School of Physics and Astronomy
Raymond and Beverly Sackler Faculty of Exact Sciences
Tel-Aviv University

Properties of the reaction pp — ZZ at 14 TeV
using the ATLAS detector

Thesis submitted to the Senate of the Tel-Aviv University as part of the
requirements for the degree ”Doctor of Philosophy”

by

Erez Reinherz-Aronis

The research work for this thesis was carried out
within the Experimental High Energy Group

under the supervision of

Prof. Gideon Alexander
Prof. Erez Etzion

November 2010



Abstract

This thesis describes the investigation of the main physics properties of the ZZ pro-
duction in pp collision of the Large Hadron Collider (LHC) at 14 TeV using the ATLAS
detector via an extensive Monte Carlo samples. These include the measurements of the
differential and total cross sections, determination of the longitudinal Z polarization, the
angular correlation between the two Z — (11~ decay planes and the feasibility to study
the Bose-Einstein Correlation (BEC) of the ZZ pairs. In addition the transformation
from pp collisions to their basic gq reactions and vice versa have here been worked out to
yield the so called Energy Density Functions.

In the differential and total cross section analyses the sensitivity to the Standard Model
(SM) properties was studied by setting the Z mass to be a free fit parameter. In the
differential cross section analysis the Mz value of 98.454+13.62 and 92.91+£6.13 GeV were
obtained for the luminosities of 100 and 300 fb~!. These results are improved in the total
cross section analyses to Mz = 90.884+0.89 and 91.03+0.19 GeV for the luminosities of
100 and 300 fb~1.

In the study of the py longitudinal Z polarization we applied two Spin Density Matrix
analysis methods which yielded for the 300 fb~! sample the values pg = 16.5+4.8 % and
15.14+0.4 % for a loose invariant mass cut and pg = 16.1+£6.6 % and 15.5+0.4 % for a
tight mass cut. These results are in a very good agreement between themselves and with
the expected SM value of 15.6 %

The fit to the ZZ decay planes correlation strength A(zz) lead to the results 0.031£0.068
and 0.0234:0.037 for the luminosities of 100 and 300 fb~!. These A(zz) values are con-
sistent within errors with the expected one of ~0.02.

Finally the feasibility of a BEC study of ZZ pairs has been explored and was found that
it can be realized only in the planned future Super LHC with a typical luminosity of the
order of 1000 fb~! per year.



Acknowledgements

I would like to start and thank both of my supervisors, Prof. Gideon Alexander and Prof.
Erez Eztion for their continuous support and guidance along the way. My thanks are to Prof.
Gideon Alexander for sharing his enormous experience with me and for his endless and time-
less assistance as well as for all his suggestions, comments and talks we had about my work,
which always constituted an enlightening experience and to Prof. Erez Eztion in particulate for

his continues guidance in the matters concerning Monte Carlo and detector aspects of my work.

My thanks are also to Prof. Avner Soffer and Drs. Gideon Bella, Yan Ben-Hammou and
Arik Kreisel for their assistes and constructive discucssions along the way. Finally I would like
to thank my colleagues in the Tel-Aviv ATLAS group for all their help, encouragement and

many useful discussions throughout this work.



Contents

1 Introduction

2 The LHC accelerator and the ATLAS detector
2.1 The pp Large Hadron Collider . . . . . . . ... ... ... ...

3

2.2

2.1.1
2.1.2
2.1.3
2.14

The physics motivation . . . . . . . ... ... ... ...
The main LHC configuration. . . . . . .. ... ... ..
The acceleration scheme . . . . . . ... ... ... ...

Time schedule of the energy and luminosity setups

The ATLAS detector . . . . . . . . . . . . . . ... ...

221
2.2.2
2.2.3
224
2.2.5

The ATLAS coordinate system . . . . . ... ... ...
The ATLAS luminosity measurement . . . . . . . . ...
The inner detector . . . . . . .. ... .. ... ...
Calorimetry . . . . . . . . .. . o

Muon spectrometers . . . . . . ... ... L.

Physics background
3.1 The Standard Model in a nutshell . . . . . ... ... ... ...

3.2 pp interactions at high energies . . . . . ... .. ... ... ..

3.3

3.2.1
3.2.2

The reactionpp — Z+X . . . . ... ... ...
The reactionpp — ZZ+X . . . .. ... .. ... ...

