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ABSTRACT

FAMILY NON-UNIVERSAL U(1)" MODEL

This thesis work is devoted to an analysis of dilepton sigrest of family non-
universal U(1) model. We first provide a brief overview of Standard Model aftzle
physics and Supersymmetry then we give an introduction siclmncepts of Minimal
Supersymmetric Standard Model (MSSM) and necessitiedtmdxhe MSSM with addi-
tional symmetry groups. Later we review various existing.YJfnodels, then we discuss
the effects and results of family non-universality in catrand future colliders.

The supersymmetric models extending the MSSM by an additidbelian gauge
factor U(1) in order to solve the, problem do generically suffer from anomalies disrupt-
ing the gauge coupling unification found in the MSSM. The aales are absent if the
minimal matter content necessitated by theroblem is augmented with exotic matter
species having appropriate quantum numbers. Recentlgsibben shown that anomaly
cancellation can also be accomplished by introducing famah-universal U(X)charges
and non-holomorphic soft-breaking terms (Demir, et al. 0&nd keeping the matter
content minimal without exotic particles.

We discuss collider signatures of anomaly-free family noiersal U(1) model
by analyzing dilepton production in future colliders. Wetine that, both at LHC and
NLC, one can establish existance (or absence) of suchl@son by simply comparing
the number of dilepton production events for electron, maod tau lepton (Hayreter
2007).



OZET
AILEYE BAGIMLI U(1)’ MODELI

Bu tez calismasi aileye bagimh U(1modelinin gelecek nesil parcacik
carpistiricilarinda dilepton sinyallerinin incelershelarak hazirlanmistir.ilk olarak
kisaca Parcacik Fiziginde Standard Model ve Supersiyieanlattik ve Minimal
Supersimetrik Standard Model (MSSM)’in temel kavraniidan bahsettik ve ek simetri
gruplari ile MSSM’i genisletmenin gerekliligini anlatt Sonra varolan cesitli U(1inod-
ellerini inceledik ve son olarak simdiki ve gelecek nesitgacik carpistiricilarinda aileye
bagimhhgin etkilerini ve sonuglarini tartistik.

MSSM’in bir handikapi olanu sorununu ¢dzmek icin MSSM'i ek bir Abelian
ayar faktort ile genisleten stipersimetrik modeller$A8in 6ngordugu ayar kuplajlarinin
birlesimini bozan anomaliler gibi baska bir sorunla kiasrlar. Bu anomalilery soru-
nunun gerektirdigi minimal madde igeriginin uygun ktiam numaralarina sahip egzotik
madde turleri ile genisletimesiyle ortadan kaldirilaldr. Son zamanlarda, aileye bagimli
U(1) yuklerinin ve holomorfik olmayan yumusak kirici termitetanimlanmasi ile ve
egzotik parcaciklara gerek olmadanda bu anomalileriadamn kalkti§i gosterilmistir
(Demir, et al. 2007).

Aileye bagiml anomalisiz U(1)modelinin gelecek nesil carpistiricilarda dilepton
uretimini analiz ederek carpistirici sinyallerini éledik. Ve hem LHC'de hemde NLC'de
basitce elektron, moun ve tau leptonlarin dilepton émetayilarinin karsilastiriimasiyla
Z' bozonunun varli§i (yada yoklugu) hakkinda bilgi edinetegimizi gosterdik
(Hayreter 2007).
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CHAPTER 1

INTRODUCTION

Constructed in 1964 by Salam, Glashow and Weinberg The Stdidodel (SM)

of particle physics was seen to be a perfect structure andegare theoretical frame-
work in explaining the particle interactions and the funéamal forces of nature. Passing
through several precision experiments in various coligdre SM became a base struc-
ture in phenomenology of particle physics. All the knownneéstary and force carrier
particles with their masses, spins and charges were clieihyified and the further pre-
dictions of new elementary and composite particles wetdigzgbthrough upcoming col-
lider experiments. The success of the SM has encouragedtjgtys$o go through deeper
investigations and led them ask the ultimate questionse waérthe known elementary

particles really elementary? and what is the origin of nmatte

1.1. The Standard Model

The SM covers three generations of leptons and quarks asetang particles.
Electron (e), muony) and tau {) lepton with their associated neutrinos in lepton sector
and up (u), down (d), charm (c), strange (s), top (t) and bo{tw) quarks in quark sector,
having half-integer spin (s=1/2) all the leptons and quatksy to Fermi-Dirac statistics
and therefore they are called fsmions. Besides gravity, which appears to be the first
handicap of the SM, all the fundamental forces of nature aseribed by the exchange of
force carrier particles, that is, photon)(is responsible for electromagnetic forces, weak

forces are transmitted by, WT and gluons ¢) mediate the strong forces. Since all

Table 1.1. Standard Model Fermions

1st. Generation 2nd. Generation 3rd. Generation

FElectron e Muon m Tau T

Leptons
Electron — Neutrino | ve | Muon — Neutrino | v, | Tau — Neutrino | v,

Fermions

Up U Charm c Top t

Quarks
Down d Strange s Bottom b




these force carrier particles have integer spin (s=1) they ¢o Bose-Einstein statistics

and thus called asosons.

Table 1.2. Standard Model Bosons

Electromagnetism Weak Interaction Strong Interaction | Gravity ???

Bosons| Photon v Weak bosons | W+, Z% | Gluons g Graviton | G

The SM is based on a gauge principle in which the exchangeohsase gauge

fields of corresponding symmetry groups. The symmetry gira®f the SM is,

where all the gauge bosons are related with the number ofrgteng of corresponding
gauge groups. There are 8 gluafi$ of SU(3)c color (with 32 — 1 = 8 generators),
3 weak bosonsWZL of SU(2), isospin (with2? — 1 = 3 generators) and, boson of
U(1)y hypercharge (with a single generator). At high energiesahe gauge bosons
were mathematically seen to be virtual massless gauge osowever at low energies

the spontaneous breakdown of symmetries
SUQ2), xU(l)y = U(l)eum (1.2)

give rise to physical massive gauge bosaers Z° (neutral) andiW’* (charged). The
mechanism behind this symmetry breakdown is so called tggdHviechanism, thus SM
predicts the existence of a scalar (spin=0) Higgs boson bghndidl fermions and vector
bosons gain their masses.
The gauge structure of SM is chiral sensitive, that is it bithia built-in left-

right asymmetry which means that left and right handed femtields are treated in a
completely different manner. In addition to left handedt¢éepand quark doublets there
are also right handed leptons and quarks in singlet streicioerefore the complete matter

content of SM becomes,
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where: = 1, 2, 3 is generation index, notice that there is no room for righdeal neutri-
NOSVeg , VuR » Vrg IN SM.
The scalar Higgs sector of the SM consists of a single Higgbldd whose com-

ponents are neutral{’) and charged/{ ) complex scalar Higgs fields,

HO
H= (1.4)
-
with the classical potential;
V=my |HP+\ H| (1.5)

The non-vanishing vacuum expectation value (VEV) of ndiliggs component

2
My

(H0) = /- 22

(1.6)

triggers the electroweak symmetry breaking and generaésses to fermions and mass-
less vector bosons. Since it is known experimentally {f8tis approximately 174 GeV,
from measurements of the properties of weak interactiomsyst be thatn?; is roughly

of order—(100 GeV)2. However the Higgs mass-squared receives enormous quantum
corrections from the virtual effects of every particle tbatiples, directly or indirectly, to

the Higgs field. This problem is called as Gauge Hierarchylra of the SM.

