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Abstract

We consider the effective low-energy SU(2) xSU(2)xU(1)y xU(1)y+ model, which is
based on the Es grand unification theory. SU(2) is a subgroup of SU(3)g and commutes
with the electric charge operator.

Higgs bosons in the Standard Model and two-Higgs doublet models are reviewed and
studied first. The flavor-changing neutral currents and their effects on the anomalous
magnetic moment of the muon are discussed. Bounds on masses of Higgs bosons are
obtained by requiring that the vacuum is stable and perturbation theory is valid up to a
large scale. We introduce Higgs multiplets including two neutral doublets to break down
SU(2)L x SU(2); x U(1)y x U(1)y" to U(1)em- An upper bound of about 150 GeV to
the lightest neutral Higgs scalar mass is found.

The gauge bosons corresponding to SU(2) are charge-neutral. Production and effects
of W; bosons are reviewed first. Mixings among neutral gauge bosons appear naturally.
Electroweak precision experiments, including Z-pole experiments, myy measurements and
low-energy neutral current experiments are used to put indirect constraints on masses of
the extra neutral gauge bosons and the mixings between them and the ordinary Z boson.
We also consider the possible constraint from a proposed measurement at Jefferson Lab
of the proton’s weak charge. It is found that the mixing angles are very small, namely
|6] < 0.005. The lower bound for the mass of the lightest extra neutral gauge boson is
found to be about 560 — 800 GeV, which is comparable with the current direct search
limit. Low-energy neutral current experiments give the strongest bounds on the lightest
extra neutral gauge boson.

Fermions reside in the 27 fundamental representation of Es. We study the pair pro-
duction of heavy charged exotic leptons at ete™ colliders in this model. In addition to
the standard v and Z boson contributions, a t-channel contribution due to W;-boson

exchange, which is unsuppressed by mixing angles, is quite important. We calculate

xii
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the cross section, the left-right and forward-backward asymmetries, and discuss how to

differentiate different models.

xiii
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Chapter 1 Introduction

1.1 Standard Model
1.1.1 Basic ingredients

The Standard Model (SM) is a gauge field theory describing the electromagnetic
interaction, weak interaction and strong interaction [1]. Its gauge group is SU(3)¢c %
SU(2)r x U(1)y, which spontaneously breaks down to SU(3)¢c x U(1l)em through the
Higgs mechanism.

The particle spectrum of the SM includes three sectors: Gauge bosons, Fermions and
Higgs scalars. It is summarized in Table 1.1. The first two numbers in the brackets
of the second column indicate the dimensions of representations to which particles are

arranged, and the third component is the U(1)y quantum numbers of particles.

Table 1.1  The Fields of the Standard Model

Particle SUB)e x SU(2), xU(1)y
Ga (8,1,0)
Wi (1,3,0)
B, (1,1, 0)
g = C‘ ) (3, 2, 1/6)
Wy (3, 1, 2/3)
§2 R (3’ 17 '1/3)
I = ( ’; ) 1, 2, -1/2)
. L
ek (1, 1, -1)
¢+
¢ = ¢0) (1’ 27 1/2)

Excellent and detailed reviews of the SM can be found in Ref. {2].

1.1.2 The status of the SM

The SM is theoretically beautiful and phenomenologically successful. All interactions

in the model are determined by gauge invariance. Spontaneous symmetry breaking(SSB)

1
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gives masses to all massive particles observed so far. Almost all observables can be
calculated, in the sense that the SM is renormalizable, except in the strong interaction
region. With the discovery of the top quark [3] and direct observation of the 7 neutrino
[4], there is only one particle, the Higgs boson, remaining to be observed. Recently there
are reports indicating the observation of signals in the search for the SM Higgs boson at
the detectors of LEP [5-8]. Precision measurements also fit the SM very well so far and
this can give strong constraints on possible new physics. More reviews on the status of
the SM can be found in Ref. [9].

But the SM also leaves too much unsaid or just put in by hand. Why do we have
three-generation leptons and quarks? Why are the left-handed fields treated as SU(2).
doublets while the right-handed fields are singlets? There is no way to determine the
structure of Higgs fields, the minimal Higgs doublet is introduced for reasons of economy.
Gravity is neglected in the SM. In addition, there are too many free parameters in the SM,
including three gauge coupling constants, nine Yukawa couplings constants, three mixing
angles and one phase from the CKM matrix, and so on. And the hierarchy problem
is an intrinsic ailment of the SM. Radiative corrections to the mass of Higgs boson are
quadraticaly divergent, so when extrapolating the SM to a large scale, fine tunning is
required to obtain the mass of Higgs boson at the order of the eletroweak scale. At the
same time, the fine tunning should be maintained to higher orders of perturbation theory.
One major deviation from the SM may be the recent strong experimental evidence [10]
that neutrinos are massive, although the masses are very small. All of these lead many
people to think that the SM can not be a complete and final theory, it can only be
an effective theory of a more complete theory. This gives incentives to explore physics

beyond the SM.
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1.1.3 Beyond the SM

There are many ways to go beyond the SM [11].

The simplest generalization of the SM is to add a fourth sequential family. An im-
mediate phenomenological difficulty with a fourth light neutrino is with the data on the
invisible Z decay width [12] which leads to the number of families n = 2.984 4 0.008. A
similar limit on the number of light neutrinos, NV, = 3.00 &= 0.08, was obtained by mea-
suring the cross section of the process ete~™ — vy [13]. So the fourth neutrino should
not be light, this can be resolved by the addition of a massive right-handed neutrino. A
good review on the quarks and leptons beyond the third generation can be found in Ref.
[14].

In the SM there is only one scalar doublet in the Higgs sector. A direct extension
of the SM is to change the Higgs structure. The most popular model is the two-Higgs
doublet model. As is well known, at least two doublets are needed to produce masses for
all quarks in supersymmetric models which prevent conjugates of fields from appearing
in the Lagrangian. Additional doublets can also provide sources of CP violation through
complex vacuum expectation values.

To account for parity violation in low-energy physics, the SM treats left-handed fields
and right-handed fields differently by hand. A straightforward extension of the SM, the
left-right symmetric model, assumes that the original theory is intrinsically left-right
symmetric, and the asymmetry observed in nature arises from spontaneous breaking of
the left-right symmetry.

The most popular extension of the SM is supersymmetry. The primary motivation
for supersymmetry is that it solves the gauge hierarchy problem, since contributions to
the Higgs boson mass corrections from supersymmetric partners can cancel each other.

At the same time, supersymmetric transformations are very closely related to spacetime
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Electricity

u(l)

Magnetism
SU@)xU(1)
Weak force
SU(5), SO(10), E6->?
Strong force SU@®) 9
Gravity

Figure 1: An illustration of unification based on a larger group, motivated by Ref. [15]

transformations. There is a possibility that supersymmetric theories might unify gravity
with the other three fundamental interactions described by gauge field theories.

The description of nature from the Abelian U(1) gauge theory describing the electro-
magnetic interaction, to the non-Abelian SU(2). x U(1)y gauge theory describing the
electroweak interaction, further to SU(3)¢ x SU(2) x U(1)y describing all fundamental
interactions except gravity, is a great triumph of the gauge revolution and one of the
most important achievements in the recent history of physics. It is noted that the gauge
group becomes bigger and bigger when more interactions are included. One is tempted
to suggest a bigger simple or semisimple group to describe all interactions in the principle
of gauge invariance. This brought the development of grand unification theories (GUT).
This is illustrated in Fig. 1.

Although there are many proposed extensions of the SM, there is no experimental
evidence for any of them yet. Agreement of the SM and current experiments can put

constraints on possible new physics.
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1.2 The Es Model
1.2.1 A little history

Early attempts to find a unified theory based on a larger simple or semisimple group
were made by Pati and Salam [16]. Shortly after, Georgi and Glashow [17] found that
the SM can be embedded into the simple Lie group SU(5). Failures of the ordinary SU(5)
model to account for the proton lifetime and the electroweak mixing angle [18] led later
to a larger group, the SO(10) model [19]. As in the SM, the three(or more) copies of
the generation sturcture are still put in by hand. Great interest in the E¢ unification
model was sparked in the late 1970’s when it was noted that (i) Es was the next natural
anomaly-free choice for a GUT group after SO(10), (ii) Fs could have several intermediate
mass breaking scales, and, more importantly, (iii) each generation of fermions was placed
in the 27 dimensional representation. The last feature allowed the possibility to arrange
for the then newly-discovered 7 lepton and b quark to fit into a 27 representation and
there was no need to include a third generation, but later data ruled out this possibility
because both 7 and b belong to a new generation.

The second surge of interest in Es came during the first revolution of superstring
theories in the middle 1980°’s. The heterotic, anomaly-free, EFg X FEg, ten-dimensional
superstring theory [20] can result in Fs grand unified theories as the low-energy limit
[21]. This superstring-inspired Fs model has been discussed greatly in literature. A good

summary can be found in Ref. [22].
1.2.2 [Es group and its subgroups

Es is an exceptional algebra [23]. It has 78 generators and rank 6(the maximum
number of simultaneously diagonalizable generators). It is the only exceptional group
having non-self conjugate irreducible representations, so it is the only exceptional group

from which a flavor-chiral theory is possible.
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In the standard Cartan-Wey! analysis, the generators of a simple group can be divided

into two sets. The first set consists of all simultaneously diagonalizable generators H;,
(H:, H;] = 0, 3,7 =1,2,---, rank(G); (1)
while the other generators can be chosen to satisfy eigenvalue equations of the form
[H;, Ea] = a; B, i=1,2,---,rank(G), (2)

where the numbers «; are structure constants of the algebra in the Cartan-Weyl basis.
For each operator E,, there are rank(G) numbers ¢, called root o, that can be used to
designate a point in a rank(G)-dimensional euclidean space called the root space.

Written in a basis, a positive root is defined by the requirement that the first nonzero
component of the root is positive, and a simple root is a positive root that cannot be
written as a linear combination with positive coefficients of the other positive roots.
There are only rank(G) simple roots for a simple group G. The relative length and angle
relations among the simple roots completely characterize a simple Lie algebra. This can
be represented graphically by a two-dimensional diagram called the Dynkin diagram. It
is possible to add only one root, the negative of the root of the highest weight, to the
set of simple roots that satisfies the requirement that the difference of the two roots is
not a root. The Dynkin diagram for the extended root set is called the extended Dynkin
diagram with the new root marked by x.

From Fig. 2, the lengths of simple roots of Eg are equal and the angles between
connected simple roots are all 120°.

A fundamental problem of unification model building is to find all the ways that the
currently known interactions can be embedded in a unified group G. This is to find all

subgroups of G having the form,

G D Gfev™ x SU(3)¢ (3)

6
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1 b 3 4 5 s 2 3 L) 5

Figure 2: Dynkin diagram and extended Dynkin diagram for E; algebra

with Gf1ev" generated by the color singlet generators of G, including SU(2), x U(1)y.
A proper subalgebra G’ of G is denoted by G D G’, and G’ is a maximal subalgebra
of G if there is no algebra G” such that G D G" D G’. Maximal subalgebras of a
simple algebra can be classified as regular and special subalgebras. A subalgebra G’ is
regular if there exists a basis of G such that {H;} D {H{} and {E,} D {E.} where
{H!} and {E.} are Cartan subalgebra and ladder operators of G’ written in a Cartan-
Weyl basis. A regular subalgebra can be semisimple or nonsemisimple. Each maximal
nonsemisimple subgroup is a U(1) factor times a semisimple factor obtained by removing
one dot from the Dynkin diagram for G. The maximal regular semisimple subalgebra can
be obtained similarly by removing a dot from the extended Dynkin diagram for G. All
subgroups of Eg with U(1)em % SU(3)c as subgroup are listed in Table 1.2. Here Fy has
rank 4 and has 52 generators. Its irreducible representations are all self-conjugate, so all
theories based on Fy are vector-like. SO(10) may be classified as E5 and SU(5) may be
classified as Ej, so the chain of subgroups Eg D SO(10) x U(1) D SU(5) x U(1) x U(1)
may contains many of the interesting flavor-chiral theories and is studied most in the
literature. SU(3) x SU(3) x SU(3) is the only maximal subgroup decomposition of Es
including QCD as an explicit factor. A more detailed summary of the Es group can be

found in Ref. [24].
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Table 1.2  Subgroups of Eg with U(1)em %X SU(3)c as subgroup.

Group Maximal subgroups

Ee Fy, SO(10) x U(L), SU(2) x SU(6), SU(3) x SU(3) x SU(3)

Fy SO(9), SU(3) x SU(3)

SO(@) SO@), SU(2) x SU(3)

SO(8) SO(7), SU(4) x U(1)

SO(7)  SuU(4)

SUM@)  SU@B) x U(L)

SO(10) SU(5) x U(1), SU(2) x SU(2) x SU4), SO(9), SU(2) x SO(7), SO(8) x U(1)

SUB) SU(5) x U(1), SU(4) x SU(2) x U(1), SU3) x SU(3) x U(1)

SU(G)  SU(4) x U(1), SUB) x SU(2) x U(1)

1.2.3 Effective low-energy models

Models based on subgroups of Es can be rank 5 or rank 6. Choosing the color group
to be SU(3) at these Es symmetry breaking scales, the rank-5 model can be determined

uniquely to be

SU3)e x SU((2) x U(L)y x U(1),- (4)
where U(1), is the only additional factor and its couplings are essentailly fixed. In the

rank-6 case, there are two kinds of relevant models
(a).  SU@B)e x SU(2)L x U(L)y x U(1) x U(1)", (5)
(6). SUB)e x SU(2) x SU2) x U(1)" x U(1)" (6)

where the product U(1)’ x U(1)” can be taken, without loss of generality, to be U(1), x

U(1), via the decomposition
Es — SO(10) x U(1)y — SO(10) x SU(5) x U(1)x x U(1)y, (7

and the most frequently discussed SU(2)" can be SU(2)g or SU(2);(which will be in-

troduced in the following). In most cases a rank-6 model can be reduced further to an

effective rank-5 model through
U(l)y x U(1)y = U(1)s, (8)

8
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or

Ul xU(L)r = U(Y)v=L+r: SU(2)r xUQ) — SU(2): (9)
where the mixing angle between U(1), and U(1),, €, can have different values corre-
sponding to specific models which will be discussed later when we study gauge boson
mixings. These effective rank-5 models and the rank-5 model(U(1),) are discussed most
often in the literature.

Each generation of fermions in the SM has 15 degrees of freedom, so the most eco-
nomical way is to put all of them into a fundamental representation of Eg. Then some
new particles, which sometimes are called exotic particles compared with the ordinary
SM particles, will be introduced. In term of the subgroups SO(10) and SU(5), the fun-

damental representation 27 decomposes as
27 = (16,5) + (16, 10) + (16, 1) + (10,5) + (10,5) + (1, 1) (10)

which gives the classification of particles in the SU(5) and SO(10) unification model.

Under the SU(3)c x SU(3). x SU(3)r subgroup, the 27 has the branching rule

,3) (11)

Vv

27 = (3%,3,1) +(3%,1,3) + (15,
N’ ~ ~ - ~

3
q q l

and the particles of the first family are assigned as

U E< v N
(d)+(u° de h°)+(N‘= e E)
h e v¢ S¢

where the superscript c represents charge conjugate and all fields are given in left-handed
fields. It is noted that an isosinglet charge —% quark h and its antiparticle A€, a right-
handed neutrino are introduced. (Different symbols for these particles have been used in
the literature.)

Because the antiquarks are in an SU(3)_ singlet, the electromagnetic charge operator

cannot be Q™ = T3, + Z,f, with Y. coming from SU(3)., otherwise all antiquarks will

9
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have same electric charge ZZL The fact is that the anti-u quark and the anti-d quark have
different electric charges. Therefore at least one extra U(1) factor, Yr, coming from the
last SU(3) g must contribute to the electric charge operator.

There are three possible ways to break the 3 of the SU(3)g into 2 + 1. Consider the
above representation. Firstly, (u¢, d°) forms an SU(2) doublet and k€ forms a singlet with
Q™ = Tsr + Tsr + % + Y&, which leads to the well-known and well-studied left-right
symmetric model; and this model has the attractive feature that it can be embedded in
the SO(10) unification model. Secondly, (u¢, A°) forms an SU(2) doublet and d¢ forms a
singlet with Q™ = T3, — T3r + —}g‘ + Zf-, this is not a physically interesting case because
it is similar to the left-right symmetric model with d° replaced by A€, and it has received
little attention in the literature. Thirdly, (d¢, h¢) forms an SU(2) doublet and u° forms a
singlet with Q™ = T3, + %_L — Yg. In the third choice the SU(2) doesn’t contribute to
the electromagnetic charge operator and it is called SU(2), (I stands for Inert). So the
vector gauge bosons corresponding to SU(2); are electrically neutral.

The two U(1) factors, Y. and Yz, can be combined linearly to produce two other
U(1) factors in order that only one of them contributes to the electric charge operator,
which is called U(1)y here, and the other one has no contribution to the electric charge
operator, which is called U(1)ys. So we have Q™ = T3, + £ and Y” can be determined
correspondingly. In the third case above, it is easy to find Y = Y, — 2Yg and Y’ =
2Y; +Yr. Then we get our desired group structure as SU(2), x SU(2); xU(1)y xU(1)y-.