The q¢ — ZZ reaction . . . . . . . . .. ... ... ... ....

3.3.1
3.3.2
3.3.3
3.3.4

The Helicity Amplitude calculations . . . . . . . ... ..
Differential cross sections . . . . . . . . . . .. ... ...
Total cross sections . . . . . . . . . ... ...

The Z longitudinal polarization . . . . . . ... ... ..



4 The simulated data sample 41

4.1 Muon identification and its reconstruction . . . . ... ... .. 42
4.2 Properties of the Z — pu*p~ decay . . . .. ... .. ... ... 44
4.3 The selection procedure . . . . . . . . ... ... ... ... .. 46
4.3.1 Overview . . . . . ... 46
4.3.2 The ATLAS trigger . . . . . . . .. . ... ... ... .. 47
4.3.3 The muons pairing and invariant mass cuts . . . . . . . . 48
4.3.4 Ambiguity in the pairing procedure . . . . . . . . .. .. 48
4.3.5 Number of events used in the analysis. . . . . . . . . .. 48
4.4 Background contributions . . . . . ... ... ... 49
5 Physics analysis 52
5.1 Transformation of the pp — ZZ to the q¢ — ZZ reactions . . . 52
5.1.1 Evaluation of the Energy Density Functions . . . . . . . 53
5.1.2  Verification of the EDF procedure from the ZZ produc-
tion in g¢q and pp collisions . . . . . . . ... ... 54
5.2 Crosssections . . . . . . . . ... 56
5.2.1 The differential cross section do(pp — ZZ)/dcosl; . . . 56
5.2.2  The total cross section o(pp — ZZ) at 14 TeV . . . . . 61
5.2.3 The correlation of the ZZ decay planes . . . . . . . . .. 66
5.3 Sources of systematic errors . . . . ... ... ... 67
5.3.1 Momentum resolution . . . . . .. ... ... 68
5.3.2  Reconstruction algorithms . . . . . . ... ... ... .. 69
5.3.3 Luminosity uncertainty . . . . . .. . ... ... ... .. 69
5.3.4 Theoretical cross section evaluation . . . . . .. ... .. 70
5.4 The Z polarization . . . . . . ... .. ... ... ... ... 71
5.4.1 The spin density matrix analysis . . .. .. .. ... .. 71
5.4.2 The longitudinal polarization evaluation . . . . . .. .. 73
6 The ZZ Bose-Einstein Correlation 79
6.1 BEC formalism . . ... ... ... . ... ... ......... 79
6.2 The interpretation of the At timescale . . . . . ... ... ... 85
6.3 BECof ZZ pairs . . . . . . . ... 87
7 Summary and Outlook 90



Appendix A

Bibliography

93

97



Chapter 1

Introduction

The current theory which deals with all the known physics properties of the
elementary particles and their interactions, except gravity, is the well known
Standard Model (SM) [1-3]. This theory has been extensively tested and
found so far to describe very accurately the experimental results. In the SM
theory the electroweak interactions are mediated via the photon and the mas-
sive gauge bosons W* and Z°. However, a central part of the SM is still not
experimentally discovered namely, the Higgs sector which is responsible for the
particles’ masses. Moreover, it is generally accepted that the SM is not the

complete theory of particles and fields.

To this end the Large Hadron Collider (LHC) [4] was constructed at the
European Organization for Nuclear Research (CERN) laboratory near Geneva,
Switzerland that has been commissioned in 2009. This collider is planned to
investigate new and exciting physics beyond the SM in proton-proton (pp) col-
lisions at the center-of-mass (CM) energy of V/Spp = 14 TeV, higher by almost
an order of magnitude than the existing 2 T'eV collider, the Tevatron at Fermi-
lab. Among the outstanding tasks of the LHC are the search for the missing
Higgs boson, testing with a high precision the validity of the SM at higher
energies and exploring “new physics” like the search for SUper SYmmetry
(SUSY) particles. In addition this new collider may well supply information

on symmetry violation between matter and antimatter.



The research work reported here is based on the ATLAS detector at the
LHC and concentrates on the investigation of the ZZ gauge bosons pair pro-
duced in pp collisions at 14 TeV via their charged leptonic decay channels.
One of the goals of this study was to examine the validity of the SM in its de-
scription to the ZZ pair production and to explore methods to search for new
physics. Deviation from the SM predictions may, for example, occur either
from the presence of anomalous couplings, or from the production of non-SM

particles and their decays into vector boson pairs.

