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ABSTRACT

SINGLE AND PAIR PRODUCTION OF HEAVY LEPTONS
BEYOND THE STANDARD MODEL

Boyraz, Kubilay
Master of Science, Department of Physics
Supervisor: Assoc. Prof. Dr. Nurettin Karagoz

August 2011, 39 pages

In this thesis, general information on the Standard Model is presented and
deficiencies of this model are expressed. Single and pair production of heavy
leptons by means of string inspired Fg model are investigated. Firstly, for each
production analytical expressions of differential cross-sections are derived and
numerical results are presented for linear colliders ILC (y/s = 0.5T¢eV), ILC
(v/s = 1.0TeV), and CLIC (y/s = 3.0TeV). Afterwards, probabilities of heavy
leptons being observed in other words, being produced are analyzed. At the end,
why the model can not be applied for production of ordinary heavy leptons is

explained.

Keywords: Standard Model, heavy leptons, string inspired Eg model, single and

pair production.
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OZET

STANDART MODEL OTESINDE AGIR LEPTONLARIN TEK VE
CIFT URETIMI

Boyraz, Kubilay
Yiksek Lisans, Fizik Bolumii
Tez Danismani: Dog. Dr. Nurettin Karagoz

Agustos 2011, 39 sayfa

Bu tezde, standart model hakkinda genel bilgi sunuldu ve bu modelin eksik-
likleri anlatildi. Agir leptonlarin sicim esinli Eg model ile tek ve cift tiretimi
incelendi. 1Ilk olarak, her bir {iretim icin diferansiyel tesir kesitlerin analitik
ifadeleri tiiretilmig ve lineer ¢arpigtirnicilart ILC (/s = 0.5TeV), ILC (y/s =
1.0TeV), ve CLIC (y/s = 3.0TeV) igin niimerik degerler sunulmugtur. Daha
sonra, bu ntmerik degerler yardimiyla agir leptonlarin gozlemlenme bagka bir
deyisle tiretilme olasiliklar1 analiz edilmistir. En sonunda, bu modelin neden nor-

mal agir leptonlarin tiretimi i¢in uygulanamiyacagi agiklanmigtir.

Anahtar Kelimeler: Standart model, agir leptonlar, sicim esinli Fg model, tek

ve ¢ift tiretim.
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CHAPTER 1
INTRODUCTION

1.1 STANDARD MODEL

The model, developed in order to define all matter and forces except gravity
in the universe, to classify all known particles and to examine interactions of
these particles, is called the Standard Model. According to the Standard Model
(SM)[1,6], matter is formed of 24 fundamental fermions including 6 quarks, 6
leptons and their antiparticles. Elementary particles of the Standard Model are

displayed in Figure 1.1.

Elementary
Particles
Bulc]|t

up  §chianm fop

Bals|p

= down |strange] bettom

Force Carriers

Leptons Quarks

I Il 1]
Three Families of Matter

Figure 1.1: Standard Model.

1.1.1 Fermionic Sector

Fermions are the particles of the matter with spin -1/2 and interact by means of

spin - 1 gauge bosons. Fermionic sector defines quarks and leptons.



1*Gen. 2"Gen. 3"Gen. (Q Spin
e o T -11/2
Ve v, U, 0 1/2

Table 1.1: Leptons in SM.

Flavor Mass ( MeV/c?)
e 0.51

U, <3x1076
= 105.658

Yy 0.19

T 1777.03

v, <182

Table 1.2: Mass of Leptons.

According to the SM, there are three generations of leptons. Their main proper-
ties are listed in Table 1.1 and Table 1.2.

Muon and tau are kind of heavy leptons with short mean lifetimes ( 7,=2.2 x
1075s and 7, = 290.6 4= 1.1x 1071%s) and decay into more light leptons or quarks.
On the other hand, electron and neutrino are only in steady structure. Quarks
are another kind of matter particle. In the SM, there are three generations of

quarks. Their main properties are listed in Table 1.3 and 1.4.

1*Gen. 2"Gen. 3"%Gen. Q Color Spin
u c t 2/3 rbg 1/2
d S b -1/3 rbg 1/2

Table 1.3: Quarks in SM.

Quarks do not act like free particle. They are embedded in hadrons. Further-
more, quark being a fermion has QCD color charge. Although lepton is also a
fermion, it does not carry color charge. The hadrons which are formed by quarks

are also colorless.



Flavor ~ Mass ( MeV/c?)
u 1tod

d 3to9

¢ 1.15 to 1.35

S 75 to 175

¢ (174.3 + 5.1)x 10°
b 4.4x 103

Table 1.4: Mass of Quarks.

1.1.2  Gauge Sector

Particles and antiparticles are entirely identical except electrical charges. For
instance, electron is negative, but positron is positive and they have both the
same mass, so gravitation interactions on them are equal.

When a particle and an antiparticle meet, they disappear and neutral force
mediators such as photon, Z boson or gluon form. Interactions between particles
are represented by means of gauge groups in the Standard Model. All interactions
except gravity appear with interchange of gauge bosons.

Photons are the mediator of the electromagnetic force between electrically
charged particles, the gauge bosons ( W*, Z9) 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 1.5.

Bosons Force Q Spin Mass(GeV)/c?
Gluons Strong 0 1 0
Photon(y) Electromagnetic 0 1 0
W Weak +1 1 80.403
A Weak 0 1 91.187

Table 1.5: Fundamental Gauge bosons in SM.