Even though the SM succeeds in explaining almost all the knplnenomena of
particle physics, it is insufficient of being a complete thyeof fundamental interactions,
primarily because of its lack of inclusion of gravity whichane of the fundamental forces
of nature and also of reserving no room for right handed neagrand finally because of

Gauge Hierarchy problem arises in Higgs mass calculations.



1.2. Supersymmetry

Basically Supersymmetry (SUSY) is a symmetry that relagesifons to bosons.
A supersymmetric transformation turns a fermionic state & bosonic one, and vice

versa.
Q |Fermion) = |Boson) , @ |Boson) = |Fermion) (1.7)

where( is a supersymmetric transformation operator. Therefo®@USY every particle
has a supersymmetric partner and they are called as sugmensarThus, matter content
of the SM is doubled in SUSY and each superpartner is represdry a () sign above
its counter particle representation in SM, i.e. super@arti a left-handed electron is
demonstrated by; and named aselectron. Each particle differs from its superpartner
only by its spin, in the exact symmetry case every particlste present with their
superpartners in nature, since there is no such particleg bandidate for superpartners
it is said that SUSY is a broken symmetry in nature, and tloeeedll the superpartners
have to be heavier than ordinary particles.

When physicists were struggling with the Gauge Hierarclopfem of the SM in
the early 1970’s supersymmetric field theories were beingldped for quite different
reasons. After a while they realized that if SUSY exists rteahe TeV energy scale,
it provides the solution for two major puzzles in particleypits. One is the Hierarchy
problem of the SM and the other is the unification of weak,rgjrand electromagnetic

interactions.

1.2.1. Hierarchy Problem

In SM, the Higgs boson massi;) was calculated to be near to the mass of
Z boson {ny) and even less than it in tree level, however, quantum coores from
every particle that couples to the Higgs field yield enormoaistributions to its mass.
For example, in Figure 1.1.a there is a correctiomtp from a loop containing a Dirac
fermion f with massm.

If this Dirac fermion f couples to the Higgs field with a term in Lagrangian
—\;H f f, then the Feynman diagram in Figure 1.1.a yields a cornectio

AP
82

NGy + ... (1.8)

2 _
Ami; =
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Figure 1.1. Feynman diagrams of fermionic and bosonic onp-fjuantum corrections

to Higgs mass-squared

where Ay is an ultraviolet momentum cutoff used to regulate the ladpgral and it
is interpreted as the energy scale at which new physicsstuealter the high-energy
behavior of the theory. The problem is thatAif;y, is of order Planck MassM/p), then
this quantum correction te:?, is some 30 orders of magnitude larger than the required
value of m?, ~ —(100GeV)?. This is only directly a problem for corrections to the
Higgs scalar boson mass-squared, because quantum ammeeti fermion and gauge
boson masses do not have the direct quadratic sensitivitytofound in (Equation 1.8).
However the quarks and leptons and electroweak gauge bostres SM all obtain their
masses from{H ), so that the entire mass spectrum of the SM is directly oréutly
sensitive to the cutoff ;.

However, suppose there exists a heavy complex scalar [pastiwith massmg
that couples to the Higgs field with a Lagrangian terms| H [?|.S|?. Then the Feynman

diagram in Figure 1.1.b gives a correction

A A
16;2 {A?N —2m2 In (mLSV) ¥ .. } (1.9)

where S is nothing but a bosonic superpartner of Dirac fermjowith a reduced spin

2 _
Amy =

(s = 0). ltis clear thatif a SM fermion is accompanied by two conydealars with\g =|

As |2, then the quadratic contributions%,) of Figures 1.1.a and Figure 1.1.b will neatly
cancel because of relative minus sign of fermionic and bigslmops. Consequently,
Supersymmetry introduces us two complex scalar fields tblerecancellation of the
quadratically divergentA?,,) pieces of (Equation 1.8) and (Equation 1.9). And hence,

SUSY seems to offer a well cure for the Hierarchy problem ef$ivi.



CHAPTER 2

MINIMAL SUPERSYMMETRIC STANDARD MODEL

The Minimal Supersymmetric Standard Model (MSSM), coritggnminimal
number of fields and parameters required to construct astieathodel of leptons and
guarks, is the minimal extension to the Standard Model (SM} tealizes Supersym-
metry. The gauge group of the MSSM is SW{3)SU(2), xU(1)y which is the same in
the SM. But the particle content as is seen from the tablg {2 dnlarged to cover three
generations of leptons and quarks, twelve gauge bosongliggs doublets and super-
symmetric partners of all these particles. All the chiradl guage fields of the SM now

resides in superfields with their associated superparinéng MSSM.

Table 2.1. Chiral and guage superfields of the MSSM

Superfields Spin0 Spin1/2 Spin1 SU(3)c,SU(2),,U(1)y

Q| (ui,d) (u},db) - 3,2, 1/6
Squarks, Quarks || @ al (al) || al ~ (ub)e - 3,1, -2/3

di || diay) | di o~ (di)e - 3,1, 13

Lt || (eb,oh) (e, vh) - 1, 2, -1/2
Sleptons, Leptons _ o _ _

e’ e (e) e ~ (eR)° - 1,1, 1
Higgs, Higgsinos o

Hy || (HS,Hy) || (HS, H) - 1, 2, -1/2
Gluinos, Gluons g - g g 8, 1,0
Wino, W boson - Wi7W0 wE wo 1,3, 0
Bino, B boson B - B B 1,1, 0

All the SM fermions with Higgs fields and their superpartn@salar fermions and
fermionic Higgsinos) are members of chiral supermultgpbatd vector bosons of the SM
with associated superpartners (fermionic gauginos) aeeplin gauge supermultiplets in
the MSSM.

The MSSM is specified by the choice of superpotential,

Wirssm = W9 ESL; - Hy + h9USQ, - Hy + b DSQ; - Hy + pH, - Hy (2.1)



where the first three terms are Yukawa interactions of leptomd quarks, and the last
term is self interaction of Higgs fields.