The most extensive work on the phenomenology of this model was performed by Rizzo
[25] and Godfrey [26], who looked at the production of the neutral W’s in hadron-hadron,
positron-electron, and electron-proton colliders. There has been very little work done
since then, in spite of the fact that there is much more information obtained from precision
electroweak studies, flavor-changing neutral current processes, the discovery of the top

quark, etc. We find it is remarkable that so little is known about the phenomenology of
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one of the main possible subgroups of Es, and propose to study this phenomenology in
detail in this project.
At the SU(2), x SU(2)r x U(1)y x U(1)y- level, a single generation of fermions can

be represented as

N V Ec C (4 C o4
(22, ()t (8), (- oo

where SU(2)r( acts vertically(horizontally). For example, additional heavy leptons
(N, E) and their conjugates (E¢, N€) form two new isodoublets under SU(2).; a right-
handed neutrino and an additional neutral lepton forms an SU(2); doublet (v¢, S¢). The

quantum numbers are listed in Table 1.3.

1.3 Outline

After a brief introduction of the background and the model we will work on, the thesis
is organized as below. The Higgs boson sector, gauge boson sector and fermion sector of
this model will each be explored separately.

Chapter 2 deals with the Higgs boson sector. The main aim is to find bounds on the
masses of the (lightest) Higgs scalars. The SM and two-Higgs doublet model are studied
first as an introduction and comparison. Experimental searches for Higgs boson(s) are
reviewed briefly, and constraints on the masses of Higgs bosons in the SM and two-
Higgs doublet models are derived, by the requirement that the vacuum is stable and the
perturbation theory is valid up to a large scale. The flavor-changing neutral currents
and their effect on the anomalous magnetic moment of the muon are also discussed.
Then a specific assignment of Higgs multiplets for SU(2), x SU(2); x U(1)y x U(1)y~
is introduced, and the mass-squared matrices for various scalars are derived. An upper
bound of about 150 GeV to the lightest neutral Higgs scalar in the model is found. Other

Higgs mass relationships are also discussed.

11
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Table 1.3 The quantum numbers of fermions in 27 of Ej

State | Ts, | Yz | Tar | Yr | Y(Yz — 2YR) | Y'(2YL + Yr) | Q™ | Exotic(?)
w |[1/2]1/3] 0 | © 1/3 2/3 2/3

d |-1/2]|1/3[ 0 0 173 2/3 -1/3

wt | 0 ] 0 ] 0 |2/3 ~4/3 2/3 2/3

e | 0| 0 |1/2-1/3 2/3 173 1/3

R 0 [-2/3] 0 | O 2/3 ~4/3 “1/3 v
RS | 0 | 0 |-1/2|-1/3 2/3 “1/3 1/3 v
e~ |-1/2]-1/3| 1/2 | 1/3 1 173 1

et | 0 | 2/3] 0 |-2/3 2 2/3 1

E- |-1/2|-1/3 | -1/2 | 1/3 1 173 1 v
ET | 1/2 [-1/3| 0 |-2/3 1 ~4/3 1 v
ve | 1/2 |-1/3[ 1/2 | 1/3 1 173 0

v |0 | 2/3]1/2] 1/3 0 5/3 0 V]
N | 1/2 |-1/3|-1/2 ]| 1/3 1 173 0 v
N¢ [-1/2[-1/3| 0 [-2/3 1 473 0 v
S< [ 0 | 2/3[-1/2]1/3 0 5/3 0 Vi

In Chapter 3 the gauge boson sector of the model is studied. Mixing and mass re-
lationships of gauge bosons in the SM are introduced first. Then a general discussion
of gauge boson mixings is given. A remarkable feature of our model is that the gauge
bosons corresponding to SU(2); are neutral. Special attention is paid to the I, boson.
Its production, effects in rare processes and contribution to the anomalous magnetic mo-
ment of the muon is presented. The mass-squared matrix of neutral gauge bosons for
our model is given. Mixing appears naturally. Results from electroweak precision experi-
ments, including Z-pole experiments, my measurements and low-energy neutral current
experiments are used to put indirect constraints on masses of the extra neutral gauge
bosons and the mixings between them and the ordinary Z boson. We also consider the
possible constraint from a proposed measurement at Jefferson Lab of the proton’s weak
charge. It is found that the mixing angles are very small, namely |6| < 0.005. The lower
bound of the mass of the lightest extra neutral gauge boson is found to be about 560 —800

GeV, which is comparable to the current direct search limit. low-energy neutral current
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experiments give the strongest bounds on the lightest extra neutral gauge boson.

In Chapter 4 the fermion sector of the model is explored. The mixing between exotic
fermions and the SM fermions are briefly reviewed first. The pair production of heavy
charged exotic leptons at e*e™ colliders is studied. In addition to the standard ¥ and Z
boson contributions, we also include the contributions from extra neutral gauge bosons. A
t-channel contribution due to the W;-boson exchange, which is unsuppressed by mixing
angles, is quite important. We calculate the cross section, the left-right and forward-
backward asymmetries, and discuss how to differentiate different models. Pair production
of the h-quark is also discussed briefly.

Chapter 5 includes our conclusions and an outlook for future work. The mass-squared

matrices for Higgs bosons are listed in the Appendix.

13
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Chapter 2 Higgs boson sector

2.1 Introduction

Although the SM is very successful phenomenologically, the experimental information
of the scalar sector of the SM is very weak. The most important piece comes from the

p-parameter, defined through the relation
£t = —=pi4Jz,, (12)

where Gp is the Fermi constant, £/ is the effective low-energy neutral current La-
grangian and Jz, is the standard weak neutral current. p is a measure of the ratio of the
neutral current to the charged current strength in the effective low-energy Lagrangian.

It can be expressed [27]

g—‘-l[[i([i +1) — %}1}2101_

P = N 12
i:LEYi gi

(13)

where N is the number of the scalar multiplets, @;, with vacuum expectation values
o;, isospin I; and hypercharge Y;. In the SM p = 1 at the tree level. In our model,
scalar multiplets (introduced later) N and N’ are SU(2), x U(1l)y singlets, and scalar
multiplets H and H; are doublets with ¥ = +1, therefore p is also equal to 1 at the tree
level automatically. The deviation from the unity, less than 1%, is assumed to be due to
eletroweak radiative corrections which are sensitive to new particles in loops.

The discovery of the Higgs boson remains one of the main challenges for today’s
particle physicists. The most important thing is to determine the mass(es) of the Higgs
boson(s). In this section, we present studies on the Higgs structure of the SM first, then
the two-Higgs-doublet models, and finally the SU(2)r x U(1)y x SU(2); x U(1)y+ model.

Some constraints on the model from the Higgs-boson mass bounds are obtained.

14
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2.2 The SM Higgs boson

In the minimal version of the SM, only one complex Higgs doublet is introduced as

(b:(i:)’ (14)

where Y (¢) = +1. The most general gauge-invariant renormalizable scalar potential is

S R SN
V(9) =—5u*s'e+ 1A (8'6) (15)
where 42 is mass-squared parameter and A is the self-interaction coupling constant.
It is most easily to find the mass matrix in the real basis where
@1 + 1¢2
o= . , 16
’ ( b3 + 14 ) (16)
and the potential becomes
V(< 1y 2, 2, 2 oy, L A2 4+ a2 + a2+ 22)°
(6) = —Sp (1 + o + 83+ %) + 7 (@1+¢2+¢3+@4) ’ (17)
The minimum conditions of the potential are
ov
aTsilmx):csu =0, (18)
which yields
—p2¢; + X (62 + 03 + 83+ 6%) ¢ = 0. (19)
The coefficients of the quadratic terms are
82V
2 ] 20
my; 8¢13¢J l¢(z)—¢os ( )
which yield
m2 = —p26; + A (6% + 83 + 63 + ¢3) 6 + 20 (21)
As is well known, in the SM ¢ can be chosen to be
170 (5,2 /\1/2
¢0—_\7—§(U>: v =(2u"/A)"", (22)
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and the mass of the only physical Higgs boson is
my = V2pu = V. (23)

The other field components are massless and "eaten” by gauge bosons in order to give
them masses.

The mass of the Higgs boson in the SM is, at first sight, completely arbitrary. It de-
pends on the scalar self-coupling, A, which is a free parameter. However, rather stringent
bounds on the mass of the Higgs boson can be obtained [28, 29] by requiring that (a) A
remains perturbative up to a large scale (generally taken to be the unification scale of ap-
proximately 10! GeV-the precise value doesn’t much matter here), and (b) the vacuum
of the standard model remains stable up to that large scale. The first condition gives
an upper bound to the Higgs mass of approximately 180 GeV. The second condition is
virtually identical to requiring that A remain positive up to the large scale, and that gives
a lower bound to the Higgs mass of approximately 130 GeV. Thus, these two conditions
strongly constrain the mass of the Higgs boson to be between 130 and 180 GeV.

It is easy to see where these constraints arise. The renormalization group equation for

the scalar self-coupling is of the form

d\
== B (24)
with
Bx = 4)\y + (1202 + B) /872, (25)

where the anomalous dimension v = (—9g¢% —3g%+12¢%,) /6472 and B = (3/647?)[{: (392 +
29292 + g%) — gy,]- Only the top quark Yukawa coupling gy, is considered. Qualita-
tively the renormalization group equation for the scalar self-coupling can be written as
D = aX? —bgy. If X is large, the first term dominates, and X blows up; if it is small, the

second term dominates, and A becomes negative, leading to a vacuum instability. Only
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for )\ near the fixed point of this equation does A remain positive and finite from the elec-
troweak scale to the unification scale. The bounds on the mass of the SM Higgs boson
are illustrated in Fig. 3. A more detailed review on how severe bounds on Higgs boson
and fermion masses arise from the requirements of vacuum stability and the validity of

perturbation theory up to a large scale can be found in a report by Sher [28].

800

lllll[lTllj_‘r1l

__ 600 m, = 175 GeV —
% 1
SO, .
- 400 | —
= __ _
200 [— —
o_llllJllllIIIIII—
103 106 109 1012 1015 1018

A [GeV]

Figure 3: Bounds on the SM Higgs boson mass by requiring that the vacuum is stable and
the perturbation is valid up to a large scale A, assuming M, = 175 GeV and a,(mz) =
0.118. The shaded areas above reflect the theoretical uncertainties in the calculations of
the Higgs mass bounds. This figure is taken from Ref. [30].

From Ref. [31], indirect experimental bounds for the Higgs boson mass are obtained
from fits to precision measurements of electroweak observables, primarily from Z decay
data, and to the measured top and W* masses. These measurements are sensitive to
log(myg) through radiative corrections via top quark and Higgs boson loops. Currently
the best fit value is my = 77133 GeV and my < 215 GeV is obtained at the 95%
confidence level(CL), still consistent with the SM being valid up to the grand unification
scale. This is illustrated in Fig. 4.

Direct search results by the LEP collaborations, CDF and DO, give the value 102.6
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Figure 4: x? variation as a function of the Higgs mass from the global fit of the electroweak
measurements. This figure is taken from Ref. [32].

GeV as the 95% CL lower bound for the SM Higgs mass. Recent reports [5-8| on the
observation of an excess in the search for the SM Higgs boson with a mass near 114 GeV

need to be confirmed in the future.

2.3 Higgs bosons in the two-Higgs-doublet models

The most straightforward extension of the SM is the two-Higgs-doublet model (2HDM).

It includes two complex scalar doublets (see Ref. [28] for a review),

<1>1=( Xt ) <1>2=( Xz ) (26)
(61 +ix1)/V2 (62 +ix2)/V2

Of the eight real fields, three must become the longitudinal components of the W* and
Z bosons after the spontaneous symmetry breaking. Linear combinations of x¥ and x&
are absorbed into the longitudinal parts of the W= bosons and a linear combination of
x1 and x, gives mass to the Z boson. Five physical Higgs scalars will remain: a charged
scalar x* and three neutral scalars ¢, ¢, and the other linear combination of x; and xa»,

called x0.

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.3.1 FCNC in the two-Higgs-doublet models

A potential danger with additional Higgs doublets is the possibility of flavor-changing
neutral currents (FCNC). The Higgs doublet of the standard model does not generate
tree level FCNC because the mass matrix is directly proportional to the Yukawa coupling
matrix, so diagonalization of the former automatically diagonalizes the latter. However,
in a two-Higgs-doublet model, the mass matrix is the sum of two Yukawa coupling ma-
trices (each times the appropriate vacuum expectation value), for example, the Yukawa

couplings of the @ = —1/3 quarks are given by
Ly = hilj"r’TiijI + hz?j:(ziwj(DZr (27)
where 1 and j are generation indices. The mass matrix is then
M;; = hjjuy + hijvs. (28)

Since the Yukawa coupling matrices are generally not simultaneously diagonalizable,
diagonalization of the mass matrix will not, in general, diagonalize the Yukawa coupling
matrices, thereby leading to tree-level FCNC.

These tree-level FCNC are dangerous, leading to potentially large contributions to
processes such as K° — K° mixing. It is well known that FCNC are highly suppressed
relative to the charged current processes, so it would be desirable to “naturally” suppress
them im these models. If all quarks with the same quantum numbers couple to the same
scalar multiplet, then FCNC will be absent. This led Glashow and Weinberg [33] to
propose a discrete symmetry which forces all the quarks of a given charge to couple to

only one doublet. There are two such possible discrete symmetries in the 2HDM,
(I) ¢2 = —¢2 (II) o = —2, d = —dy (29)

In model I, all quarks couple to the same doublet, and no quarks couple to the other
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doublet. In model II, the Q=2/3 quarks couple to one doublet and the Q=-1/3 quarks
couple to the other doublet.

However, it was pointed out by Cheng and Sher [35] that, for many models, the
coupling is the geometric mean of the Yukawa couplings of the two fermions. As a result,
FCNC involving the first generation fields are very small, and the bounds are not as
severe. Thus, one can also consider Model III, in which no discrete symmetry is imposed,
and the flavor-changing neutral couplings are simply constrained by experiments.

This had led to a number of calculations involving Model III [36-45]. The most
extensive analyses were those of Refs. [43, 45]. In Ref. [43], the implications of tree-level
FCNC for many processes were considered, including K° — K°, D° — D°, B° — B’ and
B? — B? mixing, ete (utu~) = t€¢ +ct, Z — bb, t — cy and the p parameter. In Ref.
[45], the effects on 7 — p7y, T — ey and g — ey, other lepton-flavor violating decays
of the 7 and u, and a number of rare B-decays were determined. In all of these papers,
the results were given as upper bounds on the neutral flavor-changing scalar couplings.
In most of these calculations, the results were given in terms of the product of various
Yukawa couplings. For example, the bound from 7= — p~u*u~ is dependent on A, h,,,
where h;; is the coupling of the scalar to fermions ¢ and j.

Here we point out [46] that a bound on leptonic flavor changing couplings can be
obtained from the anomalous magnetic moment of the muon (AMMM). This bound has
several advantages over previous bounds: it depends only on a single Yukawa coupling,
rather than a product; it is stronger than previous bounds, using reasonable assumptions
about the ratio of couplings; it could be improved significantly in the near future at the
upcoming experiment 821 [47] at Brookhaven National Lab. By the time this disertation
is finished, they have published their new result [48], its implications is also discussed in
the following.

For a spin—% particle f, the form-factor decomposition of the matrix element of the
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electromagnetic current j, is

(£@E)7u (01 (p)) = w(p")T(@)u(p), (30)

where

10, q” OuvYsq”
Lu(e) = Fi(@) % + Fa(@) 22 + Fa(@) (nad® — 2ma ) + F(@) 5, (31)

with ¢ = p’ — p, and m denotes the mass of f.

The anomalous magnetic moment of fis then given by
g—2
ar = <—2—) — F(0). (32)
f

As shown in the above references, one can choose a basis for the two Higgs doublets
such that only one doublet, H, obtains a vacuum expectation value. That doublet
will then have flavor-diagonal couplings, while the couplings of the other, ¢, will be

unconstrained. The relevant terms in the Lagrangian contributing to the AMMM is
meErer(V2H/v) + m,i ur(V2H/v) + mFrmr(V2H/v) + hijlicliré + He.  (33)

The ¢ field is composed of a scalar ¢s and a pseudoscalar ¢,. Since one expects [35] the
heavier generations to have larger flavor-changing couplings, we will look at the bound
on the A, arising from the AMMM.

The diagram is given in Fig. 5. The diagrams in which the photon couples to the
external lines do not give a contribution to the magnetic moment of the muon. The

calculation is straightforward, and we find that the contribution to a, = &2—% is given by

— dz, (34)
2

hZ, /1 22(1 - 2) £ 2222
m2
0 z(z—l)-i—z;g-i—(l—z);l—i:-

a, =
£ 16m2
where m, is the mass of the scalar or pseudoscalar, and the 4+(—) sign is chosen for the

scalar (pseudoscalar). In the expected limit m, << m, << my, the integral becomes

2

m, M, ms 3
w1 [og 2 4 =2 35
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Figure 5: Contribution to the anomalous magnetic moment. of the muon from the ex-
change of flavor-changing scalars. The scalar can be either a scalar or a pseudoscalar.
It is noted that a, is proportional to the product of the masses of fermions involved.

The resulting contribution is given in Fig. 6. The scalar and pseudoscalar have
contributions which are almost identical (within a few percent), but of opposite sign; the
scalar contribution is shown. Since there is no reason that thie masses should be similar,
and since the result is so sharply dependent on the mass, we expect the lighter of the
two to make the dominant contribution.

Consider the case in which the lighter scalar is 80 GeV (current LEP bounds apply to
a standard model Higgs, and are generally weaker for two doublet models). We see that
this gives a value of a, which is 1.14 x 107°h2 . The current value of a, is in agreement
with expectations, and the uncertainty [44] is 7.4 x 107°. Thus, the contribution of the
flavor-changing coupling must be less than this uncertainty, ox %, must be less than 0.11.
More importantly, the experimental uncertainty in the anom alous magnetic moment will
shortly decrease by up to a factor of 20, so that a bound on f,, of 0.027 can be obtained.

