes
L — ~l and L — ZI due to the anomalous couplings in Eq. (6.1), where [ denotes
one of the ordinary charged leptons. The detailed analytical calculation of decay
widths for each channel can be found in chapter 4.3.1 and 4.3.2. Numerical
results for total decay widths of the heavy leptons depending on their masses for
ky,kz = 0.02 and A = my are given in Table 6.1. The branching ratio values

would be around 33% for each channel concerning with the leptons e, u and 7.

mr (GeV) T'(L — ve)(GeV) TI'(L — Ze)(GeV) TDrotar (GeV)

250 7.30 x 1074 3 3

200 1.46 x 1073 21 21
750 2.19 x 1073 72 72
1000 2.92 x 1073 171 171
1250 3.65 x 1073 333 333

Table 6.1: Decay widths of heavy leptons.

6.4 Numerical Results

The partonic cross section is given by,

tmaz da' ~
5(8) = —df, 6.12
5(3) / = (6.12)
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Figure 6.2: The total cross sections for the process q¢ — L~ et, as function of
the heavy lepton masses, for LHC (y/s =14 TeV, L™ = 10°pb™ ).

The total production cross section is obtained by the integration over the parton

distributions as;

T X

stag—11) = [ dr [ il @) a/n Q)

+ (a7, Q%) fa(x, Q)]0 (3) (6.13)
where Tpmin = m2/8, tmin = —(8 —m2) and #,,e, = 0. Here we use the CTEQ5

[76] parametrization with () = m, and we take k, = Kz = 0.02 and A = my.
We give the production cross sections for the signal as functions of the heavy
lepton masses, my, in Fig. 6.2 for the center of mass energy of \/s = 14 TeV. We
applied an optimal cut of |Mz. —my| < 50 GeV for the considered heavy lepton
mass range. Fig. 6.3 shows the pr distribution of the final state particles for
the relevant background process q¢ — eZl in pp collisions. This pr distribution
has a peak around 50 GeV and suppressed at higher values. Fig. 6.4 shows the

invariant mass distributions of Ze system, after a cut of pﬁp’j > 50 GeV.
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Figure 6.3: py distribution of the background process qg — e~ Ze™ for LHC.
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Figure 6.4: The invariant mass distribution of the Ze system for the background
for LHC.
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Figure 6.5: Total cross sections as functions of xz (k, = 0.02) for various masses
of heavy leptons for the subprocess q7 — L™ e™.

In Table 6.2, we present the signal cross sections for the subprocess qg — L™ e™
and background cross sections for the subprocess ¢q¢ — e~ Ze' depending on
the heavy lepton masses for a suitable range. We applied an optimal cut of
|Mze — mp| < 50 GeV for the considered heavy lepton mass range. Production
of heavy leptons provides a clean signature, as shown in this table. The expected
number of signal events for 600 GeV leptons at the LHC is about 13 with SS
number of 4.

In Figs. 6.5 (6.6) the cross sections are plotted as functions of anomalous cou-
pling k., (kz) by taking k. (kz)=0.02 for various mass values. From these figures,
we can see the production cross sections increase as the values of couplings, .,
kz increases and as the heavy lepton mass decreases. By varying the couplings,
the cross sections changes up to three orders of magnitude and the event number
changes accordingly.

We have used the high energy package CompHEP for calculations of back-

ground cross sections reported in this study [48].
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Figure 6.6: Total cross sections as functions of k., (kz = 0.02) for various masses
of heavy leptons for the subprocess qq — L™ e™.

my (GeV) o(pb) og(pb)  S/VS+ B
100 2.40 x 1072 2.65 x 107° 49
200 6.58 x 1073 3.64 x 107° 26
400 7.40 x 107* 575 x 1077 9
600 1.30 x 107*  1.69 x 1077 4

Table 6.2: The signal and background cross sections and SS depending on the
heavy lepton masses for the LHC (/s = 14 TeV, L™ = 10°pb ™).
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6.5 Discussion

This work was motivated by some of the extensions of the Standard Model which
includes some anomalous interactions. It is shown that, after kinematical cuts a
statistical significance of SS > 3 can be achieved. 11 signal events for 650 GeV
leptons are possible. Therefore LHC will play an important role in searching for

new physics beyond the SM through the anomalous interactions.
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CHAPTER 7
CONCLUSION

In this chapter we briefly present the conclusions. Detailed summaries of chapter
2, 3,4, 5 and 6 are presented in sections 2.5, 3.3, 4.5, 5.3 and 6.5, respectively.