The MSSM was first proposed in 1981 to stabilize the electadwgzale solving
the Hierarchy problem of the SM. The Higgs mass of the SM islcptécally divergent
(A%, whereAy is the scale of new physics) and unstable to quantum caoreckading
to a weaker electroweak scale than what is observed to béelIMESM, the existence
of superpartners provide the Higgs boson to inherit stgitom its superpartner Hig-
gsino by cancelling the huge contribution coming from quamtorrections. When the
Supersymmetry is broken the divergeat,, is replaced by (m?* —m?), wherem is a su-
perpartner massy is a typical SM mass anglis the electroweak coupling strength. This
also implies that, for not regenerating the quadratic djgacy, superpartners must not
weigh much larger than the SM patrticles (roughly below TéNjerefore the Supersym-
metry must rather be softly broken, and consequently sofinsgtry breaking operators

are introduced in the MSSM.

2.1. Gauge Couplings Unification

In analogy with the unification of electricity and magnetisito electromagnetism
in 19th century and especially with the success of electaéwbeory which utilizes
spontaneous symmetry breaking to unify electromagnetighmweak interaction, people
wondered if it might be possible to unify all three groups isimilar manner. This idea
became one of the most attractive and strongest prediabioitie MSSM. The three ex-
trapolated energy dependent (running) coupling constrttse electroweak and strong
forces seem to unify at high energies (0'® GeV.) near Planck scale. This phenomena
also gives rise to the idea of a common origin of all fundarakifoirces of nature. In the

SM, such a unification can not be observed at any energy scale.

2.2. Why do we need to extend the MSSM ?

The Minimal Supersymmetric Standard Model (MSSM), devisedolve the
gauge hierarchy problem of the standard model of electrkw@aractions (SM), suf-

fers from a serious naturalness problem associated witDitftae mass of Higgsinos in
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Figure 2.1. Evaluation ofU(3)c x SU(2), x U(1)y gauge couplings to high energy
scales in Standard model (left panel) and Supersymmetyiyt(panel)

the superpotential.
W D) uf]u : f]d (2.2)

The 1« parameter here is nested in the supersymmetric sector tfi¢logy, and its scale
is left completely arbitrary as it is not related to the safpersymmetry-breaking terms
(Kim and Nilles 1984, Suematsu and Yamagishi 1995, Jain é&mdc® 1995, Nir 1995,
Cvetic and Langacker 1996). Having a mass dimensionutiparameter generates a
naturalness problem, since all the natural coefficientg habe dimensionless parame-
ters. A way out of this problem is to generatgparameter dynamically via the vacuum
expectation value (VEV) of some SM-singlet chiral supedfielhe extension by a non-
SM chiral superfield may or may not involve gauge extensioonderning the former,
the most conservative approach is to extend the gauge wteust the MSSM by an ex-
tra Abelian group factor U(1)long with an additional chiral superfieﬁjwhose scalar
component generates an effectijvgparameter upon spontaneous U@reakdown. The

new superpotential then becomes;
Wyew = h9ESL; - Hy+ h9U¢Q, - H, + hii DSQ; - Hy + h,SH, - Hy (2.3)

where theu parameter is replaced by the SM singfetcoupled to SM doublet&,, and

H,, whose vacuum expectation value (VEV) along the breakddwi(d)’ generates an

-~

effectivep term, that isu, = h(S). This provides a dynamical solution to theroblem
when <§> ~ O (TeV). What this additional gauge symmetry actually doew iforbid
the presence of a bageparameter as in (Equation 2.1) (Hewett and Rizzo 1989, Cveti

and Langacker 1996, Hill and Simmons 2002). An importanpprty of U(1J models is



that the lightest Higgs boson weighs significantly heasnant\/, even at tree level with
smalltan 3. Hence the existing LEP bounds (LEP Coll. 2003 , ALEPH Coli0®) are
satisfied with almost no need for large radiative corre&if@vetic, et al. 1997, Demir
and Pak 1998, Demir and Everett 2004, Han, et al. 2004, AniAB?. Besides, they
offer a rather wide parameter space for facilitating thetetsveak baryogenesis (Kang,
et al. 2004).

An important problem in U(2)models concerns the cancellation of anomalies.
Indeed, for making the theory anomaly—free the usual agbromU(1) models is to add
several exotics to the spectrum (Erler 2000). This natyfrabpens in U(1)models fol-
lowing from SUSY GUT<.g. Eg unification. However, this not only causes a significant
departure from the minimal structure but also disrupts tegg couplings unification —
one of the fundamental predictions of the MSSM with weak escalft masses. There-
fore, it would be of greatest interest to keep gauge couplingfication with minimal
matter content. This has been accomplished in (Demir, €@05) by introducing fam-
ily non-universal U(2) charges in a way solving all anomaly conditions, includihg t
gravitational one.

In this work, we will discuss dilepton signatures of U(fhlodels with universal as
well as non-universal U(1¢harges in a comparative fashion. Our discussion will idelu
both lepton (the ILC) and hadron (the LHC) colliders. At therBlevel the cross sections
are sensitive to ‘2xchange only. Therefore, our analysis will have examinpdaperties
via dilepton signal. The collider signatures of various JJ¢hodels have already been
analyzed in the literature (Fiandrino and Taxil 1991, Aguiét al. 1993, Aguila and
Cvetic 1994, Leike 1997, Taxil, et al. 2002, Appelquist, let2®03, Carena, et al. 2004,
Kang and Langacker 2005, ). In addition, the Ufhpdels have also been tested under
electroweak precision bounds (Amaldi, et al. 1987, Langgost al. 1992, Erler and
Langacker 1999, Erler and Langacker 2000).



CHAPTER 3

WHAT IS U(1)’ MODEL ?

In U(1) models the MSSM gauge group is extended to include an extediakb
group factor at the weak scale: SU{RSU(2), xU(1)y xU(1) with respective gauge
couplingsgs, g2, g1 andg;. The particle spectrum of the model is that of the MSSM
plus a SM gauge singlet charged under only the U(lijhvariance. We employ a rather

general U(2)charge assignment as tabulated in Table 3.1.

Table 3.1. The gauge quantum numbers of chiral superfieldshofamily

SU3). | SU@). | U()y | U(LY

Q.| 3 2 1/6 | Qb
Uue | 3 1| =2/3 | Qe
D¢ | 3 1 1/3 D
Li| 1 2 | -1/2 | @),
ES| 1 1 1 e
H,| 1 2 1/2 | Q.
Hy| 1 2 | -1/2 | QY

S| 1 1 0 | Q4

There are several sources of U(Ihainly from Superstrings, Grand Unified The-
ories (GUT), Extra Dimensions, Dynamical Symmetry Bregkihittle Higgs Models
and Stuckelberg Mechanism. Basically U(fjodels are low energy manifestations of
these theories. At low energies ,however ,gauge and gtiavitd triangle anomalies ap-
pear in the theory, cancellation of which requires the exisé of exotic matter. This
not only causes a significant departure from the minimakstine but also disrupts the
unification of gauge couplings. Therefore, keeping the themomaly-free with mini-
mal matter content and allowing the gauge couplings uniéinate will focus on family
non-universality of charges under U(invariance.