How does this bound compare with other bounds? As noted above, all other bounds
depend on the product of h,, times other unknown Yukawa couplings. Thus, the bound
is unique. However, one can make reasonable assumptions about these other couplings.

For example, in Ref. [45], it was argued that grand unified theories will give a relationship
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Figure 6: The contribution of the diagram of Fig. 5 to the anomalous magnetic moment
of the muon. The contribution of the scalar is shown; that of the pseudoscalar is within
a few percent of that of the scalar, but of opposite sign.
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between hs and h,,; from this, they looked at the process B — Kput to get the bound
h,r < 0.024. Unfortunately, there are no experimental limits listed for B — Kpur; their
bound was obtained by noting that 17% of 7’s decay into u’s, and using the bound on
B — ptpu~X. Since the experimental cuts would be quite different, this result is very
uncertain, and thus the bound on h,, could be considerably higher (and also requires the
assumption of grand unification). In addition, one can assume that the ratio of A, to
hur is 2—:, in which case the bound on h,, from 7 — 3u gives 0.2, which is also much
weaker. It was argued by Cheng and Sher [35] that the most natural value for h,. is the
geometric mean of the Yukawa couplings of the muon and tau, or 0.0025. Our bound
is still above that value. However, the symmetry arguments in that work apply only to
the ratio of the couplings, not their overall scale, and thus higher couplings are certainly
possible.

It should be pointed out that a similar diagram could bound the flavor-changing h,.
coupling, but much stronger bounds on that can be obtained from bounds on radiative
muon decays such as u —+evand u = 3 e.

In the absence of any solid theoretical understandings of Yukawa couplings, one must
rely on experiments to put bounds on such couplings. In the simplest extension of the
standard model, a flavor-changing coupling of the 1 and 7 to a neutral scalar can, in
general, exist. In the above, we have shown that the strongest bound on such a coupling
(independent of assumptions about other couplings) arises from the contribution to the
AMMM.

As for the recent report from Muon g-2 Collaboration [48], a precise measurement of
a, for the positive muon had been made. The difference between the weighted mean of

experimental results, a,(exp) = 11 659 203(15) x 107*° (1.3 ppm), and the theoretical
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value from the standard model is
a,(exp) — a,(SM) = 43(16) x 10710, (36)

The difference is 2.6 times the stated error and may be due to new physics beyond the
SM.

Were it due to the contribution from the scalar in the model, choosing the mass of the
lighter scalar as 115 GeV, this gives a value of a, which is 6.13 x 10~7A2_. So A, would

be 0.08 4+ 0.05, which is consistent with the result discussed above.
2.3.2 Bound on Higgs boson masses

Given how stringently the Higgs mass in the SM is constrained, one might ask how
stringently the masses of the scalars in the 2HDM are constrained. There are many
more self-couplings (which could potentially diverge by the unification scale) and more
directions in the field space where an instability could arise. In this section, we examine
these constraints in the 2HDM [49]. Similar constraints have been examined before
[28, 34], but the top quark mass was unknown at the time (and only values up to about
130 GeV for t_he top quark mass were considered).

The most general potential subject to one of the discrete symmetries, for two doublets
of hypercharge +1 (if one of the doublets has hypercharge -1 our arguments will be

unaffected), is

V = 2078, + 12070y + A (87 P1)?2 + A2(BF D)2
1
+ As(@f@l)(‘p;@z) + /\4(<I>“1"<D2)2 + 5/\5[(‘5_{‘1’2)2 + (@;@1)2] (37)

where the vacuum expectation values of ®; and ¥, can be written as

<I>1=1/\/§(1?1>, @2=1/\/§(f2> (38)
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with v? + v2 = V2GF = (247 GeV)2. The masses of the physical scalars are given by

1
mis = —5(/\4 + As) (vF +v3), mZo = —As(v] + v3), (39)
2 _ 1 2 2 2 1 2 2
m2 = -2-(A+B+\/(A— B)? +4C?), m2 = §(A+B—\/(A — B)? +4C?), (40)

where A = 2A\v2, B =2)02 and C = (A3 + Ay + As)viv2-
It is required that all scalar boson masses-squared must be positive. This implies that

() ds <0

(#7) Mg+ A5 <0

(#65) AL > 0 (41)
(’I:'U) Ao >0

('U) 2V A 1A > A3+ A+ s

In the SM the positivity of the scalar boson masses-squared implies that A > 0. To
ensure vacuum stability for all scales up to My, one must have A(g?) > 0 for all ¢® from
M2 to M%. Similarly, to ensure vacuum stability in the 2HDM up to M%, one must
require that all of the five constraints be valid up to M%. If the condition A; or A, > 0
is violated, the potential will be unstable in the ¢, or ¢, direction. If the condition (v)
is violated, the potential will be unstable in some direction in the ¢; — ¢- plane. If the
condition A4 + As < 0 is violated, the mass of the charged Higgs bosons will be negative.
If A5 become positive, a new minimum which violates CP will be formed. Thus it is
required that all of the constraints should be valid up to Mx. At the same time it is
physically reasonable to demand that all A’s be finite (or perturbative) up to Mx.

Starting with A;, A2, A3, Ay, As and tan S at the electroweak scale, the renormalization
group equations are integrated numerically to check whether one of the five constraints is
violated or whether any of the couplings becomes nonperturbative before reaching Mx.
The results give an allowed region in the six-dimensional parameter space. To explore
this region, we choose the six parameters to be the four physical scalar masses, tan 5 and

A3. For a point in this parameter-space to be acceptable, all of the above constraints, as

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



well as perturbativity, must be satisfied at all scales up to Mx. In practice, since A3 is
unmeasureable, we consider the other five parameters as starting points, and see if any
initial values of A; give acceptable values. In this way, we determine if a given point in
the five-dimensional space of the scalar masses and tan § is acceptable.

It is, of course, difficult to plot a region in five-dimensional space. However, the basic
features can easily be seen with a few examples. Let us first consider the case in which
My = Myo = 100 GeV. We choose tan § = 2, and plot the allowed region in the neutral
scalar mass plane. The region is shown in Fig. 7. For m, between 40 and 88 GeV, one
sees that the value of my must lie below 180 GeV and above a value which ranges from
130 GeV to 100 GeV; this bound is very similar to the result in the SM. However, there
are no solutions in which m, is greater than 88 GeV or below 40 GeV. Below the region,
A1 becomes negative, above the region A; becomes non-perturbative, to the left and to
the right of the region, the constraint (v) is violated.

One can now vary some of the three input parameters to see how this region changes.
As the charged Higgs mass increases, the region shrinks dramatically, disappearing when
it reaches 140 GeV, as shown in Fig. 8. As tanf increases, the region shifts to smaller
values of m,, as shown in Fig. 9. This is not surprising since ™, becomes small as
tan8 — oo. As tan 3 decreases, the size of the allowed region shrinks, since the top
quark Yukawa coupling is getting larger, leading to an instability. Finally, varying mye
gives the result in Fig. 10. As in the charged Higgs case, the allowed region disappears
when the pseudoscalar mass exceeds 140 GeV.

The most important result is seen from Fig. 8, where this is a stringent upper bound
on the charged Higgs mass. By optimizing tan 3 and m,., we find that the maximum
allowed value for the charged Higgs mass is 150 GeV .

What are the experimental constraints? As discussed in Ref. [50], there are very few

constraints on the neutral scalar masses. If one takes the x° mass to be 100 GeV, the
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charged Higgs mass (in GeV), with the x° mass chosen to be 100 GeV and tan 8 = 2
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only constraints come from the Bjorken process, ete™ — Z* — Zn, and the rate can
be significantly reduced by judicious choice of the mixing angle. So no bounds on m,
are relevant. There is, however, a strong bound [50, 51] on m;: coming from B — X7,
where X is a hadronic recoil system containing an s quark. In Model II, this process
forces the charged Higgs mass to be greater than 165 GeV. This is inconsistent with our
upper bound. Model I, however, has no such constraint, and the charged Higgs mass
could be as light as 45 GeV.

We conclude that the popular two-Higgs doublet model, Model II, can not be valid
up to the unification scale. Model I is not excluded, however we do find that the charged
Higgs mass must be lighter than 150 GeV, the lightest neutral scalar must be lighter
than 110 GeV and the pseudoscalar must be lighter than 140 GeV for the model to be
valid up to the unification scale.

As mentioned before, LEP has found possible signals of the SM Higgs boson, and put
a lower constraint of about 114 GeV on the mass of the SM Higgs boson. But the analysis
is model-dependent. The constraint does not apply here because the ZZH coupling is

different in the 2HDM from that in the SM, so the constraint should be weaker.

2.4 Higgs bosons in SU(2); x U(1)y x SU(2)r x U(1)y: model

We now consider the Higgs multiplets for the model as below

0 - N!
H,=( Hf H), 'HE(HDI gl ) NE(%?) N'E(N?>

with SU(2); acting in the horizational direction and SU(2)r acting in the vertical di-
rection. The quantum numbers of hypercharges are assigned as: Y (H;) = 1,Y(H) =
—1,Y(N) =Y(N) =0, and Y'(Hz) =4/3,Y' (%) =1/3,Y'(N) = Y'(N') = -5/3. The
doublets N and N’ are also neutral. Note that two neutral doublets are needed. The

reason can be seen in the limit where the model is broken down to the SM at a scale much

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



greater than the electroweak scale. A single N doublgt can only break SU(2); x U(1)y~
down to U(1), leaving an extra unbroken U(1) factor.

There are a large number of Higgs bosons in the model: 6 scalar, 3 pseudoscalar and
4 charged Higgs bosons. In general, the scalar potential will have too many parameters
to make any meaningful statement about masses of Higgs bosons. However, in the
supersymmetric version of the model, the scalar potential is highly constrained.

The most general potential satisfying the gauge invariance can be written as
W = AH,HN + N HoHN' (42)

Here by H,HN, we mean that s,-ngi’H“fngNﬁ, i, j are SU(2) indices and o, are
SU(2) indices.

The scalar potential is given by
V=Ve+Vp+ V;ofg (43)

where

Ve =) | 0W/d¢i|* (44)

1

is the F-term, and the sum runs over all complex scalar ¢;’s appearing in the theory, and
Vb =1/23_ |3 _(9201T¢:) + &l (45)
a

is the D-term, where 7'® represent generators of the corresponding gauge groups and g,
are coupling constants. The £ terms only exist if a labels a U(1) generator, and in our
consideration they are set to zero as they will not arise if the theory is embedded in a
grand unified or string theory. Here

Viost = m2Tr(HIH) +mi HiH, + mi NN + m}, NTN'

—MA(HHN + hc.) — NA'(HyHN' + h.c.) ~m3(NTN' + h.c)  (46)
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are soft supersymmetry breaking terms. The soft supersymmetry breaking parameters
will be considered as completely arbitrary, therefore we only study the tree-level poten-
tial. The radiative corrections to the potential will not significantly affect the results
because the primary effects of the radiative corrections are to change the effective soft
supersymmetry breaking terms. The exception is due to the top quark contribution,
proportional to m‘t‘op, which will increase some mass limits by up to 20 GeV.

The computation of the Higgs boson mass matrices is most easily done in a real basis

where

@5 + 19g
He b7 + igg > ’
¢z — iy —P1 + 1P

o= (éu—iém —¢9+i¢’10)’

N = Ny + 1My
n[‘f‘iml !
X n - 1 _
N = 2 My ) (47)
ny +1my

The multiplets can get vacuum expectation values in the following way,

() =25 (0 w)., =5 (2 0 ) an=g5 (7). =5 ( %)

All of vacuum expectation values are chosen to be real. It appears thatthere are seven
vacuum expectation values in the model, but one of them can be set to zero by performing
an SU(2) rotation. So there are only six physically relevant vacuum expectation values.

The scalar potential can be written in the component fields as

Ve = |po(Ang + X'nh) + dro(Ama + N'mh) — ¢, (Any + N'n}) — ¢2(Amy + N'mi)[?
+|da(Any + X)) — dr(Amy + X'm)) + ¢o(Ama + N'mh) — dro(Ans + A'ng)[?
+d11(Ang + Nnb) + dra(Ama + N'mb) — ¢da(Any + A'ny) — ds(Amy + X'm))[?
+d11(Ama + N'mb) — dr2(Ang + A'nb) — ¢d3(Amy + A'm)) + da(Any + X'n))[?
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+gz(Any + A'n)) — gs(Amy + N'm)) |2 + [r(Amy + A'my) + gs(Any + M) 2
+dr(Anz + A'ny) — ds( Az + N'my)|* + [gr(Amag + N'my) + dg(Ang + A'nj)|?
+ps(Any + A1) — ds(Amy + Am))|? + [@s(Amy + A'm)) + ds(Any + A'n))|?
+|@s(Ang + X'np) — ¢e(Amg + A'my)[? + [ds(Ama + X'mj) + ge(Ang + N'ny) |2
+(O% + M%) (($rdu1 + Bsrz + b5t + dsb10)” + (Bsbr1 — 712 — bsbro + Beo)’)
+(A2 + X2 (($165 + dads + Sar + Bags)” + ($265 — $186 — $ads + $ad7)?). (48)

There are four parts in Vp corresponding to the subgroups respectively.

For SU(2).:

Lo3{ (6} + &% + 5 + 85)° + (8% + % + 67 + 68) + (85 + 610 + 611 + ¢12)?
+4[(3ds — Pads — S167 + B20s)” + (Bss + Buds — 1Bs — b2¢b7)’]
+4[(¢s611 — P12 — P79 + Ps610)” + (Br610 + Psdy — $5612 — P6é11)’]
+4[(¢311 + Badr2 + 10 + $2610)° + (Babr1 — Padr2 — D1B10 + P2bo)’]
—2(¢3 + 93 + 83 + 63)%(83 + 5 + 67 + 63)’

—2(¢} + 93 + &5 + 63)°(d5 + S0 + S11 + 612)°

~2(g3 + ¢ + &7 + 63)° (65 + b1o + é11 + 612)°}, (49)
For SU(Q)[Z

?{ (83 + % + @7 + 6%,)% + (62 + 65 + b5 + ¢3)°

00|~

2 2 2 2
+(n?2+n2+m?+m2)?+ (0" +ny +m° +mh)?

+4[(183 + Bada + Bod11 + P10612)° + ($23 — P10 + Pr0611 ~ Podr2)?]
+4[(¢3m2 — pama + d11n1 — d12mn)® + ($ama + Banz + Grimu + Pram)’]
+4[(¢3ny — darmh + $uny — d1am))? + (¢ammy + gany + dumy + ¢12ny)’]
+4[(1m2 — damnz + dor1 — $r0m1)? + (B1ma + danz + Pemu + dr1om1)’]
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+4[(p1nh — pamy + Pony — Br0m))? + ($1mh + pany + o + $10m7)?]
+4[(nanl, + mamly + nyn} + mym))? + (nemhy — mon, + nym| — min})?
—2(43 + ¢ + 61 + Oh) (81 + 65 + 65 + 60

—2(¢3 + 6% + o1 + ¢1) (n] + 13 +mi +mj)

—2(2 + 6% + 6%, + ¢ha) () + my” + ) +my”)

—2(¢} + ¢} + 85 + ¢%) (n] + 13 +mi +mj)

2 2 12 12
—2(¢? + #2 + d5 + dlo) (0" + Ny +my” +my

—9(n? + n2 +m? +md)(n}® + ny? +mi? +miH}, (50)

For U(1)y:
R R R R B IR AR R B A E SR CH

For U(1)y:

, . 2 .2 12 2
Loy ¢F + 93+ ¢3 + 6% + 05 + BTy + 61, + Pl + 4(B5 + 6 + 67 + ¢B)

' 2 2 2y 12 =9
—5(n§+n§+m%+m§+n’l2+n'2 +m +m5)|%, (52)

Vioge = m2 (¢ + 83+ 83 + 6% + 8§ + 1o + b1 + 6) + miy (45 + 65 + 67 + 43)
+m2(n? +n3 + m? +m3) + my(n}® +ny? +mi? +m)’)
+2XA(Papsmy — Grdemy + P10571 + dadenr)
+2AA(PsPoma — Psbromae — P5deNne — deP1on2)
+2AA(P307n1 + Padsny + Padrmy — d3dgmy)
+2AA(PgP11m2 — GrP1ama — PrdP11N2 — PePi2n2)
+2N A (padsm’; — P16 + 1051 + Pagen?)