According to the SM, in the nature, known four interactions exist. They are
strong, electromagnetic, weak and gravity[7,8].
Electromagnetic interaction, appears between electrically charged particles

with photon being neutral and massless, is in charge of connecting atoms and



molecules.Intensity of this interaction is inversely proportional to the square of
the distance between particles. Photons being neutral can not affect each other.

Strong interaction can be expressed by Quantum Chromo Dynamics (QCD)
and the intensity of the interaction is defined by means of g, coupling constant.
The force restrains protons and neutrons in the nucleus. Although gluons medi-
ating strong interaction are neutral like photons, they affect each other owing to
the reality of carrying color charge.

Weak interaction which is mediated by gauge bosons as W=, W+ and Z°
tends to propagate radioactivity in the nucleus.

Gravitational interaction restrains planets, stars and galaxies together and is
inversely proportional to the square of the distance between them. Gauge boson
of this interaction is called graviton, but graviton is not accepted to be a part of
the SM owing to the fact that experimental evidence which explains the existence
of graviton has not been found yet.

Unifying strong, weak and electromagnetic interaction under framework called
Grand Unified Theory [12] is an important aim of particle physicists. Datas and
theory of today anticipate that these forces unite at a point with high energy
being about 10 GeV.

1.1.83 Fields of Gauge Bosons

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(B)COZOT X SU(Q)left X U(]-)hypercharge- (11)

Which describes the electromagnetic, weak and strong interactions of elementary

particles. The weak and electromagnetic interactions are unified in the SU(3), x

U(1)y group.



Gauge sector defines gauge bosons. In the SM, gauge sector consists of G,
being gauge boson of SU(3) and having g, coupling constant, (W}, B,) being
four gauge bosons of SU(2); x U(1)y and having respectively g and g coupling
constant [9].

Charged vector bosons are expressed as the following:

1

Wﬂizﬁ

(W, +iw,2) (1.2)
Fields of v and Z bosons are represented as the following:

A cosf, sinb, B
= ! (1.3)
Z, —sinf,, cosb, wp

Here Wui and B, are massless bosons and have not been observed. 8, is called
Weinberg angle.

Coupling constants of SU(2), and U(1)y are the following:

gsinfy, = g cosby, = ge (1.4)

Here g, is charge of electron.

Fields of v and Z bosons become as the following:

4 9B, + g W}

Ve g

—g By + gW}?
ZMZM (1.5)

1.2 DEFICIENCIES OF STANDARD MODEL

Most of the Standard Model foresight was confirmed experimentally. For in-
stance, T lepton was observed in 1975. Bottom (b) quark was observed in 1977
at Fermilab and gluons were discovered in 1979 by PETRA experiment at the
DESY. In 1995 t quark was discovered by the CDF [10] and DO [11] experiments



at Fermilab Tevatron. Discovery of W, Z bosons in 1983 at CERN is the biggest
success of SM.

In SM, six quarks, leptons and also gauge bosons (v, Z°, W¥, g) have been
observed experimentally so far. The only particle which SM anticipated, but has
not been discovered yet is Higgs.

Although the SM can explain a lot of events successfully in high energy
physics, the SM is not the ultimate theory of the fundamental particles and
their interactions. Some of fundamental problems that the SM can not answer
are:

e Why are there three generations of quark and lepton? Is there the fourth
generation?

e Are quarks and leptons fundamental or were they formed of other particles?

e How will gravity be included in the SM?

e Although the SM has particle and antiparticle symmetry, why is it being
observed that the universe consisted of particle completely?

e What is invisible dark matter?

One of the most important deficiencies of the SM is not be able to unify three
fundamental forces (EM, weak and strong) at only a value in high energy level.
Supersymmetrical Grand Unified Theory [13] can provide the unification between
three fundamental forces.

Another problem that the SM can not explain is Hierarchy problem [14]. There
is a large difference between energy scale which electroweak interactions unite at
and Planck scale which is important for quantum gravitation. This situation is
called hierarchy problem.

As known, there are three important constants in physics. These are velocity
of light (c), Planck constant (h) and Newton constant(G). These constants form

Planck mass.

mp = \/hc/G = 10"GeV (1.6)



In quantum gravitational interactions, this scale has a big importance. On
the other hand, mass scale of electroweak symmetry breaking is approximately
100 GeV. The difference between mass scales can not be explained by the SM.

In the SM there are lots of free parameters. For instance, although masses of
all quarks except t quark was known, mass of top quark could not be estimated
correctly without experimental evidence, on the grounds that there is not a math-
ematical model being useful in order to find a pattern for masses of particles in
the SM.

In nature, there are particles from the first generation (electron, electron neu-
trino, u quark and d quark). Why does not the nature need two generations?

Moreover, Higgs boson has not been observed yet and it is not clear whether
it is fundamental or composite particle.

As a result, on account of these problems, some non-standard models have
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, grand unification, string theory, etc. The other way is to consider

new interactions with new fields.



CHAPTER 2
SINGLE PRODUCTION OF HEAVY LEPTONS

In this chapter we study the possible production of new single heavy leptons
suggested by string inspired Fg model [15] at linear colliders International Linear
Collider (ILC) (y/s = 0.5TeV), ILC (/s = 1.0TeV') and Compact Linear Collider
(CLIC) (y/s = 3.0TeV) [17,19].

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

neutral current (FCNC) Lagrangian [16]:

Lne = gz 8in Opigthpy* (1 + )0 2" + h - c (2.1)

where 0,,;, 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~ e — L~ e™ are given in Fig.2.1. We use the parameter b7

to denote sinf,,;, and take 0.1 as an upper value in the numerical calculations.