In this work we will study on family non-universal U(1jnodel in comparison

with models from GUTs . As an example, E(6) ,descending frapessymmetric GUTS,

10



can be broken down to SM gauge structure with an additiond),U(
E(6) — SO(10) x U(1)y — SU(5) x U(1)y x U(1)y — Gspr x U(1)
where U(1)is a linear combination df/ (1), andU (1), symmetries,
U(1) = cos(0)U(1)y —sin (0)U(1), (3.1)

with mixing anglef. Depending on the value of mixing angle there are variouseisod

Table 3.2. Specific U(1)nodels witha;, = (3/8)'/? anda, = —(5/8)'/2

0 0 -m/2 | arcsin () | arcsin (ag)

U UMy | UMy | Uy UL

In analyzing the collider signatures of dilepton producti@t lepton and hadron

colliders we will takel/(1),, model to compare with family non-universal U(1)

3.1. Anomaly Cancellation and Charge Assignment

One of the most important issues in U(Inodels is the cancellation of gauge
and gravitational triangle anomalies. In fact, it has bdeawa that (Cheng, et al. 1998,
Cheng, et al. 1999, Erler 2000) a number of exotics have talbedito the minimal spec-
trum for making the theory anomaly-free. However the presei these additional fields
usually destroys the unification of gauge couplings. In s@stion we will briefly dis-
cuss the family dependency of charges under Ufldanceling those triangle anomalies
without additional fields preserving the unification of gawguplings.

As shown in (Demir, et al. 2005), the general U@)arge assignment suffices to
solve all anomaly cancellation conditions in a way respgcthe gauge invariance of the

superpotential. In fact, one finds the solutions (Demir].e2@05)
Qo = Qlou =, = 532 +3Q1, + Q).
Qo = Qg = Qg = (60l + 601, — Q%).
Qi = Qg = Qg = 5(~12Q%; — 12Q), — Q).
Q= —2Ql —3Q,. Q= Qs — Q.
Qp: = 3Qp +4QL,, Qp =2Qk +20Q7, + O,
Qu, = ~Qp; — Qb — Qs Q, = Qs + Q1 (3:2)
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in terms of the three free charges:

In this charge assignment it can easily be seen that familyumiversality re-
sides only in leptonic sector, that is hadronic part is keptify universal. It is known
that different U(1) charges for different families lead to a largeneédiated flavor chang-
ing neutral currents (FCNC) (Langacker and Plumacher 2Ba@@ger, et al. 2004), in
hadronic sector FCNCs are suppressed by keeping quarkeshizigily universal under
U(1);

Q. = Y=

Q/Dg = Q/Dg = Qng

Q,Uf = Q/Ug = Q/U§
However, in leptonic sector U(i¢harges are assigned in such a way that they forbid off-
diagonal terms in leptons mass matrix. Hence, with idehticss and gauge eigenstates,
FCNCs will automatically be absent.

In above charge assignment there is one more aspect neeglsenbioned which
is quite important. Family dependence of charges under W{dariance forbids certain
Yukawa couplings in the superpotential, leading to masgksnions in the theory. How-
ever, the requisite fermion masses can be induced at loepldg\non-holomorphic oper-
ators in the soft breaking sector (Hall and Randall 1990zBwrati, et al. 1999, Demir,
et al. 2005). In certain cases, some fermions can not gainrttesses neither at tree
level nor at any loop level with holomorphic operators, #iere non-holomorphic soft
supersymmetry breaking operators necessarily be intesiuDepending on the choice
of three free charges the structure of non-holomorphicaipes changes, that is which
fermions, whose masses are induced by non-holomorphi@atgsr are decided by the
selection of three free charges. A recent work on "Higgs Baswd Neutrino masses with

non-holomorphic operators” is in (Demir, et al. 2007).

3.2. Parametrization

The theory consists of three gauge bosons: the photon, thes@nband the
Z'boson. We parameterize couplings of these vector bosoreriitdns via the effec-

tive lagrangian (Aguila, et al. 1987):
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Table 3.3. The vector boson couplings to fermions with fgmiliversal U(1). The U(1)
couplings here are those of Uflylescending from E(6) supersymmetric
GUT (Source: Kang and Langacker 2005)

v Z z
v a v a v a
Ve, Uy, Vs 0 |0 1 1 | —sinfy /3 | —sinfy /3
e, u 7| =1 | 0| =1+ 4sin?0y | —1| —sinfy sin Oy /3
u, c, t 2/3 | 0] 1 —8sin®fy/3 | 1 0 4 sin Oy
d,s,b | —=1/310| -1+ 4sin?0y /3 | —1 sin Oy sin Oy /3

Table 3.4. The vector boson couplings to fermions with fgmén-universal U(1)
The U(1) charges are determined by using (Equation 3.2) and by the
normalization condition that;*Tr[Q'?] to be equal to the same quantity

computed in U(1) model and the normalization factol; is evaluated

5
as,/ =

vy z zZ'
v a v a v a

Ve 0 0 1 1 2sinby Cy | —2sinby Cy

vy 0 0 1 1 10sin0y Cz | —2sinby Cz

vy 0 0 1 1 0 4 sin Oy Cz

e —1 | 0| —1+4sin®0y | —1]| 2sinby Cy | —2sinby Cy

o —1 | 0| —1+4sin®0y | —1]| 10sinfy Cy | —2sinby Cyp

™ | =1 |0] —1+4sin’fy | -1 0 4sin Oy Cz
u, et | 2/3 [ 0] 1 —8sin?0y/3 | 1 | —2sinfy Oy | 2sinby Cp
d,s,b| —1/3 10| =1 + 4sin®0y /3 | =1 | 2sinfy Cz | —2sinby Cp
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_ 92 ST N S S A
*Ceff - 4 cos QW ;fﬂ <'UV ay7y ) fzvu (34)

whereV = ~,Z,Z', and f; stands for any of the quarks or leptons. The Ufguge
couplingg; is included in the vector couplingg‘/ and axial-vector coupling@ via the
relations

vl, = 2cos Oy (QF, — Q) i—i ,al, = 2cosby (Qf, + Q%) g—i (3.5)
wheredy is the Weinberg angle, an@,, andq’;, are U(1) charges of left— and right—
handed fermions, respectively.

In writing (Equation 3.2) we have neglected the mixing betw& and Zbosons.