+2\ A (pe oy — Bsdr0mey — PsPany — PePromy)
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+2XN A (Padrny + dadsny + dsdrmy — Padpsmy)
+2)N A (pspr1my — drdramy — drdriny — PsPramy)

4
—2mZ(nin] + mum| + naig -+ mams). (53)
The vacuum minimum conditions are

; 1
(Any + X)), — (g + Xnl)(Ang + A'np)uz + (A% + A %yuv2 + Zg%(vf +v2 — vy

2 2
+—1—g§{vl(vf + vg) + 2(viny + v3ny)ne + 2(vin, + van)n, — vp (nf + ng +nl"+n5"}

4
1 1 2 2
+Zg§(vf +v? — vd)v + gggyr(vf + v} +4v3 — 507 — 5n3 — 51l —ny )u;
+m3,u1 + Augng + XN A'ven! = 0, (54)

(Any + A'n))%us + (Ang + A'RY)%us + (A2 + M)y (v + v2)
1

1 2
—Zgg(vf +v] — v3)us — 193(”% + v — v3)vs
1 - = 12 2
+§gyl(vf +v3 + 4v2 —5n? — 5n3 — 5n)° —ny s
+m%,2v2 + )\.4(1.1]_7’2,1 - 'U3TL2) + /\'A'(vln'l - Ugnlz) = 0, (55)

1
(Ana + A'nh)%us — (Any + Anl)(Ana + Anh)oy + (A% + N?)ugv? + Zgi(vf +v2 — v3)us

2 2
+%gf{v3(vf + v3) +2(ving + vany )y + 2(viny + vany)ny — v3(n? +n3 +n}” +ny

1 2 2
-%%g%(vf + v — v3)vg + 359" (v? 4+ v2 + 42 — 5n% — 503 — 51" — ny")u;
+m2,v3 + Mugng + X A'venly, = 0, (56)

Avs[(Ang + Mnb)vs — (Any + A'nl)ui] + Avi(Ans + A'ny
2 2
293 {ma(n + ) + 2vis + vy s + 2rom + mam ) — a6} + o + 742 + )

—35—69y1 (v? +v2 + 403 - 5n2 — 513 — 571’12 — n’zz)ng
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+m%,n2 + AA’UQ’U;; —_ m%n'z = 0, (57)

M [(Ang + Xn))vup — (Ang + N'nb)us] + Awa(Ang + A'n))

1
+=g#{n,(n? + n2) + 2(ving + vsny)us + 2(nany + nyni)ny — n (v + v2 + n’l2 + n;2

4
o 2 2 2 2 2 = 12 r2
—%gyr(vl +v3 +4vs —5n] — 5n; —5nyT — 1y )ny
+m12\,n1 + /\A’U]_’Uz - mgn'l = 0, (58)

Nuz[(Ang + Nnhvs — (Ang + A'nf)vi] + Nvi(Ang + A'ny)

1
+Zg%{n;(n’12 + n’zz) + 2(vyny + v3ny)v + 2(neny + nyny)ne — n’z(vf + v§ + n% + nor}

S
.._ggY'(’U% + 'Ug +- 47)% — Sn% —_ 571% _ 5?’2,'12 _ 7_”,22)77’,.2
+m12\fln,2 - A'.A"UQ'U:i —_ mgnz = 0’ (59)

Nui[(Ang + A'n))vy — (Ang + A'ns)vs] + NvZ(Ang + A'nf)
1
-i-Zg?{n'1 (n’12 + nflz) + 2(vingy + v3n) vz + 2(ngny + nyny)ng — n (v} + v2 +n? + nor}
12\ 1

) =
—3—6-gyr(vf + v + 4v2 — 502 — 512 — 5n.% — ny%)n,

+m3.n, — N A'vivs — ming = 0. (60)

The complete potential has nine parameters: A, X', the coefficients of the two trilinear
terms A and A’, the four mass-squared parameters m3,, m%,, m% and m%., and m3.
Six of them can be transferred to vacuum expectation values, thus three undetermined
parameters remain, which we take to be A, A’ and m3.

It is straightforward but tedious to work out the mass-squared matrices for various
Higgs bosons, which are given in the appendices. The mass-squared matrices for the neu-

tral scalars and pseudoscalars are 7 x 7 matrices. The former must has one zero eigenvalue
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and the latter must has four zero eigenvalues, corresponding to the five Goldstone bosons
eaten by the five massive neutral vector gauge bosons [the zero eigenvalue of the scalar
mass-squared matrix c-orresponds to the freedom to perform an SU(2); rotation in order
to set one of neutral vacuum expectation values to zero]. The mass-squared matrices for
charged Higgs scalars turn out to be 3 x 3 matrices. The positive states and negative
states decouple, and they share the same mass squared matrix. There should have one
zero eigenvalue for each of them in order to produce masses for the two charged vector
bosons of SU(2);. As we must resort to numerical techniques to find the eigenvalues
of the Higgs bosons, the presence of the required number of zero eigenvalues provides
an excellent check on our numerical calculation. As another check, we found that there

exists a relationship

TrMy® = TrMz® + TrMpys® (61)

where M?% is the neutral-vector mass squared matrix, J\/Ij is the neutral-scalar mass
squared matrix, and M?zg represents the pseudoscalar mass-squared matrix. This is a
very general relation. It holds in any supersymmetric model based on an extended gauge
group in which there are no gauge-singlet fields. Interestingly, in this model, the trace of
the neutral-vector mass-squared matrix must include the Wy fields, which are the neutral
nondiagonal bosons of the SU(2); group.

We choose A and )\ to be up to 1 and m3 to be up to 1000 GeV. If the value of
A or X is too large, it will blow up at the unification scale. We don’t consider the
radiative corrections in our numerical analysis. For every set of values A, X and m3,
we search numerically for the minimum of the scalar potential. Adjusting the various
vacuum expectation values until the eigenvalues of the Higgs-boson mass matrices are
positive or Zero, we read off the value of the smallest nonzero eigenvalue of the neutral

scalar mass-squared matrix. Then we vary the values of A, A and m3 to find the largest
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possible value of this smallest nonzero eigenvalue. We find that its value is about 150
GeV, It therefore means that in this model there must have a Higgs scalar lighter than
150 GeV.

The current limits on the SM Higgs boson and Higgs bosons in the general two-Higgs
doublet models have been discussed in the previous sections. The minimal supersymmet-
ric Standard Model (MSSM) is an example of a 2HDM. Higgs bosons in the MSSM have

-also been discussed widely in the literature. The current 95% CL bounds are mpo > 84.3
GeV and m o > 84.5 GeV [31], which is below the bound we get here.

In conclusion we found an upper mass bound of about 150 GeV for the lightest neutral
scalar Higgs boson in the SU(2); x SU(2)r x U(1)y x U(1)yr model, which is based on
the Fs grand unification theory. It is found that our upper mass bound is greater than
all experimental results available now. Therefore it is too early to make a final judgment

about the model at this point.
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Chapter 3 Gauge boson sector

3.1 Introduction

A gauge field theory based on a local symmetry G is a field theory with the symmetry
currents coupled minimally to the vector-boson fields (called gauge bosons). The space
integrals of the time components of the symmetry currents define formally the genera-
tors of the gauge group G. The number of gauge bosons is equal to the number of the
generators of the gauge group G. The self-interactions of gauge bosons and their cou-
plings to matter are completely determined by the gauge symmetry. Gauge symmetry
also forbids the presence of mass terms for gauge bosons in the Lagrangian. Fortunately,
gauge bosons can gain masses through spontaneous symmetry breaking, which doesn’t
break the gauge invariance of the Lagrangian. But mixings among gauge bosons gener-
ally appear when they form the physical massive states in extensions of the SM, even in
the SM. These mixings can be constrained by experiments.

In many extensibns of the SM, such as grand unification theories and left-right sym-
metric models, there are additional gauge bosons. Mixings between the W or Z boson
and these additional gauge bosons naturally appear in these extensions. Generally the
masses of extra gauge bosons remain unpredicted and may or may not be of the order of
the electroweak scale. The closeness of the observed W and Z boson properties with the
predictions of the SM does not yield any direct information about the masses of extra
gauge bosons, but seems to imply that the mixings of W or Z with extra gauge bosons
should be very small.

An old direct search! for new neutral gauge bosons were performed by UALl and UA2

[54, 55]. Analysis from Barger et al. [56] and Ellis et al. [57] gave then lower mass

!Direct searches have also been done for light neutral gauge bosons, but it will not be discussed here.
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limit on the new neutral gauge boson to be in the range of 100-200 GeV. It should be
pointed out that the bounds were very model dependent. In Ref. [58], a direct search for
extra gauge bosons was reported and lower mass limits of approximately 500 ~ 700 GeV
were set, depending on the Z’ couplings. The discovery potential and diagnostic abilities
of proposed future colliders for new neutral or charged gauge bosons were summarized
in Ref. [59]. Even though there is as yet no direct experimental evidence of extra
gauge bosons, stringent indirect constraints can be put on the mixings and the masses of
extra gauge bosons by electroweak precision data. In Ref. [60-63], such constraints were
derived in the SU(2); xU(1)y xU(1)yr model. The lower mass limits are generally several
hundreds of GeV and are competitive with experimental bounds from direct searches. A
good summary of Z' searches can be found in Ref. [64] and references therein.

Compared with the SU(2), x U(1)y x U(1)y» model, there are seweral extra neutral
gauge bosons in our model. Generally they will mix with each other and also with the
ordinary Z boson. Electroweak experiments for Z-pole measurements, my measurement
and low-energy neutral current (LENC) experiments are used to put imdirect constraints
on the masses of the extra neutral gauge bosons and the mixings. We also consider the
possible constraint arising from a proposed measurement at Jefferson [Lab of the proton’s
weak charge. In the following, it is assumed that none of all the superpartners of the
SM particles and the exotic particles affect the radiative corrections to the electroweak
observables significantly, i.e., they are supposed to be heavy enough to decouple from
the weak boson mass scale.

In this chapter, after a brief review of the gauge boson sector of thee SM, we will study
a special feature of the SU(2); x U(1)y x SU(2); x U(1)yr model: the neutral gauge
boson W;. Its production and effects in various processes will be reviewed, with special
attention being paid to its contribution to (g —2),. Then the full mass-squared matrix of

neutral gauge bosons and mixings will be discussed. The phenomenology of the mixings
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will also be explored. Both the effects of the mixings and the direct contributions due
to exchanges of extra neutral gauge bosons are included. Constraints on the masses and

mixings will be found.

3.2 Gauge bosons in the SM

We have introduced gauge bosons and spontaneous symmetry breaking in the SM in

the first and second Chapter. The relevant terms to give masses to gauge bosons are

1 wa 1 1 0
3 ( 0 v ) (gLW#T -+ §gyB#) (gLWL’T" + §gyB#) ( v ) , (62)

It is easy to find the three massive vector bosons noted as below

1 v
WE = —(W!FiW?), mw = gr—;
\/5( + ) w 9L2
1 v
Z = —=——=(9:W°—-gvB), mz = /gL + 9v3- (63)
V9L + 9y

The fourth vector field, identified as the photon, which is orthogonal to Z, remains

massless,
1

Vi + g%

If we define the weak mixing angle as

A= (9vW? + g.B) (64)

cos By = ——-—QL—-—, sin By = —i——z—, (65)
VIt + 9% V9% + 9%

We can write the mixing in an elegant form
Z\ _ [ cosbw —sinfw w3 (66)
A/ T\ sinfw cosfy B /-

Here we see that there is mixing among gauge bosons even in the SM. The best fit value

of the electroweak mixing angle is sin? Oy = 0.23117 & 0.00016 [31].
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e¥ W et W,

Figure 12: Feynman diagram responsible for ete™ — DV,W}

3.3 W; boson
3.3.1 Production of W; boson

Theoretical studies of production of neutral W’s in hadron-hadron, positron-electron,

electron-proton colliders were carried out in Ref. [25, 26], later Ref. [65] also considered

the production of W; at LHC and SSC.

At a hadron collider, single W; production can proceed via associated production

g+d — h+ Wy (see Fig. 11).

At an ete~ collider, pair production of W; can occur via s-channel Z; exchange as

well as t-channel E-lepton exchange (see Fig. 12). Single production can also proceed

through ete™ — W;E~et (W E¥e™) (see Fig. 13).

In ep collisions, W; exchange in the t-channel can produce exotic fermions via the

sub-process ed —+ Eh with a very clean signature (see Fig. 14), but the cross section for

such a process is not large because the two exotic particles are heavy.
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Figure 13: Diagrams for the process ye =& WiE

e E
D w
//\h\

Figure 14: Diagrams for the process ed =+ Eh

3.3.2 Effect of W;

W can participate in the production of exotic particles (t-channel pair production of
heavy charged leptons will be discussed in the next chapter) and rare processes, especially
flavor-changing neutral currents, for instance, K% — I’'e mixing and u — evy (see Fig. 15,
16 and 17). Mixings between generations are usually needed in these cases. This was
considered in Ref. [66].

Because of the high precision of the measurement of the AMMM, it has played a great
role in precision tests of the SM and probing new physics such as supersymmetry and
lepton substructure. Here we will consider the contribution of W; to the AMMM and a
bound on the mass of W bosons will be obtained.

The relevant terms in the Lagrangian are

L = emy*uA, + eMy*MA, + %ﬁ'y"(l — v5) MW, +H.c. (67)
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S d S d

Figure 15: Tree-level flavor-changing neutral current processes present if all six quarks
d, s, b and h;(i=1,2,3) mix with each other

d hi S d VVI S
| | |
'W | VV; hj hj
| | W -
S I hi J d 5 _I_ d

Figure 16: Box diagrams contributing to ds — 3d mixing

Figure 17: Loop diagrams involving exotic fermions and W; contributing to p — ey
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Figure 18: Contribution to the anomalous magnetic moment of the muon from the ex-
change of W

1.50e-09 v T _—

1.00e-0g +

5.00e-10 +

300 400 500 600 700 800 900 1000
m_WI! (GeV)

Figure 19: The contribution of the diagram of Fig. 18 to the anomalous magnetic moment
of the muon, assuming that mys = 100 GeV (solid line) and 200 GeV (dotted line)

The Feynman diagram is given in Fig. 18. The calculation is straightforward, and we

find that the contribution to a, = -2 is given by

2 1 2
g z(1 — 2°)
aw =35 Ji = ——dz (68)
Z(z—1)+z5+(1—2) ¥
B #

where my, and my, are the masses of the W; boson and the M-lepton, the second

generation exotic lepton corresponding to the muon. The result is given in Fig. 19.
Consider the case in which the mass of the exotic heavy lepton m,s = 200 GeV and

mw, = 650 GeV. We see that this gives a value of a, which is 1.7 x 107'%g%. If we take

gr = gr, it is about 0.7 x 107!%. This is much less than the current experimental limit
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from the AMMM.

In the absence of any solid theoretical understandings of masses of exotic fermion
and extra neutral gauge bosons, one must rely on experiments to provide bounds on
such parameters. It is found that the constraint from AMMM is very weak. Stronger

constraints can be obtained by electroweak precision data in the following.

3.4 Extra neutral gauge bosons and mixings

The first part of the Lagrangian concerns itself with the gauge fields. It contains the

kinetic and self-interaction terms for the vector fields

1 1 1 1
Lgauge = _ZW;:WLW — W W = JAw A — 2B B

where

Wke = 9,Wke — 8,Wks — g fRew I w ke

with [T'¢, T?] = ig%eT¢, T = Z-, where o® are Pauli matrices and f#* = e“*°.

Wiz =8,Wi* — 8,W, — g fiwrw e

with [T, T?] = ie®°T¢, T# = 5, where 7° are also Pauli matrices and f#* = %, and
where

A, =0,A, — 0,A,,
B,, =0,B, — 0,B,.
The relevant part of the Lagrangian which gives masses for gauge bosons after the

spontaneous symmetry breaking is

i, ; 4 2
~ (—591,0‘ W, ~ ‘2'gY(+1)Au - §9Y'(—§)B;‘)H2
2

i _ . i 5
+ l(—‘2-917' -W, — §gv'(§)3u)N
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+|(~g0r7 Wl = 39 GBan|
29[ n 9 Y 3 [
L L_ ¢ t 1 o= vl ’
+ ‘(—ig[,a -W, ~ §gy(—1)A“ - 59}/'(“3)3#)7{ - ;H"' Wyl . (69)

It is easy to find that there are mixings among various gauge fields in order to get physical
mass eigenstates. Before we discuss the gauge boson mixings in our specific model in
detail, we will first discuss the mixings among gauge bosons in the general case.

In Ref. [67], bounds on mixings between light and heavy gauge bosons were considered.
For simplicity, first consider the case of two gauge bosons Z and Z’. Assume that in the
absence of the mixing the masses would be mz and m’; > mz respectively. Including

mixing, the Hermitian mass-squared matrix becomes

m2  ms.,
M = ( m2zzz, mzzzz, ’ (70)

where m%,. is an arbitrary mixing term, which can be chosen to be real for neutral gauge

bosons. It is well-known that the physical states are

Zy, = Zcos@+ Z'sinb,

Zy = =Zsinf + Z'cosb (71)
with physical masses
m% = mjcos® 6 +m% sin®@ + 2m%z sin 6 cos 6,
m%, = mysin®6+m% cos’d — 2m%,, sinf cos b (72)

and the mixing angle 8 is given

—2m% . )
tan 29 = ;12—%77212—, (73)
z! zZ

or written in terms of physical observables m% and m3, as

2 2
mz — m
tan®§ = ——22——22‘— (74)
mz, — mz
49
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Since tan? 8 cannot be negative, the mixing always lowers the mass of the ordinary Z
boson. The lighter mass state, Z,, should be identified with the observed Z in experiments
at LEP or SLC. The observed value is very close to the value predicted by the SU(2), x
U(1l)y model. This means that the mixing angle should be very small, or the mass of
the extra gauge boson should be very large (e.g. Mz, ~ 1 TeV). In Ref. [62, 69] Z-Z'
mixing was considered with a mixing term in the kinetic terms [70] between the Z’' and
the hypercharge gauge boson in SU(2); x U(1)y x U(1)y model. The phenomenology
of gauge kinetic mixing has been reviewed in Ref. [71]. In our model and analysis zero
kinetic mixing at the electroweak weak scale will be assumed.

In many extensions of the SM, there are several U(1) factors. Another simple case is
the mixing between two extra Z bosons. The Z'-Z"” mixing is generally discussed in the
basis of U(1), and U(1l), in Es models. The mass eigenstates are defined to be Z’ and

Z" given by

Z'(9) = Zycosf — Z,sinb,

Z"(0) = Z,cosf+ Zysinb. (75)

It is found that the Z,, the extra U(1) factor in rank-5 model described in the first part
of this thesis, is just a special case of Z'(f) with § = sin™',/3/8, and the Z; is also a
special case corresponding to § = —sin~! \/—5—/§ It is interesting that Z, is orthogonal
to Zr. It is generally assumed that Z”(f) is too heavy to mix with the SM Z. Then
there is only one extra neutral gauge boson in the model which could have effects on
the electroweak section. The Zy , ,r models are the ones most frequently discussed as
being representatives of those which can arise from the Eg models. In Ref. [68] the
phenomenology of the FEs electroweak model with two extra Z bosons was discussed.
Mixings of the full three neutral gauge bosons were considered there in several limiting

cases.
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Now consider the case of n charged or neutral gauge bosons B? (the notation of Ref.