2.1 Definition of Differential Cross Section

The total differential cross section [21] for the process e~ et — L~ e™ is obtained

as

datot 1 9
= < ot|” > 2.2
dt ~ 16ms2 Mo (2:2)

where

< |-/\/ltot’2 >=< ’MsP >+ < |Mt|2 >+ < MSMt >+ < Msmt > (23)



+

-+

e e

Figure 2.1: The Feynman diagrams of the s and ¢ channel Z exchange processes
in ep collision.

s channel matrix elements [20] are,

—i(Guw — quv/M7?)
(s — Mz?) 4 il z My

—ig,
2

—iM, = [0(p2) (—= )7 (ev — cay”)ulpr) X [[

x [u(ps)gzbizy” (1 +°)v(pa)] (2.4)

When using Dirac equations for the massless particles, matrix elements be-

M, = —igégm = Mg)l ke [(p2)7"(cv — cay”)ulpy)]
x[a(ps) (1 + 7 )v(pa)] (2.5)
and
M, = X e — o)
< [0(pa) (1 + 77 )u(ps)] (2.6)



ignoring the ordinary lepton masses we find,

1
< [M,? >= T > IM (2.7)

spins

412
2 9zbiLz ; ) )
< 5|7 >= Tyl _ B
M| 16[(s — M2)2 +FQZM%] < Tr[y"(cy — cay® iy (cy — car®)pb]

X Tr[y,(1+7°)pav (1 +7°) (s + ma)] (2.8)

t channel matrix elements are,

(G — Qua/M3) ]

—iM, = [U(ps)gzbizy" (1 +~°)u(pr)] x [_ [(t — M%) +il'z My]

X[0(p2) (~ L) (ev — e’ o) (29)

when using Dirac equations for the massless particles, matrix elements become

M= 0 X [0 (L )]
X [U(p2)yu(ev — car®)v(pa)] (2.10)
and
M, = bz 1 7 % A7 L+ )u(ps)]

2 [(t—=M3Z)—ilzMy
x[0(pa) e (ev — cas)v(p2)] (2.11)
ignoring the ordinary lepton masses we find,

4b2

< M >= 16[(1 — i%;gi F%M%] x Tr[v*(1 +°)piv" (1 +7°) (s + ms))]

X Tr[yu(cv — eay” ) (ev — can®)ph). (2.12)

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

412
Vi 97017
< MM >= . -
"7 16[(s — MZ) + D, My)[(t — M2) — il ;M)

10



xTr[y*(cy — eay®)phy” (1 +9°) (9 + m3)
XY, (14 97y (cv — cay®)pb). (2.13)

and
g% bZZLZ

< MM, >= 16[(s — M2) — il zM][(t — MZ) + il ;My]

xTr[y" (cv — cay”)pey" (1 +7°)ph

X% (1+7°) (s + ms)yu(ev — cay” ). (2.14)
S
p1-p2 = §>
2
s—m
P3 P4 = 9 L7
m2 —t
b1 D3 = L2 )
t
P2 - Ps = —57
U
P1:-P4= —57
m2 —u
P2 -pP3 = L2 )
u=mj —s—t, (2.15)

using the trace theorems and Mandelstam variables in equation (2.15), the dif-

ferential cross section takes the form,

do, 1 M M
= eSS M > < IMP > 4 < MM >+ < MM, 3] (2.16)

dow  gyb%, { (ca—cy)?(t+8)(t+5—m?) + (ca+ cv)H(t — m?)
dt  16ms? [(s — M2)2 +T12%M32]

N (ca —cv)?(t+8)(t +5—m?) + (ca+ cv)?s(s —m?)
[(t — M3Z)? + L5 M7]

(Heaz et o’ —s O MG M LTMEY
[(s = MZ)? + TLME][(t — M3Z)* + I M7 '
where ¢4 = —0.5, ¢y = —0.03, m is the mass of heavy lepton, I'; is the decay

11



width and My is the mass of Z boson, gz is the coupling constant for weak

interaction, s and ¢ are Mandelstam variables.

2.2 Numerical Results

The total cross section can be obtained by integrating the differential cross section

as the following equation:

tmax do-t .
or = = dt 2.18
O_t ' /t\mzn dt ( )
Boundaries of the integral are t,,;, = —(s — m?2) and t;., = 0 [22]. After this

integration, relation between the total cross sections and heavy lepton masses,
for linear colliders ILC (v/s = 0.5 and 1.0TeV) and CLIC (v/s = 3.0T¢V) is

obtained. In Tables 2.1, 2.2 and 2.3 numerical results are presented.

mp(GeV) o(pb)
100 1.43
200 1.24
300 0.93
400 0.49

Table 2.1: The total cross sections depending on the heavy lepton masses for ILC
with /s = 0.5TeV.

mr(GeV) o(pb)
100 1.50
300 1.38
500 1.32
700 0.76
900 0.26

Table 2.2: The total cross sections depending on the heavy lepton masses for ILC
with /s = 1.0TeV .

In Fig.2.2, we display the total cross sections as function of the heavy lepton

masses, for the three center of mass energies.

12



mp(GeV) o(pb)
250 1.51
750 1.43
1250 1.26
1750 1.00
2250 0.66
2750 0.24

Table 2.3: The total cross sections depending on the heavy lepton masses for
CLIC with /s = 3.0TeV.