This thesis gives an analysis of possible production of heavy leptons via two
non-standard models which are string inspired Eg model and the effective La-
grangian description via anomalous magnetic transitions at lepton-hadron, linear
and hadron-hadron colliders.

After some phenomenological calculations it is shown that heavy leptons with
masses between 100-3000 GeV can be observed. When we compare these results
with the experimental ones which are given in [35], [36], [37] and [38], we can
talk about the new physics beyond the Standard Model. Hence, these collider
options seems to be capable of probing new physics in the case of the two models

analyzed in this thesis.
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APPENDIX A
DIRAC MATRICES AND TRACE THEOREMS

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

nitions of the v matrices:

= 7= . i=1,2,3. (A1)

These matrices satisfy the basic anti-commutation relation

{777} = 29", (A.2)
In terms of the metric
1 0 0 0
g 0 -1 0 O |
0O 0 -1 0
0o 0 0 -1
note that ¢"”g,, = 4, we have,
=4
WY = =27

WYY = 47

V. A O oAV

VY'Y = =297, (A.3)
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7% is defined as
7 =iy (A.4)
so that the following relations are satisfied;

()P =1

Pt =ty (A.5)

The trace theorems are (using the notation 4 = ,a"):

Tr(l] = 4
Tr(i4 p] = 4a-b

Trip p £ A4 = 4a-b)(c-d) = (a-c)(b-d)+(a-d)(b-c)

Trlys) = 0
Triys 4 p] = 0
Triys 4 b fA] = dieunsab’ e, (A.6)

where €,,,, = +1(—1) for p, v, A\, 0 an even (odd) permutation of 0, 1, 2, 3; and
0 if two indices are the same.

If A and B are any two matrices and « is any number,

Tr(A+B) = Tr(A)+Tr(B)
Tr(aA) = oTr(A)
Tr(AB) = Tr(BA)

Tr(ABC) = TR(CBA)=Tr(BCA) (A7)
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APPENDIX B
CROSS SECTIONS FOR SINGLE HEAVY LEPTON
PRODUCTION AT LINEAR COLLIDERS WITH
ANOMALOUS COUPLINGS

(IM,|?)
e’hiy [ m 11 p -
M, = As v(p2)y"ulp1) | |4(ps)otiq,v(pa)
Vi ey [ a 11 5 ]
M, = i w(p1)yv(p2)| |v(pa)oagsv(ps)

4.2

(S
(IMu?) = 4A2;2 X TT[ b2 iy x Tr {(?3 +mp)olg, Paoads

32 2.2,..2
(M) = 2 s 20md — 20(s + 1) — mi (B.1)

(M%) -
2 _ M2
M, = % (G — 0/ M2) {U(Pz)’w(vl - a175)U(P1)]
l:(S — M%) + 1M2FZ:|

X | u(ps) WV(UL—GL75)+MJUW)% v(pa)
) ) olon)

M, — & {(EMM;%Z%%F)Z} (0111~ )|
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(M)

(M)

<

(| Me]?)

| M[*

X |0(pa4) (Wﬁ(vL - CLL'75) - mAZUﬁJQOU(pS)}

g% (QW - qqu/M%) <gaﬂ - Qaqﬁ/M%>

64{(§ _ M)+ z‘MZrZ} [(g _ M) - z‘MZrZ}

XTr| pay (v, — ay’) pry™ (v — az’f’)}
1K
xTr|(ps+mr) (WV(UL —ary”) + AZUVPQ;))

X s (7’6(% —ary’) - mAZUﬁdCléﬂ

2m2a?

A2 sin® Oy cos? Oy [(s — MZ)+ T3 M2

x | A2

+t(t —m?) ((a% +v2)(al +v}) — 4aLalevl) ]

+rz8|2Amy, (UL(G? +v7)(s —m3) — 2ar(m3 — s — 2t))

(e +0f) (m — s +20)m +21(5-+0)

([Me[?) -

621€

o |atws)otaue)| | o)

QN

621{

At

RN

alo)kasulp)| [0

etr?

4A2t?