[67] will be used.), with an n x n Hermitian mass-squared matrix

mg b2 b3 me- bn
bt
M2 E _2 2 ) (76)
N .AAH
b*

n
where myg is my, or mz,, M% is the (n — 1) x (n — 1) mass-squared matrix for the
n — 1 heavy bosons, and b;, i = 2,---,n are arbitrary mixing parameters. Assume M?%

is diagonal with elements a; < a3 < --- < a,. The physical states are

Bo= > (u); B, (7
j=1
where u; is the i-th normalized eigenvector of M? with eigenvalues m?,i = 1,---,n. The
major results of Ref. [67] are
\ 1/2
o (52 e
and U
()] < (im”—{%) , i=2,n (79)

The proof can be found in Ref. [67]. Therefore if the mixings are very small, we can take

m2—m2

m;—mg

)1/2 as the upper bounds of mixing angles between BY and B?,7 = 2,---,n. We
will use these results in our analysis and calculate the upper bounds of mixings between
the ordinary Z and extra neutral gauge bosons in the following.

In the SU(2), x U(1)y x SU(2)r x U(1)y- model, the neutral gauge fields include the
ordinary Z coming from the SU(2)r X U(1)y, W}, W# and W} for the SU(2) group and
B for U(1)y- (we will use linear combinations W = (W} = iW?)/\/2 instead of W} and
W2, here + is just a convention, as they are neutral). After the spontaneous symmetry

breaking mechanism described in the previous section, the mass-squared matrix for the
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neutral gauge bosons generally has the form

where VT = (Z, W}, B, W/, W[ ). The matrix M? is a symmetric 5 x 5 matrix

2

%VT.A/FV

mz M2 M1z N4 mis
2
mi2 les M2z T4 Mos
2

M?=| miz ma3 mp mzy M3s

2
M4  T24 T34 0 mWIt

2
Mmys Mos Mg3s M 0

+
w3

The specific expressions for the matrix elements in our model are

16 + )+ +2)

ix/g% + g} gr(vi — v3)

S\/9L + gkgv (v + 1 — o)
mys = j_li\/ g3 + gy grv1vs

1

ng(vf +v24+n?+nd+ n'12 + n'22)
1 2
ﬁglgy:[——vf +v: — 5(n? —n3 +n}

mos =0

1
%gf,, [v? + 1602 + v2 + 25(n? +n2 +n}* + ny?)]

1
m = —— (s
35 12\/59[91’[

1
ng(v% +v2 +n? +n2 + 0%+ nb?)

'2

)]

—v1v3 + 5(n1ng + ning)]

(80)

(81)

(82)

where vy, v, U3, N1, Ng, 1} and n, are vacuum expectation values for Higgs fields intro-
) ) 1 2 g

duced in our model. It should be pointed out that m%,. =

192 (v? + v2 + v3), so the

relationship my = mzcos@y still holds. It is apparent that there are mixings among

the neutral gauge bosons. Before we go further to diagonalize the matrix to get the mass
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eigenstates, we will consider a limiting case in order that we have some confidence that
the mass-squared matrix makes sense physically.

It is noted that the elements in the first row and column are independent of the
vacuum expectation values n; and nj(i=1,2). Therefore when they are very large, the
mixing should be small. In this decoupling limit, the only observable neutral gauge boson
is the ordinary Z and its mass is the exact value measured experimentally. The extra
neutral gauge bosons are not accessible experimentally at least in the facilities available
currently or in the near future. To see how this limiting case happens, assume that
n; = M, n; = c.M, where ¢; and ¢} are order of 1 and M represents a large mass scale.
Thus 1/M is small and it can be treated as a perturbation parameter. We write the

mass-squared matrix in the form

2 12 i !

mz/M* my, mj; myy  mi
1 n 4

av My Moz oy Mgy

7 4 2 4 I
M? = M? my3 Moz Mp Ty T",Lz35 (83)
4 7 4
My Moy Mgy 0 mw,t
! ! 7 2
m’ - mb mhe m 0
15 25 35 w*

where the prime on the elements means the factor of M? has been pulled out. It can be

split into two parts

M? = M% + M2 (84)
where
0 O 0 0 0
0 mﬁ,? Mmbhy Moy  Mog
MEZ=M?| 0 my mg ms My (85)
0 my my, O m’v";,;t
and , ) ) . .
myz/M* mi, miz miy; mis
mi, 0 0 0 0
M2 = M? mis 0 0 0 0 (86)
mi, 0 0 0 0
d 0 0 0 0
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Figure 20: The decoupling limit of mass-squared matrix for the neutral gauge bosons, no
mixing (solid line) and perturbation (dashed line).
We can treat M? as a perturbation around M3, and the mass of the mass eigenstate,

Z1, identified as the ordinary Z should have the form

a

(87)
It is straightforward to find that ap = 0 and a1 = M% = (g} +¢%) (v} +v3 +v3), and that
the second order correction, aq, will give mixing which is dependent on.M. The result is
illustrated in Fig. 20. It is found that when M = 5 TeV, the curve becomes almost flat.

After discussing the limiting case above, now we turn to diagonalize the mass-squared
matrix. It is reasonably difficult to diagonalize the matrix analytically. Numerical calcu-

lations are needed to get the eigenstates and corresponding eigenvalues. The matrix M?

can be split into two parts

M2 = M? 4+ M2
2
mz g 0 0 0 0 myp myz Mg Mis
0 miypz mas M2 s m2 0 0 0 O
= 0 mogg mp Mz mas |+ | my 0 O 0 0 |88
0 may mza 0 M. my 0 0 0 O
0 Mo Ma3s mfvi 0 mis 0 0 0 0
I
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First we can find a 5 x 5 unitary matrix U, to diagonalize M? as

m3
m3,
UiMU, = M = m%, (89)
m2
Z4 2
ma,
where U; has the form
1 0
u=(y o) (30)
with u; is a 4 x 4 unitary matrix, and the corresponding eigenstates are
z VA
Za wi
Zs |=Ul| B (91)
Zq Wi
Zs W

We will call this transformation the first transformation for convenience in this paper. It
gives linear combinations of extra neutral gauge fields. There is no mixing of the ordinary
Z boson with extra neutral gauge bosons at this stage. The matrix M3 should also be
transformed correspondingly as

/

s 4 I
0 my my; my My

UIMIU, = MZ = | mi; 0 (92)

Then the total mass squared matrix for the neutral gauge bosons under the new basis

has the form

= m3 Mz, (93)
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M can be principally diagonalized by another unitary matrix U, as described at the
beginning of this section, then we can get a unitary matrix U = U, x U; which can be

used to diagonalize the original matrix M?

m%,
m%;
UIM?2U, = M" = My : (94)
mzz;
mzzg
and the final physical eigenstates are

Zy z
VA4 Zs
zZy |=UL| Zs |. (95)
VA Zy
ZL Zs

Compared with the U,-transformation, we will call this transformation the second trans-
formation. The mixings of the ordinary Z boson with extra neutral gauge bosons occur
in this transformation. The elements of U, satisfy the constraints given by Eq. (78) and
Eq. (79) at the beginning of this section.

The couplings between neutral gauge bosons and fermions, which will give neutral
current processes, are

Lye = — S AgzFa7" (I3, — Q. sin?bw) faZy + gv Y], /2Fa7" foB
f.o

+grTde Fov* faWiL} (96)
where the first term in the brackets represents the SM neutral currents, the second
and third terms represent additional neutral currents introduced by extra neutral gauge
bosons and gz = g1/ cos O = gy/sin fy. The symbol f, denotes the leptons or quarks
with the chirality o (@ = L or R). The quantum numbers I}, Qy,, Y7, and T can be
read from Table 1.3. The flavor-changing neutral currents caused by W} involve heavy

fermions and will not be discussed here.
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Considering the first transformation, the interaction Lagrangian changes to

Lye = —> {9zf71" ([?L — Qy, sin® 0W) faZy,
fa

+gv' Yy / 2f a7 fa 3 (U1)3;Z;u
J#l
+91TfF Fot* fa 3 (U1)2i Z5u}- (97)
J#l1
where the first term is unchanged because there is no mixing of the ordinary Z boson with

extra neutral gauge bosons. Including the second mixing, the final interaction Lagrangian

is given as
Lyc = =) {9zf.71" (I?,_ — Qy, sin® 9W) fal(U2)u1Z1, + D> (U2)1;27,]
fe j#l
+gy' Y7 [2fav*fa 3_(U1)si((U2) 121, + Y (Ua2)x Z,]
F£L k#1
+91T3ﬁ'7a"/”fa Z(U1)2j[(Uz)jLZm + Z(U2)jkzllcu]}’ (98)
j#l k#1

where (Us)1; is almost equal to 1.0 as the mixing should be very small; we will set it to
equal to 1.0 and it represents the contributions from the SM. For small mixings the (U,);,

2 2

are also very close to (;g—;%zg;) 1/2. They represent the mixings between the ordinary
Z boson and the extra nedtral gauge bosons. We will treat them as approximations of
the mixing angles in our analysis (From Ref. [67] we know they are just upper limits
of the mixing angles). Then it is easier to understand the physical meaning of the
mixing angles when compared with the most conventional 2 x 2 Z-Z' mixing in SU(2) x
U(1)y x U(1)y» model. The second terms in the brackets of the second and third line, the
(U2)jk, J # k terms, should be very small as they characterize the mixings among teh Z;’s
themselves. We will omit these mixings in our analysis. The contributions from the term
> i#1(U2)1;Z;, are also omitted in our analysis because they are combinations of mixings

and exchanges of extra neutral gauge bosons and should be very small. Henceforth we

will omit the prime on the Z;.
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Due to the mixings, the mass, mz, of the observed Z boson is shifted from the SM
prediction mz:

Am?=m% —m% <0. (99)

The presence of this mass shift will affect the T-parameter [72] at tree level. The oblique
parameter S gets nonzero Z-Z' contribution only in the presence of kinetic mixing, and
U will not get contributions from Z-Z’ mixings. Following the notation of [73], the T-
parameter is expressed in terms of the effective form factors §%(0), % (0) and the fine

structure constant « as

_ g%V (O) m221

ol = 1
miy 9%(0)
= a&(Tssr + Thew), (100)

where Tsps and the new physics contribution Ty, are given by

Gy (0) mzz
aTsy, = 1- e e
oM myy 9%(0)
Am?2
OTpew = ——o > 0. (101)
'I'I’LZl

It is noted that the positiveness of The is attributed to the mixings which lower the mass
of the ordinary Z boson. The effects of Z-Z' mixings in the electroweak experiments can

be described by the effective mixing angles and the positive Tpe,.-

3.5 Electroweak observables

In this section, we give the theoretical predictions for the electroweak observables
which will be used in our analysis. Similar consideration for the SU(2), xU(1)y xU(1)y
model can be found in Ref. [62]. The experimental data are summarized in Table 3.1.
The experimental data from the Z-pole experiments and the W boson mass measurement
are taken from Ref. [74], and LENC experiments are taken from Ref. [75]. Some of data

used here are out-of-date, but are convenient in comparing with results existing in the
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Table 3.1 Summary of electroweak measurements

Z-pole experiments

mz (GeV) | 91.1867 £ 0.0020
Lz (GeV) | 2.4948 + 0.0025
oy (nb) 41.486 £ 0.053
R, 20.775 + 0.027
Ay 0.0171 & 0.0010
A, 0.1411 + 0.0064
A, 0.1399 =+ 0.0073
R, 0.2170 & 0.0009
R, 0.1734 & 0.0048 ]
ARy 0.0984 & 0.0024
ARG 0.0741 =+ 0.0048
A%, 0.1547 =+ 0.0032
Ay 0.900 =+ 0.050
A, 0.650 &+ 0.058
W-mass measurement
mw (GeV) | 80.43 & 0.084
LENC experiments
AsrLac 0.80 + 0.058
AcERrN -1.57 £+ 0.38
ABates -0.137 =4 0.033
Ah{ainz -094 + 019
Qw(BCs) | -72.08 £ 0.92
Krg 0.3247 + 0.0040
Kccrr 0.5820 + 0.0049
ary 20.269 + 0.011
e 0.234 & 0.011

literature. It will subseqgently be found that slightly stronger constraints will be expected

if updated data are used.

3.5.1 Observables in Z-pole experiments

The decay amplitude for the process Z; — f. f can be expressed in the form as

T(Z1 —r fa_f:) = Mcj;ﬁz1 . Jfa,
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where €7 is the polarization vector of the Z; boson and J Fo= fa* fo is the fermion cur-
rent without the coupling constants. The pseudo-observables of the Z-pole experiments

are related to the real scalar amplitude M/ with the following normalization [62]

Mi M

f—
9o = ~ - (103)
/4\/§G’pm221 0.74070
The effective coupling g/ can be written as the sum of two parts
ol =(af),,, +(4d). .- (104)

The (g‘{)new at tree level can be read off from the expression for the neutral current

interaction including the mixings, see Eq. (98).
(60) = gv¥; /2> (Un)s;(Ua)ju + giTF 3 (UL)2;(U2)in (105)

J#1 Jj#l

The SM predictions [73, 76] for the effective couplings (g‘{)sw can be parameterized as
(9%)spy = 0.50214 + 0.453A77, (106)
(98)spy = —0.26941 — 0.244Ag% + 1.001A3?, (107)
(98)sar = 0.23201 + 0.208Ag% + 1.001AF?, (108)
(9%)spy = 0.34694 + 0.314A7% — 0.668AF, (109)
(9%)spr = —0.15466 — 0.139A7% — 0.668A3?, (110)
(gg)SM = —0.42451 — 0.383A7% + 0.334A5?, (111)
(92) op = 0-07732+0.069A7% + 0.334A5%, (112)
(g,';)SM = —0.42109 — 0.383A7% + 0.334A3? + 0.00043z,, (113)

where the SM radiative corrections are expressed in terms of the effective couplings Ag%

and A3? and the top-quark mass dependence of the Zb, b, vertex correction in (g%)sm

is represented by the parameter z,

m; — 175 GeV

10 GeV (114)

Ty =
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The gauge boson propagator corrections, Ag% and AS?, are defined as the shift in the
effective couplings g% (m%l) and 32 (m"}l) [73] from their SM reference values at m; = 175

GeV and my = 100 GeV. They can be expressed in terms of the S and T parameters as

AT

i

g% (m%,) — 0.55635 = 0.00412AT + 0.00005 {1 — (100 GeV/mg)?] , (115)

A% = 3°(m%,) —0.23035 = 0.00360AS — 0.00241AT — 0.00023z, (116)

where the expansion parameter z, is introduced to estimate the uncertainty of the

hadronic contribution to the QED coupling 1/& (mzzl) = 128.75 £ 0.09 [77]:

1/a@ (m%,) — 128.75
0.09 ’

Zo

(117)

Here, AS, AT, and AU are also measured from their SM reference values and they are

given as the sum of the SM and the new physics contributions
AS = ASSI\/[ + Snew
AT = iyTSI\«! + Tnew

AU = AUsar + Unew (118)
The SM contributions can be paramerized as [76]

ASsy = —0.007z; + 0.091zg — 0.010z2,
ATsy = (0.130 — 0.003zy)z, + 0.003z; — 0.079z 5 — 0.028z% + 0.0026z%,

AUgspy = 0.022z; — 0.002z, (119)

where z g is defined as

zy = log (mg /100 GeV). (120)

zy represents the Higgs mass dependence of the oblique parameters. Using the eight
effective couplings gZ, the pseudo-observables of the Z-pole experiments are given in the

following.
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Table 3.2 Numerical values of factors Cyy and Cyu for quarks and leptons.

Crv Cra
u 3.1166+0.0030z, | 3.1351+0.0040z,
d=s | 3.11664+0.0030z; | 3.0981+0.0021z;

c 3.1167+0.0030z; | 3.1343+0.0041z,
b 3.1185+40.0030z; | 3.0776-+0.0030z
v 1 1

e= U 1 1
T 1 0.9977

The partial width of the Z; boson is given by

0= Sl o L+ o] - ol L2 (14 30 72RY) ey

where the factors Cyy and Cyr4 account for the finite mass corrections and the final state
QCD corrections for quarks, and their numerical values are listed in Table 3.2. The

as-dependence in Cyv and Cg.4 is parameterized in terms of the parameter z

as(mzl) - 0.118
= . 122
s 0.003 (122)

The last term proportional to @(m%,)/7 accounts for the final state QED correction.

The hadronic decay width [y is
Fp=Ty+Tlg+T.+T;+T%. (123)
The total decay width 'z, is given by

Lz, =3, + e+, +T; 4Tk (124)

The ratios R, R., R, and the hadronic peak cross section o are given by
R = —= (125)
R = = (126)
Ry = — (127)

o = et (128)
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The left-right asymmetry parameter A/ can be written in terms of the effective couplings

g{ as

e _ (af)2
(92)% + (9r)?
The forward-backward(FB) asymmetry A%L and the left-right(LR) asymmetry AYL are

then given as follows:

3
AL = ZAeAf, (130)
AV = Af. (131)

3.5.2 W boson mass

The theoretical prediction of muy can be parametrized as [73, 76]

mw (GeV) = 80.42 — 0.288AS + 0.418AT + 0.337AU + 0.012z, (132)
3.5.3 Observables in LENC experiments

In this subsection we give the theoretical predictions, which can be found in Ref.
[62, 73, 75], for the electroweak observables in the LENC experiments: (i) polarization
asymmetry of the charged lepton scattering off a target nucleus, (ii) parity violation in
the cesium atom, (iii) inelastic v-scattering off a nuclear target and (iv) neutrino-electron
scattering. Besides the SM contribution, all observables also receive corrections from the
new physics: exchange of extra neutral gauge bosons and their mixings with the ordinary
Z boson. As the extra neutral gauge bosons are expected to be heavy, the contributions

due to exchanges of extra neutral gauge bosons can be described by an effective contact

interaction
Lne =33 0Ll O 1uPats® pv" Pathse, (133)
fof a8
where f, f’' stands for leptons and quarks, a,8 = L, R denote their chirality: Prr) =

(1 & vs)/2. For a given extra gauge boson, the coefficients nc{'ﬁf' have the dimension of
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(mass)~2 and are given as

nld = (ga) (gﬁ) ’ (134)
mze

where mz_ is the mass of an extra neutral gauge boson and (gf) ¢ and (gﬁ )g are the Zg
boson couplings to f, and fj5 respectively.