This mixing can stem from kinetic mixing or can be inducectaétlectroweak breaking
(Cvetic, et al. 1997, Babu, et al. 1998).In this work we neg#ich mixings in accord
with the experimental bounds thay - cannot exceed a fe#)~*. This smallness of the
mixing puts stringent bounds on the ranges of the soft-lingakasses as it was analyzed

in detail in (Cvetic, et al. 1997, Demir, et al. 2005).
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CHAPTER 4

DILEPTON SIGNATURES OF U(1)’

In this section we will analyze the family non-universal Y(hodel by consider-
ing its signatures for dilepton production at lepton andrbacolliders, separately. We
will investigate distinctive signatures of the U(Ihodel under concern with respect to
a typical family universal U(1)model which we choose to be the U{Ijodel follow-
ing from E(6) GUT. The requisite vector and axial-vector glngs of photon, Z and
Z'bosons are tabulated in Table 3.3 and Table 3.4 for familyarsal and non-universal

models, respectively.

4.1. Transition Amplitude of the Scattering Process

In general, th& — 2 scattering procesg f — (¢~ is

S (k1) Haq)

v,z 7

Figure 4.1. A generic scattering process

where f stands for quarks (hadron colliders) or leptons (leptotid=ns) carrying mo-
mentumsk, k, and/ for any of the charged leptons with momentumsy,. This process
proceeds withy, Z and Zexchanges in the-channel wher is not identical tof, and in
both s andt channels wherf = /. If center of mass energy of the collider is high enough

then Zeffects can be disentangled from those @nd Z.
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Figure 4.2. Contributions of three vector bosons

The transition amplitude of each processes is labeled,as!z and.4z respec-

tively.
_ (i . — i G AN (O e
A= P00 S (st ) 1 )
(2 Fa ] S A5 igl“’ -lVl—lE)Z 4.1
Az =GP It () -l @)
_ Zgy Y _
Az = G fy* vl — al ") f - <S_m2 o Fz) 1y vy — ap]l
o ’ ’

whereG = g,/4cos by , s is invariant massy., = 0 andI’, = 0 since photon is massless
and totally stable ang,,, is the metric tensor. Vector and axial-vector couplings aind
Z' bosons are parameterized as in Table 3.3 and Table 3.4.

Switching to spinor representation;

Afw%wu@mﬁm< G )mmwmwwm

—_m2 ,
s —m: + m L,

_ ' G o\ v
Az = G*0(ko)y"[v] — ayJu(ky) - (S o) :imzfz) ~a(q)y" vy — apy’ v(ge)

_ U v _ v
&:Gwmw@—@ﬂwm(#my&qu”@”W*@“M@
(4.2)
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The total transition amplitude including the contribusasf all these three vector bosons

and its squared are;

A (f f — €+€_) = A7 + Az + Az (4.3)

A(Ff= )P =A(ff— ) x A(ff— ) (4.4)

with conjugate transposed of each amplitude being;

Al = 0(g2)7y* (=i Qre) ulq) - ( L Gos ) ~a(kr) 7 (=i Qg e) v(k»)

— 2 _
s —mj ., L,

_ a —1 Jop _
Al = Galga)r ol + arlu(ar) - ( - WFZ) ko od + al vk

_ a —1 Jop _
Al = G*o()y vy + dy lulq) - (8 - z’szz/) (k)Y [ol + afn o(ka)
(4.5)
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Then, using the projection operators the amplitude-sqlLiaeeomes;

__(Qm%4

AP )TW% e (B ] Tt + me) (s — mo)r®]

Qfoe
S — mZ — ’Lerz))
m e (K +my)[o] + al ) Tri(gh + mo)vl (g — ma) [l + ay)
Qle€

(
- < s(s —m3, _ZmZ’FZ’))
(5

_l_

(Ko = mp)y* (K + mp) o), + al el Tr(gh + mu) vl (g — mi) vy + a7
Qlee )

(s —m% + ZmZFZ)

Tr((
_l’_
Tr((

X Tr[(Ky — mp)y*[vy — ayy |+ mp)val Trl(gh + mi)yulvy — azy’](gh — mi)y”]
- 1 )
(s —m% + ZmZFZ)(s —m% —imzly)
x Trl(Ko — mp)y" vy — agn (B + myp)[vg + afy]ra)
X [(q/l +mi)valvy — azy’l(ge —mi)lvy + a1y
1
* (s—mZ+szFZ)(s—m2Z, sz/FZ/))

X Tr((Ka = mp)"[vg — ap)®) (K + mp)[vg, + afy’ bl

< Trl(gh +mi)yulvy — azy’) (g — mo)[y + a1

QiQye”
s(s —=m2, +imzyly)

(Ko —mp)y [y — agn ) (B +mp)yal Trl(gh +mi) el — az®)(ge — mi)y°]
1

((s—m%, +ierFZr)(s—m2Z szFZ))
(We — mp)y" vy — gl (W +my)[vg + a7l
(

G2
Tr|
+ G*
Tr|
Tr

+ m) Vv — ay (g — mu)[vy + a1y

X [ %
4 1
+ G ((S—m%/ +ierFZr)(s—m2Z, —’imZ/FZ/))
X Trl(Hy = mp)y" vy — ap’| (b + mp)lwg + azn ol
< Trl(gh + mu)yulvy — az’)(gp — mi)[vy + az7 1] (4.6)

Since we are studying at very high energies we can countratié@s as masslessi =

k2 = ¢ = q5 = 0). Then, by the help of trace theorems and identities of gamataices
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the amplitude-squared becomes;
8 2M2 .4
A2 = (%) (u? + %)

+ G? Qle62 8 [val (u2 + tz) + ald (u2 — t2)]
s(s —m? —imyzly) 274 272

+ G2 (S( QiQye” )) 8 [vézvlz/(uz +1%) + alal (u? — tz)}

S — mZZ, — ’imZ/FZ/

QiQ e
t & (s(s —m? —|]-£ imyLy) 8 [Uévlz(if + 1) + aéalz(u2 — ﬁ)}

+ G !
(s =m% +imzlz)(s — m% —imzly)

x 8 [(vézvlzz + L2, + al?0L? + al2d?) (u? 4 1) + A(vhalvla) (u? — t2)}

+ G !
(s =m% +imzlz)(s —m%, —imzTy)

x  {8[(vhvl bl + vhvl,dydy, + alal bl + alal.alal) (u? + 1)

+  8[(vhalvhal, 4+ vlaldk, + alulbay, + alvld o) (u - 1))}

1
+ G? <s(s T imaT, )) 8 [Ué,vlz,(if + %) + ala, (u? — 1?)
o ’ ’

1
+ G4< — — )
(s =m%, +imzlz)(s —m% —imyly)

x  {8[(v vl vl + vlvlaydy, + alalvll + al,alaa) (W + 12))