327r20z2/<3
A2¢2

(25 +t)ym3 — 2s(s +t) — m‘i]
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> X T?{(ﬁz +mp)otq, proogs| x T 7‘{ y 2l /f)w“]

(s+t)(s+t—m3) ((a% +v2)(al +v7) + 4aLalevl)

(B.2)



(IMaql?) :
g% (g — quV/M%)

M, = %
4 {(t—Mg) MLy,
X |u(ps3) (’Y“(UL —azy®) + MAZUWQp>U(p1)]
x| 0(p2)y” (v — aﬁ‘r’)v(m)}
M, — ﬁ (9ap — 9aqs/M3)
- mz) - ivry
X |u(p1) (7“(% —ary’) — miﬂ“%)ﬂ(ps)}
x [0007 01 = o)
g4
(M) = - 90— 000/ M2] |90 — 005/ M3]
64{(15 — M2)? + M2T%
xTr {(ﬁs +mp) (VM(UL —ary’) + MAZUWQ;J)
X ﬁl (”Ya(vL - GL’Y5) - mAZUa(;qzsﬂ
XTr| poy" (v —ary’) pay’ (v — GWE’)}
2 2.2
(IMaf?) = —

A2 sin* Oy cos? Oy {(t — M2%)? +T2 M2

X

A? [(a% +v?7)(ai +v}) ((23 +t)m3 — 28 — 12 — 251&)
+darvpauit(mi — 2s — t)}
—QmLAnzt(vL(a? + ) (m3 —t) + 2apav(m3 — 25 — t))

+ryt(a; +v7) <m‘i — (25 +t)m3 + 2s(s + t))} (B.4)
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<

M,

<MaMb> .

62I€

ﬁ (guu - QMQV/M%>
4 {(s ~ M2) +iMTy,

X

GZQ%K7 (g,uu - QuQV/M%)

2 falpa)r"o(ea)| [o(pa)odaso (o)

|:17(p2)’}/'u<7jl - az75)u(271)}

u(ps) (7”(% —ary’) + mf“”%)”(m)}

16A8 l:(S — M%) + iMzrz

XTT{ by (v — ary”)

xTr

82'7r20z2/€7

IR
P10005( s + mL)(’YV(’UL —ay®) + Jaypqp

A

A2 sin? Oy cos? Oy, {(s — M2) +il'z My

X

Rz, (m‘i — (s 4+ 2t)m3 + 2t(s + t))

+mpA (aLal(m% — s —2t) + vpu(mj — s)) ]

<Mamb> .

2
€7 Ky

As

9% (9as — Gags/M3)
4 |:(8 - M%) - iMzrz
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<

X |0(pa4) (Wﬁ(vL - CLL'75) - mAZUﬁ5%>U(Z73)}

629%’€’y <guv - Q/.LQV/M%)

16AS |:<S — M%) - ZMZrZ:|

xTr| py" pr1y* (v — ary®)

(fs+mr)oha, pa (Vﬂ(UL —ary’) - mAZUmqéﬂ

xTr

82'7T2042fi7

A2 sin? Oy cos? Oy [(s — M%) —il'z My

X | Kz (m‘i — (s+2t)m7 + 2t(s + t))

+mpA (aLal(m% — s —2t) + vpu(m] — S)) ] (B.6)
(M.M,) :

62/{‘7 [ « = 1 ]

o alp)r v(p)| [o(pa)oas (o)

e )| L)

M_@mwﬂwpllwwvwm_

etr?

o X Tr| P 0" uolas( s + ma)ola)

32m2a’k?

— s s—l—t—mi] (B.7)
<Mamc> :

621{

o o)y ulp) | (s ot ()|
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M.

<

Maq

2,2
61{7

o @) dsutrs)| (o "0(e2)

etr?
4A2;f X TT[ P r1o0ds (s +mi)oh, /f’ﬂa]

327r2042/<3 )
—z |5 +t— mL]

<MaMd> :
e’k

1

s {a(plhav(pg)} ﬁ(p4)giq5v(p3)]

9% (9w — q.9,/M3)
4 {(t ~ M2) +iMTy,

1K

X |u(p3) (7“(1@ —arpy’) + AZUWQ;)UQH)]

X

B (0 — (o)

/

62579% (g/w - QL,QV/M%)
16As [(t ~ M)+ iMZFZ]

xTr| oy pay” (v — arys) paclas(ps +mr)

1K
X ('VM(UL —ary’) + AZG“”QLH

8ira’k,

A2 sin? Oy cos? Oy [t — M2 +1Tz My

x(m% —s—t) {AmL(aLal +vpy) — Kzuit)

(MaMa) :
o2 ot aton)| [ttt
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(M, M)

9% (9o — 4ads/M3)
4 {(t - M) - z’MZFZ]

iIiZ ad /

X a(p1)<”ya(vL —ary’) — A C %)U(p:s)}

X

5(pa)y? (v, — amS)U(Pz)}

ek,0%  (Jap — 40/ M%)
16As [(t — M2) — iM,Ty,

1K
XTr| pay* P (W(m —agy’) — AZUC“‘SQS)

X (s + ma)ogay b’ (o= an)]