The effective Lagrangian for the lepton-quark four-Fermi interaction can be parametrized

G
L:eff = \/g Z {C'1qu’)' '}'awlvq’)’/zd)q +C2qwl'7 wl¢q7p75¢q + CBq"r)l'y 'Yawld) /p'Yawq}

q=u,d
(135)
where [ = e, p, 7 and C4, Caq, C34 are model-independent parameters introduced in Ref.

[75, 78] . They can be expressed in terms of the helicity amplitude MY «p Of the process
fafp = fofp as below [73]

_ 1 lq lq Arta
Cu = 575c: (ME, + M — M, — M), (136)
1 1 ! L { -
Co = 5 (ML — M+ Mgy — Mir) . (137)

1 !
_— M L+ M + M — M3, . 138

In the presence of the mixings and contact terms, the complete helicity amplitude is
given by the sum '
M (%) = Ml (@) + aM (@) (139)

Then the coefficients Cy, of the effective lepton-quark interactions can be divided into

two pieces correspondingly as
Cig=C3M + ACy. . (140)

where the first term denotes the contribution from the generic SU(2), x U(1l)y model.

The terms AC;, receive contributions from the contact interactions and the mixings. The
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former contributions are given as,

1
ACi = oo (ny + e — N — TRr) » (141)
1
ACy = 55 (nfy — iR + 18 — TRR) » (142)
— 1 lq lg lqg lg
ACz = V2Cr (—WLL T MLr T MR — TYRR) . (143)

The contributions to AC;, from the exchanges of extra neutral gauge bosons are easily
to calculated by using Eq. (134) and the above equations. For example, consider the

calculation of AC,, due to the exchange of the lightest extra neutral gauge boson Z,,

(glz,)Zz = QY'Q% (U1)32 + ngéti (U1)22,
(952)22 = gY'QlYR' (Uy)32 + QIT;? (U1)22,
(98)z. = gv Q¥ (Ui)az + 9115 (Uy)aa,

(91;2)2: = gY'Ql}Lf"z(Ul)sz+g['I§‘1R(U1)22, (144)

and

N = 3 NMr = — 7
L m%, - mZ,
4 u ]
772»_‘5 _ (QR) Zo (92) z, pl = (QR) Zs (9%) z, (145)
M2, Mm%,

Combining the above results together, we get
1
Acuz lu + e _ lu _ lu ) 146
L Wolel J2Gr (nLL LR ~ TIRL URR) (146)

The contributions from other extra neutral gauge bosons should be much smaller because
they are heavier, however they can be calculated in the same way and are also included
in our analysis.

The contributions due to mixings of the ordinary Z with extra neutral gauge bosons

are treated in the similar way. To leading order, we use the mass of the Z, boson instead
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of m"’z2 and relevant couplings. Therefore we approximate the mixing effects by contact
interactions due to the exchange of the Z; bmwson. This should be reasonable because
at low energies one has |¢?| <« m%,, where g, is the typical momentum-transfer in the

LENC processes.

3.5.3.1 Polarization asymmmetries
There are two types of observables meassured in these LENC experiments. First,

polarization asymmetry A of charged lepton scattering off the nucleus target

dG'R—~—dO'[,

Az —————
dUR‘i—‘dO'L’

(147)

where dog(r)y denotes the differential cross secttion of the right(left)-handed lepton scat-
tering off the nucleus target. The parameter A has been measured in eD-scattering at
SLAC [79, 80], in eC-scattering at Bates [81] =nd in eBe-scattering at Mainz [82]. The
asymmetry has also been measured recently im elastic electron scattering from the pro-
ton by SAMPLE [83] and HAPPEX [84], but Bow the results can constrain new physics
remains to be studied further.

Another type of the polarization asymmetry B is

dof — dog

B= %L %%
dot + dog’

(148)

where do ;) is the differential cross section of” the right(left)-handed negatively charged
lepton scattering off the nucleus target, and daj{( 1y denotes those of positively charged
anti-lepton scattering off the nucleus target. The parameter B has been measured in u=C
scattering at CERN [85]. It has also been measured recently to study the spin structure
functions of nucleons by E155 at SLAC [86].
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(I) SLAC eD experiment

In SLAC eD experiment longitudinally polarized electrons were scattered deep-inelastically
from unpolarized deuterons [79, 80]. This historic experiment still gives non-trivial con-
straints on new physics. It constrains the parameters 2C1, — Ciq and 2C5, — Coq. By the

analysis of Ref. [62], the parameter Aspac has the form

Aspac = 2C1u — Cra + 0.206(2C2, — Caq)
= 0.745 — 0.016AS + 0.016AT

+2AC1 — AC1q + 0206(2A02u — Ang), (149)

The second line represents mainly contributions from the SU(2). x U(1)y model and a
bit of contributions from new physics through the oblique parameters which gain small
corrections due to the Z-Z' mixings. The third line represents contributions from new
physics.
(IT) Bates eC experiment

Parity violation in the elastic scattering of polarized electrons from '2C nuclei was
measured successfully [81]. It constrains the combination Ci, + C14. The analysis of Ref.

[62] is quoted as

ABates = Clu +Cld

—0.1520 — 0.0023AS + 0.0004AT + AC1, + AC1q, (150)

(IIT) Mainz eBe experiment
In this experiment polarized electrons were scattered quasi-elastically off the °Be
target and the polarization asymmetry was measured [82]. The asymmetry parameter

Apainz can be expressed in the terms of model-independent parameters as below [62]
Aprfainzg = —2.73C1, + 0.65C 4 — 2.19C5, + 2.03Co4
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(a) (b)

Figure 21: (a) Parity-violating electron-fermion amplitude generated by Z%-exchange,
(b) Effective four-fermion electron-fermion PV interaction

= —0.876 + 0.043AS — 0.035AT
—2.73ACy + 0.65AC 14 — 2.19AC5, + 2.03AC Yy, (151)
(IV) CERN p*C experiment
At CERN SPS the charge and polarization asymmetry of muon deep inelastic scatter-
ing off the '2C target were measured [85]. It constrains the combinations of parameters
2C5, — Coyq and 2C3, — C34. The most stringent constraint is found as [62]
Acerny = 2C3, — C3d -+ 0-777(202u - Czd)
= —1.42 —0.016AS + 0.0006AT
+2AC3, — AC3q + 0777(2A02u — Ang). (152)
3.5.3.2 The weak charges
The weak charge is the weak neutral current counterpart of the electromagnetic charge,

Qer- The Feynman diagrams that give the weak charge are illustrated in Fig. 21. Due

to the new physics modification, the weak charge can be written as

Qw = QW + AQw, (153)

where QY, gives the contribution in the SM while AQw represents possible contributions

from new physics. The new physics can affect Qu in basically two ways: by physics
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which can modify the propagation of the Z° from the electron to the other fermion f,
and by the exchange of possible new, heavy particles between e and f. The former can

be described by corrections to the so-called oblique parameters AS, AT and AU. The

latter can be given by the low-energy effective Lagrangian.

£=cBY+ LRy, (154)
where
LSy = fj—giév“"rse S gt
2v/2 -
£rl, = T e S H - (155)
7

where £EY, gives Q% with the vector fermion-Z° coupling ¢, = Qf, = 27§ — 4Q; sin? 6y
and the axial vector fermion-Z° coupling g4 = —2TY at the tree level in the SM. LEY
describes the direct new physics contributions to the AQw. The mass scale of the
new physics is represented by A and x? sets the coupling strength. The coupling h{,
characterizes the interaction of the electron axial-vector current with the vector current

of fermion f for a given extension of the SM. It is straightforward to write down the

corrections to the weak charge, specifically, for the proton and neutron

8/271K?

P __ u
AQw = W(%V + k%),
8vV2rK? _
AQY = ‘m(hv + 2h{))- (156)

In the case of the exchange of a new heavy particle between the electron and the fermion,

~2

k2 = L
47’
A2 = m2zl,
M, = gl (157)
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where § is the coupling constant of the new interaction, mz: is the mass of the new
heavy particle, and §5(gi,) are the heavy particle axial-vector(vector) couplings to the
electron(fermion). The new physics sensitivity of low-energy parity-violating observables

is studied in Ref. [87] in detail. In term of the left(right)-handed components,

i 1., .
i = §(Q£+9{2),

) 1.

ga = 5(92—9?2, (158)
Then
L ~e ~ ~e ~ ~e = ~e ~
R, = Z(gw{ + 3eih — 9591 — 359D,

~ ACy, (159)

where C;; is defined in Ref. [62, 75] and has been introduced in the beginning of this
section. Correspondingly

AQly = 2(2AC1, + ACw),

AQY, = 2(AC., + 2ACL). (160)
When an electron interacts weakly with a system composed of several elementary fermions,
such as an atomic nucleus, the weak charge of that system is just the sum of the weak
charges of its constituents. The weak charge Qw (A, Z) of nuclei is usually used to de-
scribe the experimental result of atomic parity violation. The data for the cesium atom

133Cg (88, 89] is given in Table 3.1. In terms of parameters Cy4, the weak charge of a

nuclei can be expressed as [62]
Qw(A, 2)=2ZCyp +2(A - Z)Chn, (161)
where

C;, = 0.03601 — 0.00681AS + 0.00477AT + 2AC1y + AC,

Cin = —0.49376 — 0.00366AT + ACy, + 2AC14. (162)
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Therefore
Qw(33B3Cs) = —73.07 — 0.749AS — 0.046AT + 376 AC1, + 422AC,4. (163)

In contrast to the weak charge of a heavy atom, the weak charge of the proton, namely
Q4% is fortuitously suppressed in the SM. Therefore it is very sensitive to contributions
from new physics. Q% is twice as sensitive to new u-quark interactions as it is to new d-
quark physics. In our model the right-handed u-quark and d-quark have different isospin
content, so it is advantageous to consider the constraints arising from the measurement
of Q%,. Additionally the interpretation of the experimental result, if the weak charge of
the proton is measured, will be free from theoretical uncertainties such as the neutron
number density of atomic nuclei. The theoretical prediction for the weak charge of the

proton is

P
QW = ?‘Clp

= 0.07202 — 0.01362AS + 0.00954AT + 2(2AC1, + AC)4) (164)

3.5.3.3 Neutrino-quark scattering
To describe neutrino-quark scattering experiment, it is conventional to introduce the

model-independent parameters, g2 and §2(a = L, R) [90]

ga = uatdg (165)

62 = ul-—d? (166)

where u, and d, are given by the helicity amplitude {73]

1 vuq

= ——~ M
Qe W Te P
M + Aqa (¢ = u,d), (167)

i

where the Ag, can get contributions from mixings and the contact terms. They can be

calculated in the similar way as described in the first part of this section. The latter
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contribution has the form {75]

1
2v2G

Two independent sets of experimental data are used in cur analysis: all the old neutrino-

Ago = — Mea - (168)

nucleus scattering experiments summarized by Fogli and Haidt [90] and the more recent
CCFR measurement [91]. Due to the difference in the typical momentum transfer, the
theoretical predictions for the model-independent parameters in the generic SU(2) x

U(1)y models are

UM ( 8:3222 ) — 0.0023A8 + 0.0041AT,

L ( oo ) — 0.0023A8 + 0.0004AT,

d5M < N ) +0.0012A8 — 0.0039AT,

FELNN ( 8:8;;2 ) +0.0012A5 — 0.0002AT, (169)

where the upper and the lower numbers in the first column are the predictions at
(Q*) rr = 20 GeV? and at (Q%)ccrr = 35 GeV? respectively. The difference due to
the momentum transfer is very small. These two experiments put stringent constraints

on the combinations of g, and &, as [62]

Krg = g2 +0.879g% — 0.01062 — 0.0436%, (170)

Kecerr = 1.7897¢2 +1.1479g% — 0.091662 — 0.07826%. (171)

3.5.3.4 Neutrino-electron scattering

There are three v — e scattering experimental results [92-94]. The combined data
[75, 94] are given in Table 3.1. The total cross sections for v, — e and 7, — e scatterings
can be expressed in terms of the helicity amplitude as [73]

T = Tgn(@) = m BN+ Slet(@) = 5 )
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a.ue

Ey

{ lg"“e((QZ) = )l2 + |97 ((Q%) = m.Ex)*}, (173)
where the helicity amplitude can be parametrized as
grss = (g7s) ™ + Agpes (174)

For the generic SU(2) x U(1)y model, the theoretical predictions are [62]

gre) M = —0.273 +0.0033AS — 0.0042AT, (175)
gps) ™ = 0.233 +0.0033AS — 0.0006AT. (176)

and the contribution from the contact terms is [75]

Agrsl =l (177)

This is straightforward to calculate and the contribution due to the mixings can also be

treated similarly as described before.

3.6 Constraints on extra neutral gauge bosons

Using the electroweak precision data, constraints on the parameters T.,, mixing
angles and masses of extra neutral gauge bosons can be obtained from the standard x*
analysis. But here we are mainly.concerned with constraints on the parameter spaces
between mixing angles and the masses of extra neutral gauge bosons, we will not try to
give the fit for Ty, parameter. For our specific model, we just go through reasonably
possible parameter spaces and find the acceptable physically parameter spaces by fitting
the predictions of our model with various experimental results. For simplicity, Spew and

Upew will be set zero because they are very small. Through our analysis, we will use
mz, = 91.1867+0.0020 GeV [74],
Gy = 1.16637(1) x 1075 GeV~2 [31],
1/a(m} ) = 128.75+0.09 [77], (178)
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as inputs and

my, = 1756 +5.5 GeV,

a; = 0.118 £0.003 (179)

as constraints on the SM parameters which were used in Ref. [62]. The Higgs mass
dependence of the results are parameterized by zg and we just set zg = 0 for simplicity.
We first obtain the constraints from Z-pole experiments and my measurement only, and
then we combine the LENC experiments with them to get further constraints. Finally
we will study the constraint which would arise from measuring the weak charge of the

proton.
3.6.1 Constraints from Z-pole and my» data

From the previous section, it is found that the Z-pole experiments are related to
mixings and the T-parameter, while my is only relevant for the T-parameter. From
these data the number of degrees of freedom is 14. If we set all mixing angles and Tr.y
equal to zero, it will give the fit for the SM, which can be found in Ref. [31, 62]. There is
a small difference between them because different experimental data were used. It serves
as a reference because the SM fits the experiments very well. Defining Ax? = x* — X%
by requiring acceptable Ax? we can get constraints on the mixings and the masses of
extra neutral gauge bosons at different confidence levels. The result for Ax* = 1.0 is
illustrated in Fig. 22. The lower mass limits for Z,, Z5 and Z4 bosons are about 330 GeV,
1000 GeV and 1.5 TeV respectively. It seems that the model allows for the existence of
a comparatively light extra neutral gauge bosons. But we will find in the following that
this is not true when LENC experiments are included. The mixing angles are found to
be very small, namely || < 0.005. Although the lower mass limits are largely different

for Z», Z3 and Z,; bosons, the ranges of the mixing angles are all almost the same.
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Figure 22: The contours of Ax? = x* — x%,; = 1.0 for extra neutral gauge bosons. The
constraints are obtained by use of Z-pole experiments [74] and my measurement [74].
As a reference the lower direct production limit from CDF [58] for the sequential Zsys is
also shown (solid line).

The Z-pole experiments have been updated [31] and slightly more stringent constraints
can be found. It is found that the lower mass bound of the lightest extra neutral gauge
boson is about 380 GeV with little change of the mixing angle.

The sequential Zsy, boson [95] is defined to have the same couplings to fermions as
the SM Z boson. Such a boson is not expected in the context of gauge theories. However,
it serves as a useful reference case when comparing constraints from various sources. The
direct production limit for the sequential Zga boson from Ref. [58] is 690 GeV. It is
assumed that all exotic decay channels are forbidden, and have to be relaxed by about
100 to 150 GeV when all exotic decays (including channels involving superparticles) are
kinetically allowed. It was found that, at this time, the lower mass limit for the lightest

extra neutral gauge boson, Z, is much lower than the direct production limit for the

sequential Zgps boson.
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Figure 23: The contours of Ax? = x? — x%,, = 1.0 for extra ne:utral gauge bosons. The
constraints are obtained by use of Z-pole experiments [74], my measurement [74] and
LENC experiments [75]. As a reference the lower direct producrtion limit from CDF [58]
for the sequential Zs,s is also shown (solid line).

3.6.2 Constrains from Z-pole + my + LENC data

The LENC experiments can get contributions from the exeschanges of extra neutral
gauge bosons, which can be approximated by the contact in-teractions. The contact
interaction is inversely-proportional to the mass of the extra garuge bosons exchanged in
the processes. So the LENC experiments can put stringent con_straints on the masses of
extra neutral gauge bosons. The fitting results of Z-pole experimments, my measurement
and LENC experiments are shown in Fig. 23. It is remarkable t.hat the lower mass limits
for the extra neutral gauge bosons are raised much higher thran those without LENC
experiments. The lower masé bound for the lightest extra gamuge boson is about 560
GeV. This is comparative with the direct production limit for tIhe sequential Zs»s boson.