+  8[(vhalvlay 4+ vlald,l + alululd, + aloladl) (W — 1))}

4 1
_l_ G 2 . 2 .
(s =m%, +imzlz)(s — m%, —imylz)
X 8 [(vé%lz,2 +vl,%aL? + al, 2L % + ol 2dL ) (u? + 12) + 4(vl,al0).d) (u? — tz)]
We need to take average over initial-state polarizatiogaiee of unpolarized incoming

beams and sum over final-state ones since our detectorsataamfpral-state polarizations,

then the amplitude-squared of the generic proceess (Equétd) takes the form
(JA(fF=00) Ppotar. = Fls;v,a) [(s+1)+¢7]
+ G(s;v,a)[(s+1)? — ] (4.7)

whereF'(s; v, a) andG(s; v, a) are given by (Aguila, et al. 1987)

Il AN Il
F(siv.a) =2 Z (vl Vg + a, aﬁ) (v Vg + a, ap)
ap (8 — Mg + iMaFa)(S - Mﬁ2 - ’LMﬁFg)

and
Gsi0.0) = 22 (vf ag +v£ al) (v}, alﬁ —l—vlﬁ al)
o (5 — M2+ iMoTo)(s — M2 — iMgTy)

(4.8)
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With the invariant kinematical variables;

S = (/{31 + /{32)2 = (q1 -+ QQ)2
u= (k1 — 6_12)2 = (ks — 611)2

t=(kr—q)® = (ks — @) (4.9)

In these expressions and 5 label intermediate vector bosons. v, Z and Z. TheTl',
designates widths of the vector bosolis:= 0 (absolutely stable) and, = 2.4952 GeV.
The Zwidth I',» is a model-dependent quantity, and while making numerisainates
in what follows we will takel',» = I'z. Moreover, in accord with the U(})model

parameter space, we talle= g;.

4.2. The Linear Collider Signatures

We first examine U(1)model at a high-energy linear collider (such as the Inter-
national Linear Collider (ILC) project under preparatianyning at\/s = 500 GeV.
The basic processes we considerare” — pp~ andete™ — 777~ where we dis-
cardete™ final states simply for avoiding thechannel contributions. Since leptons do
not interact strongly there is only QED contributions. Thifedential cross section of
lepton-antilepton pair production is simply given by

1 T
2EA2Ep|va — vg| (2m)32E; (27)32E,
X JA(eTe™ — 07072 (2m) 0™ (ky + ks — 1 — q2) (4.10)

do(ete” = (T17) =

whereky, ks, g1 andg, are four momenta, and with some basic assumptions;

Ex=k , Egp=k , Er=q , E=q¢ ,

EA = EB and Q: 1+/{32

the differential cross section is;
1 &g de
32m2s ¢ ¢S
x JA(eTe” = () PSEQ — G — B)0(Q° — ¢ — )

do(ete” — (T07)
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q1

Figure 4.3. Electron-positron annihilation into leptamtibepton pair in linear collider

At the center of mass frame;

—

ki = —ks ) a1 =—¢
KM=k , 4d=q

Q" =KV +E) = 2k =2k

it becomes

1 dq

do(ete” — (T07) = MW|A(€+6_ — TSR — ) (4.11)
the volume element then can be written in the form;
¢ = |q)*d|q| sin 0dody
= ¢"dq) sin OdOdyp (4.12)
Thus, the differential cross section is;
do(ete” —(T07) = ;dq? sin 0dfdp| A(ete™ — 07) 1?6 (k) — ¢¥) (4.13)

647m2s
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Figure 4.4. Z-axis is the direction of longitudinal momentu

Finally, the cross section of lepton-antilepton produttiorough electron-positron anni-

hilation is;

olete” =17 = 3
s

/ sin 06| A(ee — £+00)| (4.14)
Rearranging the kinematical variables in (Equation 4.9vamrget the relation;

S S S .
t= —5(1 —cosf) , and , dt= 5d(cos@) =3 sin Odo (4.15)

Then substituting into (Equation 4.14), the cross secgon i

olete” = (T07) = %/

: dt|A(ete” — £T07)|? (4.16)
Depicted in Figure 4.5 are unpolarized .~ andr" 7~ production cross sections
at a futuree™ e~ machine for family universal U(1)in the left panel) and family non-
universal U(2) (in the right panel) models. For family universal U(it)is seen that
olete” — putp~) ando(ete” — 7t77) completely overlap. The main reason behind
this coincidence is that and 7 leptons do have identical gauge quantum numbers (in-
cluding those of under the U(1gauge symmetry) and their mass difference causes only
a tiny deviation at such high energies (LEP Coll. 2003, ALE®#Il. 2005). Conse-
guently, from the left panel of Figure 4.5 one concludes thahbers of muons and tau
leptons produced at arte~ collider will be identical (up to systematic and statistiea
rors in analyzing the experimental data) if the new gaugemsgtry, the U(1) symmetry
under concern, exhibits identicalcdouplings for each fermion (at least lepton) family as

happens in the standard electroweak theory.
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In clear contrast to the left-panel of Figure 4.5, one obsethat, ™y~ andrt 7~
differ by an order of magnitude if the U(19ymmetry possesses non-universal couplings
to fermions (at least leptons). Indeede*e™ — ptp™) is larger tharv(ete™ — 7777)
by a factor of6.5, and this factor is related to U(19harges listed in Table 3.1 and vector
and axial-vector couplings in Table 3.4. Therefore, thatrganel of Figure 4.5 alone is
sufficient for concluding that the number of .~ andr 7~ events will significantly dif-
fer from each other if the new gauge symmetry, the Ufalige symmetry under concern,

exhibits different Zcouplings to different fermion (at least lepton) families.

> 800 &

* *
120 N + Mion ‘e + Mion
*
* Tau LN * Tau
100 * 600 R
* * ¢
. 80 —~ M
2 Do 2 400 ©
= * * =
o 60 . . b : 0‘
40 & *, N "
* *, 200 K ‘
20 ' V\Q--..... m: ::{M‘ "‘m:.‘ mn"
Og-—‘"‘/ 0
490 495 500 505 510 490 495 500 505 510
My (GeV) My (GeV)

Figure 4.5. Theut = and 7+ 7= productions at a future™ e~ collider with
/s = 500 GeV for family universal U(1) (inthe left panel) and family
non-universal U(Z) (in the right panel) models. The ratio between family
non-universal and family universal cross sections variéh \wodel

parameters

Additionally we analyze the U(1)model at the Large Electron-Positron (LEP)
collider which is closed at 2000 witlys = 209 GeV and 140pb ' luminosity. Figure
4.6 is the production cross sections of muon and tau leptah $tates with family non-
universal U(1). It is clear in Figure 4.6 that family non-universal U(¥)gnal is quite
clean and distinguishable as the muon and tau lepton prioductoss sections are as
much as several hundreds of picobarns. However, these girods are observed to be
around few picobarns in various analysis (Aguila, et al. 3,9%®uila and Cvetic 1994,
Leike 1997, Appelquist, et al. 2003, LEP Coll. 2003, Caratal. 2004, ALEPH Coll.
2005) and since such a clear and distinct signal has not besamed in LEP (LEP Coll.
2003, ALEPH Coll. 2005), it can easily be said that family nonversal Zlies beyond
the discovery limit of LEP.
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Figure 4.6. Family non-universala LEP

In conclusion, at linear colliders, which provide a perfacna for precision mea-
surements, one can determine if the new gauge symmetryy,ifadmnch extends the SM
gauge group exhibits family universal or non-universalmimgs by simply counting
the number of lepton pairs produced. This aspect is quiteitapt since family non-
universality might signal anomaly cancellation in Abeliextended models as shown in
(Demir, et al. 2005).