1.6 : : : : : : : : : :

1.4 o~ e 1TeV

! bl
' ' -
1.0+ \ p . .
. ' -
L .

o(pb)
/

0.4 : " i

0.2 - | : -

0.0

I T I T I T I T I T
500 1000 1500 2000 2500 3000
m (GeV)

Figure 2.2: 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 1.0TeV') and
CLIC (y/s = 3.0TeV).
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CHAPTER 3
PAIR PRODUCTION OF HEAVY LEPTONS

In this chapter we study the possible production of new pair heavy leptons by
using the same model in Chapter 2.

Pair production of heavy leptons in Fg occur through the t-channel flavor
changing neutral current process e"e™ — L~ L*. The Feynman diagram of the t-

channel process e”e™ — L™ L% is given in Fig. 3.1.

S S L
- -~

e

et < < Lt

Figure 3.1: The Feynman diagram of the t-channel process e et — L™ L™.

3.1 Definition of Differential Cross Section

We can write the matrix elements from the FCNC Lagrangian given in Eq. (2.1)

as,

—iM; = [u(ps)gzbinzy" (1 +7”)u(pr)]

% [ N [é(f“ﬁfgf’f?ﬁfﬁzﬂ

X [0(p2)gzbizy" (1 +7°)v(pa)] (3.1)

When using Dirac equations for the massless particles, matrix elements be-

| Q%b?Lz P3pa
M. = [(t — M2) + il s My] (1 - Vg)
x[@(p3)y" (1 +7”)u(p1)] % [0(p2) 7, (1 +7°)v(pa)] (3.2)

14



and

- 2 b2
M, = 922 1Lz (1 _ P31924>
[(t—MZ)—ZrzMz] MZ

X [w(p1)y" (14 7°)u(ps)] X ©0(pa)v (1 +7°)v(ps2)]

ignoring the ordinary lepton masses,

474 2
2 97b1 7 ( p3p4>
- 1
< M= A[(t = M3)* + T3 M7] M3

X Tr[v*(1 + ") phy” (1 +9°) (s + m3)]

xTrly,(1+ V) — ma) v (1 + ~°) o)

Mandelstam variables for the pair production of heavy lepton are,

S
P1-P2 = bR

b3 P4 = #,
P1-P3= m%Q—t’

P2 -pPs = m%2—t’

P1-P1= m%Z—u’

P2 - p3 = m%;uj

u=2m3 —s—L

(3.3)

(3.5)

Using the trace theorems and the Mandelstam variables in Eq.(3.5), the differen-

tial cross section for this process is obtained as,

do o g4Zb;1LZ
dt — Ams2MA[(t — M2)2 + T2 M2]

x[(m? — t)*m* + 4MZm*s + 4(s +t — m?*)* M)

15
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3.2 Numerical Results

The cross section can be obtained by integrating the differential cross section as

the following equation:

tmax do-
= —dt 3.7
o [ (3.7

tmin

2
Boundaries of the integral are t,,;, = — [\/3/4 + \/(52 + 4m4)/4s] and 40 =

[V - VT )

After this integration, relation between cross sections and heavy lepton masses,

for linear colliders ILC (y/s = 0.5 and 1.0TeV) and CLIC (y/s = 3.0TeV) is ob-

tained. In Tables 3.1, 3.2, and 3.3 numerical results are presented.

myp(GeV) o(pb)
100 0.36
150 0.35
200 0.37
250 0.27

Table 3.1: The total cross sections depending on the heavy lepton masses for ILC
with /s = 0.5TeV .

mr(GeV) o(pb)
100 0.43
200 0.44
300 0.56
400 0.94

Table 3.2: The total cross sections depending on the heavy lepton masses for ILC
with /s = 1.0TeV .

mr(GeV) o(pb)
250 0.47
500 0.61
750 1.51
1000 3.96
1250 7.79

Table 3.3: The total cross sections depending on the heavy lepton masses for
CLIC with /s = 3.0TeV.

16



In Fig.3.2, we display the total cross sections as function of the heavy lepton

masses, for the three center of mass energies.

g T I T I T I T I T I T I T I T
. .I.[J_ETEV Il__,"-\l b
s []1Tev S
1 -+ 3TeV S
T N ' .
E - I'.:I I: =

~—5 _| ,'r : i

L > g '

D— =1 l_" 1

™ :

0 4 K - -
3_ I'{fl' I: |
2 - N . ]

. = __.-1'
T N '
1— - - - .__a-" 7 1 : ]
{=mim T I
0 I I I T I T I T I T I T
200 400 G600 a00 1000 1200 1400 1600
m (GeV)
L

Figure 3.2: 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 1.0TeV) and
CLIC (y/s = 3.0TeV).
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CHAPTER 4
RESULT AND DISCUSSION

We obtain cross sections by using the FCNC Lagrangian given in Eq.(2.1) for
single and pair production of heavy leptons. We investigate the relation between
cross sections and heavy lepton masses, for linear colliders ILC (y/s = 0.5 and
1.0TeV) and CLIC (y/s = 3.07¢V) and then we obtain numerical results which
are displayed in Tables 2.1, 2.2, 2.3, 3.1, 3.2, and 3.3. We draw Fig.2.2 and 3.2
which express the cross sections as function of the heavy lepton masses, for the
three center of mass energies of the proposed options by using these numerical
results.

Cross sections explain the probabilities of single and pair production of heavy
leptons occurring through e"e™ — L~et and e”e™ — L~ L™ processes.