8im2a’ k.,

A2 Sin2 9W cos? QW l:(t — M%) — ’irzMZ

x(mp — s —t) [AmL(aLal +vLy) — kzuit) (B.10)

<Mch> .
9% (9as — Gads/M3)
4 {(s ~ M2) —iM,T,

{U(pl)’ya(vl - a175)v(p2)]

X {v(m) (76(% - CLL’YB) - mAZUw%)U(PS)}

e’k

i [aslotduton] [oa1r o)

2N

€kygy  (9ap — Gats/M3)
16At [(s — M3) — z’MzFZ]

xTT{ D517 (0 — ary®) oy pa
1K

(0 = a1y®) = S0P asulp) ) + i)t
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M,

N

2

I 0 Ky

—

A2 sin? Oy cos? Oy

x(m3 — s —t) [AmL

—~

(MbM(:) .

g% (G — q#qV/M%)

4 {(s — MZ)+iM,Ty,

X

u(ps) (”YV(UL —ary’)

e’k

At

ERV)

iliZ
+

ky9y  (Gu — Quav/M3)

xTr
K
X <7”(UL —ary’) + TZ
8ir*a’k,

JVpr) p4/7

(S — M%) — ZrzMz]

apa; + vpvy) + KzU;8)

} [E(pg)v“(vz - az’f’)“(iﬁ)]

A a”pqp)v(m)}

a(p)o3dru(pa)|[o(pa)"0(p2)

Ho* (v — ary”) 1710'2(]3(173 +my)

!

A2 Sin2 9W cos? 9W |:S - M% + irzMZ

X(m% —s—t) {AmL(aLal +vLv) + Kzup8)

<MbMd> .

9% (9ap — Gas/M3)

4 |:(S — M%) — iMzrz

% [o(pa) (7 (0 = az)
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——Z0
ANTb

{u(pl)vo‘(vl - a175)v(p2)]

)Mm)}
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ﬁ (G — /M)
4 {(t ~ M3) +iMTy,

My =

X [u(p3) (7“(% —ary®) + mj\ZU“pq;;)U(pl)]

X

v(p2)y" (v — alf)“(]%)}

/

95 (9op — 4a9s/M3) (9w — 4,a0,/M3)
64 [(s _ M2) — M Ty [t = M)+ iMyT,

XTr| piv* (v — ay®) pov’ (o — ay’) jpa

1K
X (’Vﬂ(vL - CLLWS) - AZUMCIJ> (ps+myp)

1K
(e + B2

2o

A2 sin? Oy cost Oy [(s — M32) —iI'z My

(t—M3Z)+il'z My,

X |kyst(a; +vi)(s +t—m3)

+A%(s +t)(m3 —s—1) ((ai +v3)(ai +v}) + 4aLalevl)

—Amprz(s —t)(s+t—m3) (2aLalvl +op(al + vlz)) } (B.13)

<Mbmd> .

2 Yy — quGy /M2 _
M, — % (9, 9udv/M3) U(p2)7#(vl—al’y5)U(p1)]
(5= M3) + ML

1K

[as) (701 = asr®) + 2o, o)

— 9% (9ap — quqs/M3)
4 [(t— M2) —iM,Ty,

[aton) (1°0s — %) — o4t utr)|
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Mg

X

807" (1 — Yol

@ (g/u/ - qu(]u/M%) (gaﬁ - quqb/M%)
64 [(s ~ M2) + MLy {(t — M2)—iM,T,

1K
XTr| pay* (v — ay’) <7a(UL —ary’) - AZUQ‘SCL';)

0" q, pay’ (v — (ZWS))

1K
X ( ps+mp) <7V(UL —ary’) + TZ

2202

A2 SiIl4 HW COS4 HW |:(t — M%) — ZrzMZ:| [(S - M%) + ZrzMz]

X {nzzst(a? +vp)(s+t—m3)
+A* (s +t)(m] — s —t) ((ai +v7)(aF +v7) + 4aLal'uLvl>

—Ampkz(s —t)(s+t—m3) <2aLalvl + v (a} + U?)>:| (B.14)

<M0Md> .

€2I€

At {ﬂ(pl)ag%u(m)] [?7(]?4)7%(192)}

QN
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(= M2) +iMTy,
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 [os) (3 (0r — azn®) + 524, Ju(p)|
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_ €*hir9  (Guv — 4udv/M3)
16A¢ [(t M)+ iMZFZ}

1K
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xXTr
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A2 sin? Oy cos? Oy, {(t — MZ)+il'z My
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e2k?
Mo = S5 am)otaute)| oo

M, i% (9ap — 43/ M3)
[(t ~ M2) —iMyTy
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