4.3. The Hadron Collider Signatures

The most important hadron machine to come up is the Largedta@ollider
(LHC) which is a proton-proton collider running gfs = 14 TeV center of mass en-
ergy. At the parton level dilepton production processesstaged by quark—anti-quark
annihilation into lepton pairs via-channely, Z and Zexchanges. Since hadrons inter-
act strongly, QCD contributions must be included in caltafe thus the hadronic cross

section is related to the partonic one via
o(pp— 707) = Z qu/dxq dg Poja(xq)Pyp(zg) o (qq — (7€) (4.17)
0.q

with the partonic cross-section,

0
o(qqg — (T07) = L / dt|A(qqg — () (4.18)

16782 )
whereP, 4 (x,) is Parton Distribution Function (PDF) standing for probigoof finding
parton (quark); within the hadrond with a longitudinal momentuma, time that of the
hadron. Moreover_,; stands for color averaging over initial-state partons ardjuals
1/9 for ¢ g annihilation. In numerical analysis we used CTEQ5 Mathéraatackage for

PDF’s.
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Figure 4.7. A generic two-body parton scattering process

It should be noticed that the partonic cross-sections ofypp-and down-type

quarks differ by their charges. Therefore the hadronicssetion can be written in

detail

o (pp — €+€_) =

+

+

1/dxu dzg Puja(wy) Pajp(za) o (vt — 0107
/ de, dve Pualz.) Ponlee) o (ce— +07)
/d dxg Pya(x) Prpla) o (tf—> €+€_)

/d drg Paa(xa) Pyp(zg) o (dd— 707)
/

dry dus Psja(zs) Psplas) o (ss— 707)

Ol = Ol = Ol = Ol O]k

/dmb day Pyja(xy) Pyplag) o (bb— €707)  (4.19)

At the parton level the kinematical variables are denoted ast and expressed as

»>
|

>
I

(k1 + k2)? = (x4Ps + 23Pp)* = (1 + @)?
(lﬁ - Q2)2 =
t = (ki—q)=

(xaPs— @) = (ks — q1)* = (5P — ¢1)°
(xaPa—q1)* = (k2 — ¢2)* = (x5P5 — ¢2)* (4.20)

for massless initial and final state”; = 0, P2 = 0,4} =0,¢5 =0;

>
|

QI’A:L'BPA . PB = TATRBS

204 Psaqs = 223 Ppqy

>
|

t = 2x4Psq = 228PBgo (4.21)
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Here,r , andx g determine what fraction of the hadron momentum is carrietthbyarton

inside the hadron, thus their values are between 0 and 1,
0O<za<l and O<zp<l1 (4.22)

substituting (Equation 4.21) and (Equation 4.22) into (&opn 4.18) and (Equation 4.19)

1 1
o(pp—(707) = %/ dz, / drg Puja(zu) Papze) o (vu— 0H07)
1 o o
+ 5/0 dx, /0 dzz Peja(ze) Peplxs) a(cé—>€+€_)
1 1 )
+ 5/0 dxy /0 dxg Pyyalay) Prplap) o (tt— 707)
1 1 )
+ 5/0 dxg /0 drg Paja(za) Pyplzg) o (dd— 0707)
1 1
+ 5/0 dz, /o dzs Psjal(zs) Psjplas) o (ss— 707)
1 1 B
+ 5/0 dxy /0 dxg Pyjal(wy) Ppp(ap) O‘(bb—>f+f_) (4.23)

Depicted in Figure 4.8 are (pp — e*e™) ando (pp — p*p~) for family univer-
sal (in the left panel) and non-universal (in the right panebdels. From the left-panel
it is clear that the two cross sections coincide, that is,daht@nal U(1) symmetry with
universal couplings to fermion (at least lepton) familiesxpected to lead equal numbers
of efe™ andut ™ pairs at the LHC. This observation is similar to what we fowttle
analyzing ILC signatures in Section 4.1 above because dhtite¢hat U(1) model pos-
sesses family universal couplings and mass differencedsgtyvmuon and electron cannot
induce an observable effect on cross sections at such aehigiyy collider (LEP Coll.
2003, ALEPH Caoll. 2005).

Similar to the right-panel of Figure 4.5, the right-paneFajure 4.8 shows™ e~
and ™y~ production cross sections at the LHC with family non-ursatiJ(1) model.
The panel manifestly shows thatpp — e*e™) is approximatelyl3 times smaller than
o (pp — p*p~) because of unequal U(Zharges of electron and muon tabulated in Table
3.1 as well as their vector and axial-vector couplings giveiable 3.4. Therefore, a
family non-universal U(Z) if any, can have observable signatures at the LHC via ditept

production processes.
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Figure 4.8. The unpolarized e~ andu™* .~ productions at the LHC for family universal

(left panel) and non-universal (in the right panel) U(f)odels. The ratio

between family non-universal and family universal crosstisas varies

with model parameters

We also examine the family non-universal U(frjodel atp — p collisions with

current bounds from Tevatron/s = 2 TeV). Figure 4.9 shows muon and electron

production cross sections at Tevatron with family non-arsal U(1). Nevertheless the
CDF (Abe, et al. 1992, Abe, et al. 1995, Abe, et al. 1997) andANlachi, et al. 1996,
Abbott, et al. 1998, Abazov, et al. 2001) experiments areeetqul to probe Zoughly

in the range of 200-800 GeV masses for various models, thuestrte experiments put

strong limits on Zmasses in agreement with the limits set by the LEP expersnéeid

it is understood in Figure 4.9, family non-universal U(lhy being out of the limits is

excluded at Tevatron with current bounds.
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Figure 4.9. Family non-universala Tevatron
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Before closing this section, we put strong emphasis on ttietlfeat family non-
universal U(2) offers observable signatures in dilepton signal in botkdimand hadron
colliders. In this sense, the LHC, which is expected to sipgration in coming years,
will be able to establish existence/absence of an additid(itB) symmetry in general
and a family non-universal U(1)n particular. The latter will have easier observational
characteristics because all that matters is the measuteshéme ratios of events with

different lepton flavors.
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CHAPTERS

CONCLUSION AND OUTLOOK

In this work we have contrasted family universal and nonserrsal U(1) models
via their dilepton signatures in future linear (the ILC) amaddron (the LHC) colliders.
These production signatures are also observable in curodliders, and there are more
stringent bounds on’#om precision electroweak experiments and from directcess
in LEP (LEP Coll. 2003, ALEPH Coll. 2005) and Tevatron (Abeak 1992, Abe, et al.
1995, Abachi, et al. 1996, Abe, et al. 1997, Abbott, et al.8l%bazov, et al. 2001. The
limits are model dependent because of the different coggplio fermions but typically
the mass of a light s comparable with Z~ 200 GeV) and the heavy one is around
500-800 GeV with small mixings (Cvetic, et al. 1997, LangacR004, LEP Coll. 2003,
ALEPH Coll. 2005).