In Ref. [61], similar constraints on various possible extra Z™ bosons were studied. In
all cases the mixing angles are severely constrained (sin@ < 0+.01), and the lower mass
limit are generally of the order of several hundred GeV, dependiing on the specific models

considered.
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In the model considered here, from the appendices, m%{,? ~ m% assuming that g; =
gr and gyr = gy. It is apparent that My 1S degenerate with my; without mixing.
Generally the lightest extra neutral gauge boson mainly consists of W3, or Z;. It is
noted that Z; corresponds to Z'(§ = — arcsin /5/8) and is orthogonal to Z,. There is
no mass limit on Zy from electroweak precision data available in the literature. From
constraints on Zy, Z, and Z, [61], it could be inferred that the mass limit on Z; would
be about 430 GeV at 95% CL. In Ref. [58] the lower mass limit of 565 GeV for Z;
was set by direct search for heavy neutral gauge bosons with the Collider Detector at
Fermilab. Although Z; mixes with other neutral gauge bosons in the model, our results
are compatible with previous limits in the literature.

It should be pointed out that an updated value for Qw (Cs) = —72.06(28)expt (34)theor
has been reported [96]. The experimental precision was improved and indicated a 2.5¢0
deviation from the prediction of the SM. The possibility that the discrepancy is due to
contributions from new physics has been suggested. In Ref. [97, 98] it was shown that the
contribution from the exchange of an extra U(1) boson could explain the data without
Z — Z' mixing. Some models which would give negative contibutions to Qw (C's), such
as Zspy and Z,, were excluded at 99% CL. The existance of Z; with a central value of
about 760 GeV could explain the deviation.

Of cousre, a 2.50 discrepance is insufficient to claim a discovery, so we will use the data
to determine the lower mass bound of additional neutral gauge bosons. The discrepancy
can easily be reached by the contributions due to exchange of extra neutral gauge bosons
in the model considered here without affecting the fit with the other experimental data
significantly. As mentioned above, the lightest extra neutral gauge boson in the model
mainly consists of Z;. We use the updated value for Qu(Cs) to put a lower mass bound
for the lightest extra neutral gauge boson of 700 GeV with a small mixing. As the mixing

increases the masses of extra neutral gauge bosons, its contribution to the weak charge
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Figure 24: The contours of Ax? = x? — x%,r = 1.0 for extra neutral gauge bosons. The
constraints are obtained by use of Z-pole experiments [74], my measurement [74], LENC
experiments [75] and a proposed measurement of Qf,. As a reference the lower direct
production limit from CDF [58] for the sequential Zg,s is also shown (solid line).
will be lowered compared with the case without mixing, so the lower mass bound on
extra neutral gauge bosons will also be a little lowered in order that the contributions
are large enough to explain the data.

From Ref. [59] the typical bounds achievable on extra neutral or charged gauge bosons
mz«(wr) at the coming colliders such as Tevatron, DiTevatron, LHC, 500 GeV NLC and 1
TeV NLC are approximately 1 TeV, 2 TeV, 4 TeV, 1-3 TeV and 2-6 TeV correspondingly.

Therefore the extra neutral gauge bosons in our model can be expected to be studied

well in the coming colliding experiments.
3.6.3 Constrains from Z-pole + my + LENC data + Q},

In Ref. [99], it is proposed to measure the weak charge of the proton, Q¥E,, with
parity-violating ep scattering at Q% = 0.03(GeV/c)? at Jefferson Lab. A high statistical
accuracy is expected to be achieved with the current facility. Specifically AQ% /Q¥W ~

4%, even better, is promising. Fig.24 illustrates the constraints on the lightest extra
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Figure 25: Constraints on the lightest extra neutral gauge boson, Z,, with the data of
Z-pole experiments [74], my measurement [74], LENC experiments [75] and a proposed
measurement of Q%,(4% and 3%). As a reference the lower direct production limit from
CDF [58] for the sequential Zg), is also shown (solid line).

neutral gauge boson including the Qf;, with different precision levels. It can be found
that the lower bounds of the masses of the extra neutral gauge bosons would be raised
significantly. With AQ¥,/Q% = 4%, the lower mass bound for the lightest extra gauge
boson is already slightly above the direct search limit for the sequential Zs)r boson.
With AQL /Q% = 3%, the bound is about 800 GeV which is much higher than the
direct search limit of the sequential Zgps boson. If the experiment were carried out and
there were no deviation from the SM observed, the parameter space for the new physics
to exist would be highly reduced.

In Ref. [100], the new physics sensitivity of a variety of low-energy parity-violating
observables was analyzed. Taken as an example, present and prospective mass limits
on an additional gauge boson, Z,, were given. Were the precison of measuring the
weak charge of the proton 10%(3%), the lower bound could be 585(1100) GeV. This is

compatible with our result.
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Chapter 4 Fermion sector

4.1 Introduction

Many extensions of the SM, such as grand unified theories, contain exotic fermions.
Although the minimal SU(5) only contain the fermions of the SM, a right-handed neutrino
is at least needed in the SO(10) model. And many additional fermions appear in Ej
model. There include non-chiral color singlets—N and E leptons, color triplet—h quark,
and so on(See Table 1.3). So far there is no experimental indication of exotic fermions.
If any one of the exotic fermions is discovered experimentally, it would pinpoint Eg as
the underlying unification group because they are the true hallmark of FEj.

Strongly interacting exotics, such as heavy quarks, can be produced in abundance at
the Tevatron or the LHC. However, particles which are not strongly interacting, such as
heavy charged leptons, can best be produced at an electron-positron collider. In general,
studies of heavy charged leptons at such colliders focus on s-channel production, through
a-~y, Z, Z', etc. The phenomenology of exotic particles in £s models has been considered
widely [26, 101-107]. A good summary can be found in Ref. [22].

In this chapter, we will first give the Lagrangians relevant to all fermions, discuss briefly
masses and mixings of exotic fermions. We will study pair productions of heavy charged
leptons. A t-channel contribution due to W;-boson exchange, which is unsuppressed
by mixing angles, is quite important. We calculate the cross section, the left-right and
forward-backward asymmetries, and discuss how to differentiate different models. Pair

production of the h-quark is also discussed briefly.

4.2 Lagrangians

Lagrangians relevant to fermions contain the kinetic terms for all the fermions, the

interactions between gauge bosons and matter multiplets induced through the covariant
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derivatives and Yukawa couplings which give interactions between fermions and Higgs

bosons and masses to fermions after the spontaneous symmetry breaking.

— i 2 7 4
~ hL'Y#[aﬂ - §QY(—§)A# - ‘é'gY’(“‘g)B#]hL
1 7 2
'*'ER’)’“[au - §gY(—2)A# - §gY’(_§)Bu]eR

1 4 1 2
+apY ([0, — §9Y(§)Au - 591/'(—5)3;:]“1{

e 2SO 5 v
+( v S )R’Y”[au — 397> w, — §gY'(—§)Bn] ( S )R
(3 F) 10— tem Wi - tov(-Da - Lo QB §

R THE 9 ) 3R 7T A,
1

) 1 1 2 U
§gY(§)A# - §gY'(§)B“] ( d )L

t

QQLE'W: -

+(ﬂ E)L’Y#[an—
. i o, i i 4 N
+( N E )127#[6“-5%0"’{/” —§gY(_1)A“_§gY'(3)B"] ( E )R
v € T . .7 ] 3 1 v N
+TT{<7\7 E)L”’”[a““igﬂ"' . ‘igy(‘”A“‘ig‘”(’i)B"](e E)

7 ‘/V #_—Z; - = €
+(E E>L7( 5917 Wu)( E>L}

PN

— [ N'T ( ‘ ) + H.c.

j 'L h; o
-fgj(amﬁdfb - EiRéujL - EiRH{)djL + hirH{ ujr, + H.c.
~f5&r(HYEjr — vejp — H{ Njr +évji) + Hec.
_fi?(jv—iRNleL - NiRN‘szL - FiR-ZVlEjL +_E7iRN2ejL) -+ H.c.
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where i, j are generation indices.
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4.3 Masses and mixing

After spontaneous symmetry breaking, fermions get masses through the Yukawa cou-
plings. From the most general mass matrix possible in this model, the SM fermions can
be mixed with additional fermions. But there is no mixing for u-typed quarks, there-
fore weak universality restricts the mixing be small. For simplicity the intergenerational

mixing will be ignored if it is not necessarily needed.
4.3.1 d-h quark mixing

The most general mass matrix for d-h quarks can be written as
(2 5) M@ (%) +He (181)
R h L e

where M (4" is a 2 x 2 matrix. Generally the mass matrix is Hermitian, but it can also be

non-Hermitian. To get the mass eigenstates, mixing angles G(th) and 9&;”" are introduced

through

dIL = oS Hs_-‘dh)dl; +sin Qgih)hL

Ry, = —sin 0" d, + cos H(th)h[, (182)
and

dy = cos8yMdg +sin8§ " hg

Ry = —sindfdg+ coss h (183)

Then M (") become diagonal

my 0
0 mp
with
mg = M 1(‘1"') Ccos 6%") cos 92‘”‘) + M fg") Ccos 6%") sin O(th)
82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



+ M sin 649 cos 0% + MR sin 9 gin oM

mp = My (r) sin th) sin O(th) MM sin 95;"" cos H(th)
—Mg(fh) cos 05;”" sin ngh) + My, (9h) cos th) cos G(th) (184)

and
M(dh-) + M(d’l)
M(dh) M(dh)

tan (8 — g{™) M) - M
R L M@ 3 @R

san(6%) 1+ @) —

(185)

when M}, W) = ps (dh) that is to say the mass matrix is Hermitian, G(th) = 9%’1).

In our model the mass matrix M) has the form

fe vs O 70 n (0 n
7‘5(—21 0)+7‘§(0 nf)+7§<o nf) (186)

where all the vacuum expectation values and Yukawa coupling constants are unspecified
parameters, and there is no experimental values for exotic fermions, so the the mixing
angle seem to be arbitrary. Generally the vacuum expectation values n; and n; are much

larger than v;, and the mass of the d-quark is small, so the mass matrix M) can be

m M
m M )’

If M > m,m',M’, then mq ~ m, m, ~ M and 62‘”‘) ~ M /M, 95;’” ~ m//M. Implica-

written as

tions and contraints on quarks, such as h-quark in our model, whose left- and right-handed
chiral components are both singlets with respect to the weak-isospin gauge group SU(2).

were discussed in Ref. [108].
4.3.2 e-E lepton mixing

In our model the mass matrix of e-E leptons has the form

(e E )RM<<=E> ( ](_f; )L + H.c. (187)
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with

wy _ o (—v w Y, IE(0 0, fE(0 0
e = (0 8w ) Al ) 0

Similarly mixing angles H(LeE) and 95;5) are needed to get mass eigenstates.
e, = cos6Fle; +sindFHE,L
E; = —sin 0285) er + cos HEQE) Er (189)
and
ey = cos6%Fep +sin 6% gy
Ep, = —sin 9%5)63 + cos G%E) Er (190)

4.3.3 Constraints on masses and mixings

Masses and mixing appear to be arbitrary as we don’t know the vacuum expectation
values and Yukawa coupling constants appearing in the mass matrices. This is even the
case in the SM. The details of the observed mass spectrum, from 0.51 MeV of the electron
mass to 175 GeV the top quark mass, still remain a mystery in the SM, although masses
and mixing angles can somehow be accommodated in the SM. We don’t understand
the mass spectrum of fermions observed so far, although there have many theoretical
attempts ranging from flavor symmetries to relationships in grand unification models.
In the case of additional fermions, mass and mixing angles also are arbitrary. A direct
bounds can be found that masses of additional fermions should be bounded from below
by Mz/2 because they cannot contribute too much to the decay width of the Z boson.
But that’s not enough. Further constraints on masses and mixing angles can be obtained
(in)directly from search for exotic fermions, electroweak precision measurements and
theoretical requirements that the SM vacuum is stable and the perturbation is valid up

to a large scale [14].
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In Ref. [109] a search for unstable heavy fermions with DELPHI at LEP was reported.
A mass limits in the region between 70 GeV and 90 GeV was established by the search
for pair productions of new leptons at the 95% CL, depending on the channel.

Various considerations on masses and mixings of exotic fermions can be found in the

literature mentioned before.

4.4 Pair production of heavy charged leptons

In this subsection, we will study the pair production of heavy charged leptons and
study the forward-backward and left-right asymmetries at linear colliders [110]. For
simplicity, we neglect the mixing between extra particles (bosons or fermions) and the

normal particles of the SM, since such mixing angles are generally small as shown above.
4.4.1 Cross section and asymmetries

The relevant interactions for the process ete™ — ETE™ are

— F ok 9L - . u(pd _ .2
L = f;Efoav faly+ — Gga (T2 — Qesin? by )eaZ,

gL = a2
2L F "1 —2sin?0w)ELZ
oS o Fa ( sin® Ow) u

+—=—=ev*(1 —v5)EW, + H.c.

2V/2
+%—(F’y“(1 —vs5)E —ev*(1 — vs)e) Z1,

Y. _ ,
+ 2:5 gy 2f° Fat*foZ), (191)

where ¢« = L or R. gz, gr and gy are coupling constants and Oy is the electroweak
mixing angle. For simplicity, we will assume that g; = g and gy» = gy in our numerical
results, it is straightforward to relax this assumption. The first two lines are couplings
between fermions and standard y and Z. The rest are couplings with extra neutral gauge
bosons. The ete™ — EtE~ process can proceed via s-channel exchange of a v, Z, Z’ or

Z;, and can also proceed via t-channel exchange of a W;. The Feynman diagrams are
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Figure 26: Feynman diagram responsible for ete™ — ETE~

listed in Fig. 26. Each amplitude can be written as the form of
CiTev" (1 — ai7s)ueTeY, (1 — bivs)ve- (192)

Note that the W} leads to a t-channel process unsuppressed by small mixing angles.
This is unique to this model. Note that if one considered production of the heavy charged
leptons which form an SU(2); doublet with the muon or the tau, then the diagrams would
be identical except that the t-channel diagram would be absent.

The differential cross section for this process is given by

do 1 /1 mi
Toost = 5sV 1~ o (PimE —w)+ Da(mp — 8)” + 2Dymips} (193)

s, t and u are the Mandelstam variables, and with

i CiCj{(l + aiaj)(l -+ bibj) + (ai + aj) (bz + b])}

D1 =
i,7=1
5
Dy = Y CiCi{(1+aia;)(1 +b;ib;) — (a: + a5)(b: + b;)}
i,7=1
5
D; = Z CiCj{(l + aiaj)(l — bzbj)} (194)
1,7=1

where the C;, a; and b; are given in Table 4.1.

The forward-back asymmetry is defined by

leg 0 o
I dfosadcose — 2, 7% ;d cosf (195)

1 da
J21 a4 cos 7

Arp =
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Table 4.1  Coefficients appearing in Eq. 194

1 C; a; b
1 e 0 0
9 g2(1—4sin® fw )(1-2sin? Gy ) 1 0
8 cos? fw (s—m%) 1—4sin? iy
...92

3 lfS(s—rnz2 [) 1 1

—9g%,, 1 1
4 144(s—m?,) -3 5

gz

] 8(t——mw2 !) 1 1

The left-right asymmetry is defined by
Apg=2L"R (196)

Note that the C;, a; and b; will be somewhat different for o; and oz due to the insertion
of the projection operator in Eq. (192). They are listed in table 4.2 and Table 4.3.
Both Arp and A g at ete™ colliders were studied in Ref. [111, 112], but only s-channel

contributions were considered.
4.4.2 Results

The electroweak part SU(2). xU(1)y has been measured precisely. Let us first consider
the rank 5 case. Setting gyr = 0, we have two gauge boson mass parameters my, and
mz,. We will assume that these masses are equal and thus there is only one mass
parameter remaining, which we choose to be near the experimental lower bound for
direct production, mz, = 650 GeV. This is basically the same as assuming that the gauge
bosons do not substantially mix with each other. The numerical results for cross section,
forward-backward and left-right asymmetries are shown in Fig. 28-30. We have plotted
the results for E*E~ and M+ M~ production, where M is the SU(2),; partner of the
muon or tau (the only difference will be due to the t-channel process). For comparison,
we also include the standard model result for both a vectorlike heavy lepton and a chiral

heavy lepton. Although we have assumed that the Z; mass (E, M mass) is 650 GeV (200
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Table 4.2 Coefficients appearing in Eq. (194) for calculating oy,

Ci a; bi

el

_2s
g*(1—2sin’ 22
8 cos? w(s—m%)

3
——,
16(5—""2[ )

-392,

144(s—m?,)
__ 9

8(t—m‘-,,, )

=] OO

QL] = | QW N~

Rl il

= | Wit

GeV), it is easy to see how the figures will be qualitatively modified if these assumptions
are relaxed.

In the rank 6 model, one has an additional mass scale and additional coupling. If we
assume that the gy coupling is the same as gy, and that the mass of the Z' is %—%M Zrs
then one can recalculate the cross section, forward-backward and left-right asymmetries.
We find that there is not a substantial difference from the rank 5 case, except in the
immediate vicinity of the Z’ mass(See Fig. 31-33).