According to the Fig.2.2, minimum values of heavy lepton masses for ILC
(v/s = 0.5 and 1.07eV) and CLIC (y/s = 3.0TeV) provide maximum values of
cross sections. It means that probability of single production is more relevant at
these values. When we increase masses for three linear colliders, cross sections
begin diminishing and for each collider after some approximate values of heavy
lepton masses, cross sections approach to zero. These values may be called critical
values of heavy lepton masses.

It means that probability of single production approaches to zero. In other
words, increase in heavy lepton mass causes the probability of single production
to drop.

The cross sections as function of heavy lepton masses my, for pair production
are displayed in Fig.3.2. According to the Fig.3.2, when we increase values of
masses, cross sections begin increasing too expect ILC (y/s = 0.5Te¢V), but after

some approximate values dropping in cross sections begin being observed and then
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probabilities, that is cross sections approaches to zero. These approximate values
may be defined as critical values of heavy lepton masses. In other words, increase
in lepton masses is proportional to increase in the probability of pair production
up to these critical values. This condition is valid except ILC (y/s = O.5T€V\/).
Now that for ILC (y/s = 0.5T¢V) droppings in probability is permanent. By
means of this condition it can be said that pair production is not harmonius for
three center of mass energies.

As a result, we can not apply string inspired Eg model to the productions of
ordinary heavy lepton =~ or 7~ owing to a reason. Namely, we use the FCNC
Lagrangian given in Eq.(2.1) in order to write matrix elements, that is amplitudes.
The Lagrangian includes sin 6,,;, factor which is denoted with b;;7. 0,,,, are the
mixing angles between right handed components of the ordinary (e, u,7) and
new heavy charged leptons. We use b,z factor while writing matrix elements
for each non-standard vertex from Feynman diagrams through single and pair
production. After their production, the heavy leptons will decay via the neutral
current process L — [Z, where | = e, u, 7. sinf,,;, or bz represents the decay.
On the other hand, if we investigate the productions of ordinary lepton u or 7,
we can not write by, factor while obtaining matrix elements. On the grounds
that ordinary heavy lepton can not decay into Z in stationary state.

In brief, string inspired Eg model is not valid for productions of ordinary

heavy leptons p and 7.
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CHAPTER 5
CONCLUSION

In this chapter we briefly present the summaries of other chapters. In chapter
1, we give some information of the Standard Model, list and express deficiencies
of this model.

In chapter 2, single production of heavy leptons is investigated and numerical
results are presented.

In chapter 3, pair production of heavy leptons is investigated and numerical
results are presented.

In chapter 4, we discuss our numerical results and explain the defect of string
inspired Eg model for production of ordinary heavy leptons p and 7. While
drawing Fig. 2.2 for single production, we use data of cross sections entirely and
our result is as we have expected. For pair production, cross sections approach
to zero after same values which we anticipated. Namely, heavy leptons are not
observed after these values.

In conclusion, single production is more relevant than pair production.
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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:

I 0 A 0 o
7 = v = | i=1,2,3. (A.1)

These matrices satisfy the basic anti-commutation relation

{’V“,'y”} = 2", (A.2)
In terms of the metric
1 0 0 0
0 -1 0 0
g = , (A.3)
0 0 -1 0
0o 0 0 -1
note that ¢g"”g,, = 4, we have,
Tyt =4
Y = =27

Wy = 49

V. A0

WYYV = =2y (A4)

v5 = i7"y vy (A.5)

23



so that the following relations are satisfied;

(75)2 =1 V5V = —VuV5 (A-G)

The trace theorems are (using the notation a = ,a*:
Tr[l] =4

Tr[gh] = 4a - b
Te[Jptf) = 4] (a - b)(e - d) = (a- )b~ d) + (a-d)(b- 0)|
Tr[y’] = 0
Te[y°d] =0
Tr[y bl = dieroatb” crd’

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) = TrA+ TrB

Tr(aA) = aTrA
Tr(AB) = Tr(BA)

Ti(ABC) = Tr(CBA) = Tr(BCA) (A7)

24



APPENDIX B
MATHEMATICA OUTPUT

(st resteresssss S CHANNEL HHHHHH*MHH)

Gl =G[1, {mu}] ## (v - ca %% G[1, G5])

G[ 1 {mu} J ¢, - G[ L. {mu}, G5 ] ¢,

G2 =Gl#xG[1, p1]

G 1 {mu}, pl, G5 ], +G[ L {mu}, pl ] ¢,

G3 =G[1, {nu}] ## (oy - ca ## G[1, G5])

G[ L {mu} ] ¢, - G L {mal, G5 ] s

G4 =GI#+G[1, p2]

G[ L {mu}, p2, G5 ] ¢ +G[ L {mul, p2 ]y

G2GL = G2 #¢GA /. 15 1s // Simplify

( 2iEps[pl.p2 {mu) {m}] ¢, ¢y +g_{mu m} (- pl.p2) c2+pl {m} p2_{m} (cﬁ+c%]+pl {nu} p2_{om} (cﬁ +c%] {mu nu}pl.ch%]

G55 = G[1, {mu}] #+ (1+6G[1, G5])

G[ 1 {mu} ]+ G[ 1, {mu}, G5 ]

G6 = GBS %+ G[1, pd]

G 1 {mu}, p4 ]- G 1 {mu}, p4, G5 ]
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G7 = G[1, {nu}] ==+ (1 +G[1, G5])

G L {nu} ]+ G[ L {nu}, G5 ]

G8 = GT =% (G[1, p3] + my)