Figure 4.6 and Figure 4.9 can be used in comparison betweesntand future
colliders. Similar to ILC analysis Figure 4.6 indicates mfly non-universal U(X)model
with current bounds in LEP and Figure 4.9 is family non-ursat U(1) at Tevatron in
a similar fashion with LHC analysis. And again the family nomiversality is at the dif-
ference in production cross sections of different flavors a&kesult, family non-universal
Z'is out of limits set by various experiments in LEP and Tevatro

From discussions in Section 4.1 and Section 4.2 we conchaein both col-
liders (depending on systematic and statistical error aexperimental data) one can
establish existence/absence of a family non-universaf d{ddel. This search is actually
easier than direct’earch since all that matters is the ratio of productionseextions
of different lepton flavors.

For having a clearer sense ofsgarch at colliders, it would be useful to analyze
decay patterns of’Boson into different flavors of matter. In general,’adson of mass

M+ decays into a fermioif and anti-fermionf with a rate

g2 2 U£2+a22
T, 7= Mo ' ' 1
Z=id Z <4C059W) 127 1)

directly proportional toM:. Therefore, if a certain number off@sons are produced
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(Z'bosons can be copiously produced at the LHC) then their dan&ydifferent fermion
pairs gives information about the underlying structurehefty(1) model.

Indeed, one expects at all grounds

R N (5.2)

Uz rgre Lz eqe-
in any U(1) model (may it follow from E(6) or from strings) in which'@uples to each
lepton family in a universal fashion.

However, the same ratios of the decay rates become

F [N _ F I —
2ot g5 inuﬂt — 13 (5.3)
Z!'—e+e—

Uzrrire
in the U(1) model of (Demir, et al. 2005) in which’@uples to different lepton families
differently (as listed in Tables 3.1 and 3.4). That the de@dgs can significantly (de-
pending on the model parameters) deviate from unity is aljigkeresting signature for
collider searches for a family non-universal U(@auge symmetry.

From the analyzes presented above we conclude that & gglije symmetry
with non-universal couplings to lepton families offersqumé observational signatures for

collider searches via dilepton production.
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APPENDIX A

CONVENTIONS AND FEYNMAN RULES

A.1l. Gamma Matrices
Anticommutation relations:
(A=A At =20 {0 =0 (A.1)

Definitions of+°:

15 =9 =17 = —ivem e (A.2)
Hermitian conjugates:
T L e R ki (A3)
Squares:
(V)P =-(")P=0")=1 (A.4)

., (10 ) 0 7 . (o1
v = , 7= , = (A.5)
0 —1 -7 0 I 0
0 1 0 —1 1 0
Op = . Oy = , 0, = (A.6)
0 1 1 0 0 —1

which satisfy
[O’i, O'j] = 2'i€ijk0k s {O’i, O'j} = 26” s TT(O'Z'O']') = 26” (A?)

wherec* is totally antisymmetrics/* = ¢,;;, = 1 for an even permutation of 1, 2, 3.
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A.2. Trace Theorems and Tensor Contractions
Some useful relations involving gamma matrices:

v-k=v,k", Tr(I)=4 , Tr(y,) =0 , Tr(odd#ofymatrices) =0 (A.8)

Tr(vaw) =49 5 TV Ye) = 49w 9pe — GupGve + GuoGup) (A.9)

Tr(ys) =0, TT(75%¢) =0, TT('VS%/VV) =0, TT(VS'VM'VV'Vp) =0,

Tr(VsYu Y Yp Vo) = —4i€ppe = 41?7 (A.10)

1 for even permutations of 0,1,2,3 ;

P = —€,,,, =4 —1 forodd permutations : (A.11)
0 otherwise
e = =24, €%, =697,
¢, = =2(g"g"" — 9"°9"") (A.12)

Summation of polarization states for real vector bosons:

massless, > e.(p,0)e(p,0) = —gu

massive, )., €.(p, o) (p,0) = =g + 7

A.3. Dirac Spinors
Positive energy spinar(p):
(p—mulp) =0 , ulp)(p—m)= (A.13)
with adjoint spinor:i(p) = u'(p)y° ,
Negative energy spinar(p):

(p+m)v(p) =0 , o(p)(p+m)=0 (A.14)
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with adjoint spinor :v(p) = v(p)7° .

Projection operators:

A.4. Feynman Rules for Tree Graphs

External Fermion Lines

u(p) u(p)
incoming outgoing
External Antifermion Lines
u(p) v(p)
incoming outgoing
Propagators
Photon: i v — 9w
L AVAVAVAVAVAVAVAN p°
Y
Massive Boson: L N — 'Y

ANNNNNNN PP mE e

YAVA

Y

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)
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\ertices

Photon - Fermion :

f
ol
—iQ rey” (A.20)
f
Z boson - Fermion :
f
2" " g
— —al~? A.21
4 COS HW (,UZ CI,Z')/ ) ( )
/
Z' boson - Fermion :
/
AL "
92 f_f .5
TeosOy (vy —azy”) (A.22)
/
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A.5. Cross Sections and Decay Rates

The differential cross section of a scattering processvsrgby;

1 d3pf 1
do —
7 T SE.2Epva—vg| (1;[ (2r)? 2Ef>

% |A(pa, ps = {prHIEEm)'8Y (pa+ps = > py) (A.23)

The differential decay rate of an unstable particle to amgiieal state is;

1 dp; 1
arv = 5[] 525 | MA@y = o hEEns® (v =Y pr)  (A24)
7 (271') 2Ef
where /4, and E'z are incident beam energies,; andvz are incoming beam velocities,
pa andpp are incoming beam momentunis;’s are final state fermion energigs,’s are
final state fermion momentums and, is the mass of intermediate vector boson.
A.6. Physical Constants and Conversion Factors

Physical constants

c = 2998 x 10" ¢m/s

h = 6.582x 10722 MeVs

e = —1.602x107"Y C
B e? 1
“ T Urhe 137

sinfy? = 0.23
€

A= cos Oy
B e

g2 = sin QW
g7 = g2

Z cos Oy

'y, = 2.4952GeV
Conversion factors

lbarn = 1072* em?

(1GeV)*(he)®* = 0.3894 x 107*" em? = 0.3894 mbarn
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