How does one detect these leptons? The main decay modes depend sensitively on the
masses and mixing angles. Since the E and its isodoublet partner /V are degenerate in
the limit of no mixing, one expects the E — NW™ to be into a virtual W, leading to
a three-body decay. Since the allowed three-body phase space is very small, this decay
will be negligible unless the mixing with the lighter generations is extremely small. In
the more natural case, in which such mixing is not very small, the two-body decays
F —- v,Wand F — eZ would dominate. A detailed analysis of the lifetimes and the
decay modes can be found in Ref. [14]. There, it was shown that the ratio of I'(E — eZ)
to I'(E — v.W) is given by the ratio of |Ug|? to |Ug..|*>. This is very model-dependent.

Certainly, the signature for £ — eZ would be quite dramatic. Even if the Z decays
hadronically or invisibly, the monochromatic electron, plus the invariant mass of the Z

decay products, would allow for virtually background-free detection. The signature for
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Table 4.3 Coefficients appearing in Eq. (194) for calculating o

i C; a; | b;
1 e -1] 0
—g2(1—-2sin~ fw ) sin’§
2 - 4cos? Bw(Ts“—,—m}) = |1-1] 0
—9r
3 16(s—mzl) 0 0
4 e 1] -2
144(s—m7, ) - -3
gl
5 ) 0| 0

E — v, W is less dramatic, but would lead to W+W ~ plus missing transverse momentum.
As discussed in Ref. [107], requiring that the W’s decay leptonically gives a signal of
It1~, where | = (e, ). The backgrounds, due to ete™ — 777~ , WH*W~ and ZZ, can
be eliminated by calculating the invariant mass of the charged fermion pair. The signal
would be striking since it would consists of a pair of [7[~ with approximately the same
invariant mass.

Suppose these leptons are found. One would first learn the cross section. Unless
one is in the vicinity of the Z,; resonance, the cross section in this model would be
somewhat higher than the standard model. For example, at an NLC of /s = 500 GeV
and luminosity of 6 x 10* pb~!/yr and for a heavy lepton of 200 GeV, one expects
approximately 2 x 10 SM vectorlike fermion pairs produced per year, whereas one has
3x10* E*E~ pairs and 5x10* MM~ pairs (note that the t-channel process destructively
interferes). In the vicinity of the resonance, of course, the cross section can be much
larger. As discussed in the previous paragraph, if the main decay is into vW, then a very
clear signature arises if both W’s decay into ev, or uv,. This will occur approximately 5%
of the time, giving a few thousand such events per year. Necessary cuts on the transverse
missing energy will reduce the number of usable events, but it should still be several
hundred per year, with very low background. If the main decay is into eZ or uZ, then

the signature is even more dramatic.
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Figure 27: Feynman diagrams at the parton level for pair production of h quark in pp(p)
collisions

There is no forward-backward asymmetry for the pair production of SM vectorlike
fermions, while the polarization asymmetry for heavy SM chiral fermions is very small.
Therefore, combining Appg with Apr would make it very straightforward to distinguish
E+*E~ and M* M~ pairs from SM fermions. The behavior of the asymmetries for each
of these is very different at high /s.
1-A2

1/2
= ) / , is very small

L

An important point is to note that the statistical uncertainty, (
for this model. With the approximate number of reconstructed events being between
several hundred and several thousand, this gives a statistical uncertainty of between 1
and 10 percent. This will be even smaller in the vicinity of the resonance. From the
figures, it is clear that this uncertainty is small enough that the various models can be

distinguished, even off-resonance.

4.5 Pair production of h-quark

The production of h-quark had been studied in great details [26, 102, 113]. Here we
mainly consider the W; contribution of h-quark production in pp(P) colliders. The dia-
grams are listed in Fig. 27. Generally the gluon fusion process, gg — hh, dominates over
the quark annihilation process, q¢ — hh. It was noted[22] that W} t-channel exchange

contribution is negligible compared to the gluon fusion mechanism.
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Figure 28: Total cross section for the process e*e™ — L*L™ as a function of Vs, for a
heavy lepton of 200 GeV in the rank-5 model. The solid and dotted lines correspond to
Standard Model production of chiral and vectorlike fermions, respectively. The dashed
and dot-dashed lines correspond to L = E and L = M in the SU(2); model, respectively,
where E and M are the SU(2); partners of the electron and muon.
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Figure 29: App, the forward-backward asymmetry, for the process ete™ — L*L™ as
a function of /s, for a heavy lepton of 200 GeV in the rank-5 model. The solid and
dotted lines correspond to Standard Model production of chiral and vectorlike fermions,
respectively. The dashed and dot-dashed lines correspond to L = E and L = M in the
SU(2); model, respectively, where E and M are the SU(2); partners of the electron and
muon.
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Figure 30: Agp, the left-right asymmetry, for the process ete™ — L*L~ as a function
of /s, for a heavy lepton of 200 GeV in the rank-5 model. The solid and dotted lines
correspond to Standard Model production of chiral and vectorlike fermions, respectively.
The dashed and dot-dashed lines correspond to L = E and L = M in the SU(2); model,
respectively, where £ and M are the SU(2); partners of the electron and muon.
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Figure 31: Total cross section for the process ete™ — L*L~ as a function of /s, for a
heavy lepton of 200 GeV in the rank-6 model. The solid and dotted lines correspond to
Standard Model production of chiral and vectorlike fermions, respectively. The dashed
and dot-dashed lines correspond to L = F and L = M in the SU(2); model, respectively,
where E and M are the SU(2); partners of the electron and muon.
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Figure 32: App, the forward-backward asymmetry, for the process efe™ — L¥L™ as
a function of /s, for a heavy lepton of 200 GeV in the rank-6 model. The solid and
dotted lines correspond to Standard Model production of chiral and vectorlike fermions,
respectively. The dashed and dot-dashed lines correspond to L = E and L = M in the
SU(2); model, respectively, where E and M are the SU(2)r partners of the electron and
muon.
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Figure 33: Apg, the left-right asymmetry, for the process ete™ — LY~ as a function
of /s, for a heavy lepton of 200 GeV in the rank-6 model. The solid and dotted lines
correspord to Standard Model production of chiral and vectorlike fermions, respectively.
The dashed and dot-dashed lines correspond to L = E and L = M in the SU(2); model,
respectively, where E and M are the SU(2), partners of the electron arad muon.
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Chapter 5 Conclusions

We have studied the effective low-energy supersymmetric SU(2) x SU(2); x U(1)y %
U(1)y+ model, which is based on the Eg grand unification theory. SU(2); is a subgroup of
SU(3)r and its corresponding gauge bosons are neutral. The Higgs boson sector, gauge
boson sector and fermion sector of the model were considered.

A specific Higgs structure was introduced. The scalar potential is highly constrained
in the supersymmetric version of the model. An upper bound of about 150 GeV to the
lightest neutral Higgs scalar was found. Other Higgs-boson mass relationships were also
discussed. Failure to find a Higgs boson with a mass near or below 150 GeV would
therefore rule out this supersymmetric Eg-based model.

Electroweak precision experiments, including Z-pole experiments, my measurements
and low-energy neutral current experiments were used to put indirect constraints on
masses of the extra neutral gauge bosons and the mixings between them and the ordinary
Z boson. We also considered the possible constraint from a proposed measurement of
the proton’s weak charge at Jefferson Lab. It was found that the mixing angles are very
small, namely || < 0.005. The lower bound for the mass of the lightest extra neutral
gauge boson was found to be about 560~ 800 GeV, which is comparable with the current
direct search limit. low-energy neutral current experiments give the strongest bounds on
the lightest extra neutral gauge boson. The precise measurement of the weak charge of
the proton is anticipated to reduce the parameter space for new physics strongly.

We also studied the pair production of heavy charged exotic leptons at e*e™ colliders in
this model. In addition to the standard v and Z boson contributions, we also included the
contributions from extra neutral gauge bosons. A t-channel contribution due to W,-boson
exchange, which is unsuppressed by mixing angles, is quite important. We calculated the
left-right and forward-backward asymmetries, and discussed how to differentiate different

models. Pair production of the h-quark was also discussed briefly.
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There are many new(exotic) particles, such as various Higgs bosons, extra neutra gauge
bosons and additional fermions in this model. There is not any experimental signal for
their existence to date. It is anticipated that future experiments, such as Tevatron, LHC,
NLC and precise low-energy measurements, may discover them or prove the model is or
is not the right model to describe the nature. At the same time more theoretical work is
needed to put stricter constraints based on current experimental results, and give more

clear guidance where to find new physics beyond the SM.
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Appendix

A Various Higgs Boson Mass Squared Matrices

The Higgs-boson mass squared matrix is obtained from

Vv
MZ = 8¢¢ Iminimum- (197)
Y]

A.1  Scalar Higgs Boson Mass Squared Matrix

The mass-squared matrix for scalar Higgs bosons is a 7 x 7 symmetric matrix S. The

expressions for the matrix elements are listed below.

1 1
Su = (A +27n)? + (X + X)f + (97 + 67 + of + o7 )ut
1 1 1
+392(0F = vF +03) + 70%(vf — of +05) + 207 (v} +uf + i —ni+ ny? —n}’)

1
— g2 (v? + 4v2 + v - 5(n? +nj+ ni® +nt?) +m3,

36
Sz = 2002+ AHyvs — %(g% + g% — %g%-,)vlvg + AAn; + N A'n|
Sz = —(An; +Mn))(Ang + A'ngy) + %(gz + 95 +gF+ égfn)vlvg - %g?(nlng + nns)
Sy = —dvs(An; + A'ny) + —;-g?(vlnz +vzny) — 15—893/'111”2
Sis = 2 v (Ang + M'n}) — dus(Ang + A'ny) + %g?(v;;nQ —wuiny) — %g?,,vlnl + AAvs
Sie = —XNuz(Ang+ ANnj) + %g%(vm’z + uzn]) — %g?ﬂvln’z
Siz = Nvu(Ang + A'n)) + X[(An + A'nl)vy — (Ane + A'ng)vs]
+%gf(v3n’2 —un}) — 15—8g§,,vln'1 + XAy,
S = (Mg +Nn)? + (Ang + Xmb)? + (A% + M) (02 + v2) + %(g% + g2+ 19—6g$,,)v§

1 1
Lot —of +ud) + Seb R — 0f o)
1
+56% (0] + 43 + 9} — 5(n} + nf + " +157)) + mi,

1 4
523 = 2(/\2 + /\'2)'02’03 - §(g% -+ g%/ - 59%1)1127)3 - /\ATLQ - AIA’TLIZ
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Sa4
Sas
S26
Sar

S33

Ss6
Ssz

Ses

10
2 va(A\np + A'ny) — E-g%,,vgng — AAuv;

10
2Mva(Ang + N'n)) — ?gf,,vznl + My

10 ,
2Xva(Ang + A'ny) — B—gf,,vgn’z — XN Ay

10 ,
2N va(Any + A'nf) — —g—gf,,vzn1 + N Ay,
1oy,
ggy')’Us
1 1
-{-l 2 (2 —v2 402+ lg%/(vf — vl + i)+ —g?(vf + v+ n}—n3 +n'12 — n22

49[, 1 2 3 1

1
(Ang + A'nb)% + (A2 + A2 + 5(9% +g2 + g7 +

1
+—6g§i,(vf + 4v2 +v2 —5(n? +nd +n% +nl %)) +m2,

3
1 -5 .
2(Ang + A'ns) vz — (Ang + A'n))Av + —Q—gf(vlnl — Uznp) — ngnvg,ng — M,
, 1 5
-(/\77.2 + A TL;)/\UI + 59?(’1)17142 + ’Ug’nl) - 1—8-gf,,vgn1
1 4 5 14
2(Ang + A'no)Nvs — (Ang + A'n))Nv, + 391 2(yyn) — vanb) — -l—é—gfﬂvgnz - NA'y,
t_r 1 1 2 1 7 5
—(Any + A'ng) Nvy + §g,(v1n2 + vgny) — 189,,,11371l
1 25 ) 1. . . [2 12
N (v3 +v3) + 597 + oy )ma + 791l — Vi +ni+n; —my )

—

36gy,(v1+4vz+v3 a(n1+n2+nl + 1y ))—i—m?v

— 229,03 + —2-g,(v1v3 +nng + nins) + —gynnN2

18
1
/\)\'(vg + vg) + §gﬁ(n1n'1 + momy) + lggy,n2n2 m§

1
—2A\'vu3 + —g%(nln'2 — non)) + —=g2inan]

18
25 1 2 2
N (vE +v3) + (91‘*‘ 9 =g )nt+ gz(vs v +nf4+n)+n —ny)

5
36gy,(v1+4v2+v3 5(n1+n2+n1 +ny ))+mN

1
—22yu3 + -2-g[(n2'n1 —nng) + gy,n1n2

18

1
/\/\’(v1 + 'uz) + 29,(n1n1 + nan,) + gy,nm1 mg

18
1 25 1 2 2
/\’2(v2+v3)+ ( + ggy,)n2 +4g,( ~v2 47" +ny" —n?+nd)
3569Y,(111 + 402 +v2 — 5(n? + n2 +n'® +nb%)) +mi,
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2 1 25
Ser = —Nvuz3+ §gf(v1v3 + ning +ning) + —gi.n\n)

18
1 25 2 1 2
S;7 = /\’z(vf +v2) + E(gf + 3—93,)71’1 + Zg?(vg — v 4+nl"+ nh? + n? — n2)
5
—%gf,,(vf + 402 + 02 — 5(n? +n2 + 0% +ny?) + mi (198)

A.2 Pseudocalar Higgs Boson Mass Squared Matrix

The mass-squared matrix for pseudoscalar Higgs bosons is also a 7 X 7 symmetric matrix

P. The expressions for the matrix elements are listed below.

Pu = (i Xmh)+ (O + X203 + 13 (07 — 03 +2)
+ig§(vf —vi+v3) + ig?(v% +v2+nd—n?+ny’ -0’
+§1§gf,, (v? + 402 + v — 5(n? +nd +nl® +nb?)) + m}
P, = Mn, + N A'n]
P; = —(\n;+ XNn})(Ang + A'ny) + %gf(nlng + nins)
Py = Aus(An;+ A'nf) — ég?mnl
P = —Auvs(Ang + A'nj) + %Q%U;;Tlg + AAwvs
Pis = MNuz(An; + A'nj) — %g%’ugn'l
Pi; = —XNuz(Ang + A'nj) + %g%vgn'z + AN A'vy
Py = (An;+ A'1))2 + (Ang + A'nb)? + (A2 + V) (02 + v2) — ig%(v% —v2 +v3)
+ig§(v% — v +v3) + %gfn (v? + 402 + v2 — 5(n? + n3 + 1% +ny7)) + m,
Py = —AAn, — NA'M,
Py = AMAwvy;
P = —)\Avy
Py = MNAv;
Py = —=MNA'v
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P56

P57

P67

P77

1
(Ang + A'nh)% + (A2 + A2)u2 + Zg%(vf —v2 +v2)

1 1 2 2
LG (07 o8 +08) + Ladof + o n? =kl = )

1 2 2
+-3—é-g§,(vf +4v2 +v2 —5(n2 +nl +nl" +ny)) +mi,

—(Any + A'ny) Ay + %g%vlnl — M,

(Any + N'ng) vy — %g?vlng

—(Any + A'n)) AN v + %g?vln'l — XN Ay

(Ang + A'ny)Nvy — %g?vln’z

220} + ) + 30108 — of + nf - —i? + i)

-

9

36

1
— A%y us + -2—g?(v1v3 + nns)

2 2
g2 (v + 4vd +v2 — 5(n? +n3 +n" +nL")) + m,

1
AN (2 +02) + 59?”1”'1 - m;

7 1 2 !
—AA v1V3 — ;g,nlnz

1 2 2
X“’(vf + v%) + Zg%(vg — v +ni+ n3 +mny" —nh)
) ; 2 2 :
—3—69;",,(v‘12+4v§+v§—5(n'{‘+n§+n'1 + ng )+mL2V
1

—\2vu3 — §g?n2n'1

AN (v +v3) + —;-g%nzn’z —m3

M2 (v2 + v3) + %g?(v? —vi+ n'? + n{f —n? +nl)
—;—Ggf,, (2 + 402 +v2 — 5(n? +n2 +n}° +n5%)) +m,
2Ny us + %g?(vlvg, + ning)

1
/\’Z(Uf +v2) + Zg%(vg —v? 4+ n'l2 + n'22 +n? —n?)

—%gf,, (v + 402 +0v2 —5(n? +n2 + n'? +ny?)) + mag (199)
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A.3

Charged Higgs Boson Mass Squared Matrix

The mass-squared matrix for charged Higgs bosons is a 3 x 3 symmetric matrix C. The

expressions for the matrix elements are listed below.

Cll

Crz
Cis

Ca2

C'23

CSS

1 1
(An; + X'n))% + Zg%(vf —v3 +vd) + Zg%(vf +vs +n2—n?+ n'22 - n’12

‘*‘29\%(”% — 3 +v3) + 3169Y'('U1 +4v3 + v§ — 5(n} +n3 +ni* +nb?)) +mj
(A2 + Xy, — %gLvlvg + An; + N A'n

%gf(ulmnlm + ning)

(Ang + Xn))2 + (Ang + A'np)? + —gL 2 (02 +v3 +v2)

1
—(Ang + A'n))(Ang + X'ng) + —2-9%1111}3 +

1 1
_Zg%’(vl v3 +v3) + QQY'(U1 +4v3 + v — 5(nf +n} + ni® + ny%)) + my,

1
(A% + N vaus — §g%v2v3 — AMny, — N A'ng

1 >
(Ang + A'ny)? + IgL(_Ul + v} +v]) + g[(”l +vi+ n? —nj + n,12 - 7”';2)

1 -
69"'(1}1 + 41;2 -+ v3 a(n1 +n§ + n’l2 -+ n’zg)) +m§{

1 ;
‘*‘19)2’(”12 - '2?7'“3) + 3

(200)
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