G[ L {nu} Jmr +G[ 1. {mu}. G5 [mr +G[ L {mu}. p3 ] - G[ 1, {nu}. p3. G5 ]

G6GB =G6x+xG8 /. 1 3 1= // Simplify

8 (—i Eps[p3.p4.{mu}.{nu}] — g_{mu mu} p3.p4+ p3_{mu} p4_{nu} + p3_{nu} p4_{mu})
G2CGAGEGE = G2G4 G6GB // Simplify

64 (pl.p3 p2.p4 (ca +co) + pl.pd p2.p3 (ca— cv:llj
Ul = G2G4G6GE8 /. pl.p3 3 (mL*2-t) /2

1
64 (E p2.p4 (ca +cv)* [m% — rj +pl.pd p2.p3(ca — cv:lz)

U2=uUl /. p2.pd > -t/2

1
64 (pl.pﬁi p2.p3 (ca — ) — Z t(ca+co)” [:m% - 1‘])

Uu3=v2 /. pl.pd>3 (E+s-m,*2) /2

1 1
64 (E p2.p3 (ca — cu)* [:—m% +5 +rj o t(ca+ce) [m% - rj)

ud =u3 /. p2.p3 > (Lt+=) /2
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1 1
64(5 (5+1)(Ca—cu)® [—m% +5 +rj - Er[cﬂ +co)? [:m% —r])

gz "4 byz *2
Us = u4 /) Simplify
16 ((s-Mz*2) 42+ g2 Mz*2)

bz g ((s+1) (ca= o) (-} +5+1) +1 (cav o) (t = )
(s - M%JE + M7 T3

(#xxxxxxxxx®x*T CHANNEL x%xx%%x®xxx*®tx®)

Al = G[1, {mu}] ** (1 +G[1, G5])

G[ L, {mu} ]+ G[ 1. {mm}, G5 ]

A2 = Al »+x G[1, pl1]

G[ 1. {mu}, p1 ] - G[ 1, {mu}, p1, G5 ]

A3 = G[1, {nu}] #= (1 +G[1, G5])

G[ L {m} ]+ G[ L. {mu}, G5 ]

A4 = A3 xx (G[1, p3] + my)

G[ L {mu} Imz + G[ L {nu}. G5 Jmz + G[ L {m}. p3 ] - G[ L {mu}, p3. G5 ]

AR = A2 »%x A4 /. 13 1s // Simplify
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8 (1 Eps[pl,p3 mu}{nul] - g {munu}plp3+pl {mu}p3 {mu}+pl {nu}p3 {muj)

A5 = G[1, {mu}] #* (cy - ¢z #x G[1, G5])

G L {mu} Jey - G[ 1, {mu}, G5 ] ¢,

A6 = AS ## G[1, pd]

G[ 1 {mu), p4. G5 ], +G[ 1 {mu), p4 ] ey

A7 = G[1, {nu}] ## (cy - ca #2 G[1, G5])

G[ 1 {m} e, - G[ I {m}, G5 ] ¢,

AB = AT ##G[1, p2]

G[ 1 {m), p2, G5 Jeg+G[ 1, {m), p2 ] &

B6AB - A6 #x AB /. 1+ 1s// Simplify

4 (24 Eps[p. 4l ] ¢, + ¢_{mm ) (~p2.p4) 3+ p2_{mu} p4_{m}(c2+ ) + p2_{mo} p4_{rm} ¢+ - ¢_frmm mu) p2.pé )

A2R4AGAS = A2A4 AGAB // Simplify

64(pL293.p4 (co 1) +pLpH 203 Ca- 1))
T1 = A2A4A6A8 /. pl.p2+s/2

1
o paanlea-cf pa.p4s(ca+avﬁ]
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T2 =T1 /. p3.pd > (s-m,"*2) /2

64 G s(ca+cu)’ (s—mi)+pl.p4 p2.93 (ca— qu‘""‘)

T3 =T2 /. pl.pd—> (t+s5-m,*2) /2

64 G pl.p3(ca— 4’.‘,;)2 [—m% +35 +f] + }Is (ca +Cv]2 [5 - m%]]

T4 =T3 /. p2.p3 3 (t+13) /2

MG (s+1)(ca— ) [—m% +5 +r] +}‘S[:Ca +o)? [5—”’%))

gz 4 by 2
= T4
16 ((E-Mz*2)*2+Tg 2 Mz *2)

// Simplify

bitz g2 ((s+1) (ca -l [—m% +5+1)+5(cq +oy)? [5-}71%]]
(t-MZ) + MFTS

([exereerererereeereerexse [INTERFERENCE 1 *************ﬂ****j

Bl = G[1, {mu}] ## (o —oa #+ G[1, G5])

G[ 1, {mu} Je, — G[ 1, {mu}, G5 ] g

B2 =Bl *x G[1, pl]
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G[ L {mu}, p1. G5 Jcg + G[ L {mu}, p1 J &y

B3 = G[1, {nu}] == (1 +G[1, G5])

Gl 1. {mu} ] +G[ 1, {nu}, G5 ]

B4 = B3 %% (G[1, p3] + my)

G[ L, [ou} Jmy +G[ L, {ou), G5 Imz + G[ 1. {nu}, p3 ] - G[ L {nu), p3. G5 ]

B5 = G[1, {mu}] #+ (1 +G[1, G5])

G[ L, [mm} ] +G[ L, {mu), G5 ]

BG = BY »+ G[1, pd]

Gl L. {mu}. p4]-G[ 1. {mu}. p4. G5 ]

BT = G[1, {nu}] #% (o — o5 #+ G[1, G5])

G[ L {mu} Joy - G[ L. {mu}, G5 ] ca

B8 = B7 #+ G[1, p2]

G[ L [nu}. p2, G5 Jca +G[ 1, {mu}, p2 J &y

B2BABGES = B2 »+* B4 #+ B6 %+ B8 /. 1 » 1= // Simplify
—64pl.p4 p2.p3 (ca— &)’

Wl -B2B4B6BE /. pl.pd» (t+s-m,"2) /2
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—32p2.p3 (ca — cv)? (—m‘}: +5 +f]
W2=W1L /. p2.p3 = (t+=) /2
—16(s+1) [ca—cu]z[—m% +3+r)

gz “4 by z*2
3 = W2 - - [/ Simplify
16 ((s-Mz"2) +AMgI'g) ((t-Mz"2) ~-AMgTz)

bt - g2 (s+1)(ca—cv)? (—m‘}: +5 +r)
(i MzTz - MZ +5)(-i Mz Tz - M7 +1)

(#xxxxxdxxrxtrsxsx INTERFERENCE Zx%%xkktdtrrraldrrrrdrrrrertrss)

Cl =G[1l, {nu}] #*% (o — oz *+ G[1, G5])

G[ L {nu} ] —G[ L {mu}. G5 Jcq

C2 =Cl %+ G[1, p2]

G[ L {nu}. p2. G5 Jca+G[ L {mu}. p2 J cy

€3 = G[1, {mu}] ** (1 +G[1, G5])

GL L {mu} ]+ G[ 1. {mu}, G5 ]

C4d =C3 »+«G[1, pl]

G[ L {mu}, p1 ] - G[ 1. {mu}. p1. G5 ]

C5 = G[1, {nu}] #+ (1 +G[1, G5])

31



G L {mu} ]+ G[ L, {mu}, G5 ]

Ch =Ch#x (G[1L, p3] + my)

G[ L {nu} Jmz +G[ L {mu}, G5 Jmz +G[ 1, {nu}. p3 ] - G[ 1. {mu}. p3, G5 ]
CT =G[1, {mu}] #%* (oy —cz #x G[1, GB])

G[ L {mu} Jey — G[ L {mm}. G5 ] ca

C8 =CT=#=xG[1l, pd]

G[ L {mu). p4, G5 ] ¢z +G[ L {mu}. p4 ] ¢,

C2CACECE = C2 2 CAd #+« CH ++ C8B /. 1 3 1= // Simplify
~64pl.p4 p2.p3 (ca— )’

Yl =cC2c4cecs /. pl.pd > (t+s-m, "2) /2

~32p2.p3 (ca — )’ [—m% +5+1)

Y2 =¥Y1 /. p2.p3 » (t+s) /2

_16(5+1)(ca—cu)® [—m% +5 +r]

o gz "4 by z"2
16 ((s-Mz*2) — Mz T'z) ((E-Mzg"2) + 1 Mz Tz)

// Simplify

b: - g3 (5+1) (ca —cu)? [—m% +5+1)
(i Mz Tz — MZ +5) (i Mz Tz - M7 +1)
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DOS1 = (US+T5 4T3 +Y3) / (16 22/7542) // Simplify

1

w0

Thizgg|- +ifa-e o o) ) (540) ey =) -1 541 +
(Mg T7- M} Mg gD [-iMaTg- M M Tz - M3

(5+0)(ca=f (- 540 beeo b fr-m) (54 (ca=c (-0 541) sleg ) 5= )
+
(s- 03 + 3T - M 4 03T

1

22/7s"2

2(34%t) (gy=0y) "2 (-m*2434t) ((5-M;*2) (E-1;72) 4Ty 2 M2
bz *2g5"4 [ t
16 ((5-M;"2) A2+ M2 T;A2) ((£-M;A2) 241,42 T502)
(54t) (ca-cy)*2 (-m*245+4t) #5 (0, 40,) "2 (3-m*2) (5+4t) (ca-0y) 2 (-m*245+t) ¢t (cuecy) 2 (E-1"2)

4
16 ((£-122) A2+ 1,2 1;02) 16 ((5-Mgh2) A2 41,2 1;02)

DCs2 =

VRSN 1.

14 (5+1)(cg -cv)2 {-mg +s+r'] [(s—M%] {z-M%]+M§ T}] [s+) [ca-cv)2 [-m2+s+r]+r {r-mj] (6 +cv)2 (5+) [Ca-fp}z {—m2+s+r]+s [s-m2 ] (6 +Cv)2
S sl ) (-l o[- )

)
25

33




([eeereererseesex+«PAIR PRODUCTION ************************)

D1 = (1-p3.p4/Mz*2)*2G[1, {mu}] #+ (1 +G[1, G§])
p3.pd

1- ——
M3

(G[ L {mu}. p1 ]~ G[ L {muj. pL. G5 ) [1 - g]l
M.

Z

(G[ L {mu} ]+ G[ 1. {mu}, G5 ])

D2 =D1 »+ G[1, pl1]

D3 = G[1, {nu}] = (1 +G[1, G5])

G L {m} ] +G[ 1. {m}, G5 ]

D4 =D3 %% (G[1, p3] + my)

G[ L {nu} Jmz +G[ L {mu}. G5 Jmz +G[ . {mu}, p3 ] - G[ L {mu}, p3, G5 ]

DZ2DA =D2 %« D4 /. 13 1= // Simplify

8 (p3.p4 — M)’ (¢Eps[pl.p3.{mu}.{mu}] - ¢_{mn nu} p1.p3+ pl_{mu} p3_{nu} + pl_{mm} p3_{mu})

My

D5 = G[1, {mu}] #+ (1 +G[1, G5])

G[ L {mu} ]+ G[ L {mu}, G5 ]
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DE =D *+ (G[1, pd4] - my)
G L {mu} ] (-mr) - G[ 1. {mm}. G5 ] mz +G[ L {mu}, p4 ] - G[ L {mu}, p4. G5 ]

D7 = G[1, {nu}] #* (1 +G[1, G5])

G L {mu} ]+ G[ 1. {m}. G5 ]

D8 = D7 =+ G[1, p2]

G[ L. {m}, p2 ] - G[ 1, {nu}. p2. G5 ]

DED8 = D6 »x DB /. 1 » 1= // Simplify

§ (—iEps[p2.p4.{mu}.{nu}] — g_{mu m} p2 p4 +p2_{mu} p4 {nu}+ p2 {nu} p4_{mu})
D2D4D6D8 = D2D4 D6D8 // Simplify

2
256 pl.p4 p2.p3 (p3.p4 — M7)
Mz

J1 =D2DAD6D8 /. pl.pd >3 (t+s-m*2) /2

128 p2.p3 (—m® +5+1) (p3.p4 — M2 )
Mz

J2=J1 /. p2.p3 3 (t+s3-m"2) /2

64 [—ml +5 +1‘:|3’ (pi.pﬁl - le]l
Mz
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J3=J2 /. p3.ph o (8-2m*2) /2
64(-m’ +5+ 1) [% [z —2m?) - Mzﬂ}l

M7

g5~ 4 bys ~4
J4 = 33 £ e /7 Simplify
4 ((b-Mz™2) 2 + T3™2 Mg~2)

45 g2 (-m +s+ 1P (-2m? - 203 5 5)?

M7 (MZ(TE-21)+ M7 +4%)

DFCS2 = J4/ (16x 22 /7 s42) // Simplify

T8k 7 g (-m? 45+ 1 (-2m® - 202 + 5

8852 M7 (M2 (T3 - 21) + M7 +14%)

A4 byprtd
DFCS3 - Jg 1LE

|
4%22/ 732 Mg*d ([t -Mz*2)~2 + Mg~2 T5*2)
((m*2 -£)*2m*4 + Am*dsMp*2 + 4 (s+t-m*2)*2 My ~4)

Thiiz g2 (4m s MG + 40 (-m? 25 +1)" +m* (w? —1)’)

8857 M (M) + M2 TE)

[ekmnnnennwwernwwewnw DATAS FOR STHGLE PRODUCTION #ewkkwkwkkkkdkkhkkkkin )

gg = 0.7564;

c.-=-0.03;
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o =-0.5;

biwz =0.1;

Mg,

91.1882;

T'g = 2.4952;
= =500%2;
K1 = Table[NIntegrate[DCS2, {t, - (s —m*2), 0}], {m, 100, 400, 100}]

[3.69986 x 107, 3.20804x 10", 2.39083 x 10, 1.26108 x 10~}

gz = 0.?564;

oy = —-0.03;
o =-0.5;
biwz =0.1;
Mgz = 91.1882;
Tg = 2.4952;

2 =1000%2;
K2 = Table [NIntegrate[DCS2, {t, - (s -m*2), 0}], {m, 100, 900, 200}]

[3.86783x 107°, 3.54895x 107", 2.91138 x 10™°, 1.95647 x 10, 6.91995x 10™'%}
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gr = 0.7564;
oy = —-0.03;
oz =-0.5;
bz =0.1;
Mz = 91.1882;
Ty = 2.45952;
== 3000*2;

K3 = Table[NIntegrate[DCS2, {t, - (s -m*2), 0}], {m, 250, 2750, 500}]

[3.89769 x 1077 3.67895x 107, 3.24149 10, 2.58534 % 107, 1.71068 x 10™°. 6.18357 % m‘”}

[}*************** DATAS FOR PAIR PRODUCTION *********************j

gr = 0.7564;
oy = -0.03;
oy =-0.5;
b1z =0.1;
Mz = 91.1882;
Ty = 2.4952;
==500%2;
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s"2+4ntd 8 g2 +4n*d
R = Table[N]ntegrate nrcsa — "W N *2]], {m, 100, 250, 50
] -]

(Loo702x10”, 12571 %10, 219158 x 10, 482261 x10°°)

gr = 0.7564;
oy = -0.03;
oy =-0.5;
bz = 0.1;
My = 91.1882;
Ty = 2.4952;

5=1000%2;

5 5%2+4ntd 5 s82+4n*d
N]ntegrate DFCS3 - —_— | %2, -4 = -y — “2”, {m, 100, 400, 100}
1 LY | 1z

(L1616 107 1.40266% 10~ 2.94879% 10 9.18235x 10'9

K5 = Table

gz = 0.7564,‘
Oy = —0.03;

oy = -0.5;

byz = 0.1;
Mz = 91.1882;
Iy =2.4952;

5=3000%2;

8 gh2+4ntd 8 g'2+4ntd
mntegrate[nrcss, {t,- ] — |22, <[] = o] —— *2}],@,250,1250,250}
4 iz 4 L]

(130483107, 27728210, 140858 107, 73158910, 25652 10”)

K6 = Table
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