The production of the ZZ gauge boson pairs was previously studied at
the LEP2 and at the Tevatron colliders. At the electron positron collider
LEP2 the reaction ete”™ — ZZ was measured [5] and found to be in good
agreement with the SM predictions. At the Tevatron only a handful of events
were collected [6-9] in its Runll.

In this thesis we report on the simulation studies of the following topics

e Measurement of the total and differential q¢ — ZZ cross sections as a
function of the CM energy of the ZZ system, /szz, and their comparison

to theoretical expectations, whenever possible.

e Study of the angular correlations between the two Z — [71~ decay

planes.

e Determination of the Z polarization via its decay into two charged lep-
tons. This was studied in terms of the Spin Density Matrix analysis
method. In particular the possibility to measure the longitudinal Z po-

larization is emphasized.

e The possible use of the Bose-Einstein correlation in ZZ pairs is shown.

The research work presentation is organized as follows: An overview of the
LHC accelerator and the ATLAS detector is described in chapter 2. An intro-
duction to the main physics aspects of this research work is given in chapter 3.

The Monte Carlo events selection procedure is outlined in chapter 4. This is



followed in chapter 5 by the physics analysis results. In chapter 6 an attempt
to measure the Bose-Einstein correlation of ZZ pairs is discussed. Finally a

summary and an outlook are presented in chapter 7.



Chapter 2

The LHC accelerator and the
ATLAS detector

2.1 The pp Large Hadron Collider

The current existing highest energy particle accelerator is the CERN Large
Hadron Collider (LHC), which is aimed to collide proton-proton beams up to
an energy of 14 T'eV in their Center of Mass (CM) system. This collider, which
utilizes the tunnel excavated for the ee™ Large Electron Positron (LEP) col-
lider, is situated around 100 m below the ground level and includes several

large halls to accommodate the approved LHC experiments (see Fig. 2.1).

Two of the experiments, ATLAS [10-12] and CMS [13,14], are constructed
for a general study of pp collisions properties and in particular aimed to search
for new physics. Two other experiments are the LHCb [15] which is dedicated
to study B-physics and CP-violation and ALICE [16] which is designed for the
research of heavy ion collision. The LHC has started its operation in 2009 with
a pp \/Spp 0of 900 GeV which was later upgraded to 7 TeV and is expected to

reach in a couple of years to its planned value of 14 TeV .
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Figure 2.1: Layout of the LHC tunnel, taken from Ref. [17], which includes the

location of the experiments and accelerator facilities.

2.1.1 The physics motivation

The new LHC collisions energy regime should extend our current knowledge of
matter and its substructure. It is anticipated that the LHC will have the capa-
bility to discover or exclude new physics theories and expectations over a large
range of predicted high mass particles and coupling strengths. Among them
is the understanding of the electroweak symmetry breaking which involves the
search for the predicted Standard Model (SM) Higgs boson, where its lower
mass limit of 114 GeV [18] was given by LEP and excluded by the Tevatron
in the region of 163-168 GeV' [19]. Further goals are the improvement of the
measurements precision of properties of the SM particles like the W* and Z°
gauge bosons and heavy quarks and to search for “Beyond the SM” physics

like supersymmetric particles or new heavy gauge boson.



2.1.2 The main LHC configuration

The LHC is placed in a 26.7 km underground ring tunnel which was excavated
for its predecessor, the LEP collider. The LHC accelerator consists of two
colliding synchrotron proton rings capable of accelerating protons from their
injection energy of 450 G'eV up to its highest designed energy of 7 T'eV| which
corresponds to a maximum CM energy of /s = 14 TeV. The magnetic field
needed to keep these beams circulating in the machine is provided by 1232

superconducting dipoles with a field of 8.4 tesla.

At the LHC each beam bunch consists of ~ 10! protons and has a size
of a few centimeters in its motion direction and a diameter of about one mil-
limeter. In order to increase the luminosity the bunches are squeezed to a
diameter of about 16 um as they approach the collision points. The two
proton beams are planned to collide at the different interaction points every
25 nano seconds so that in the final collision stage they will reach a rate of
about ~ 10? events/second. This will result in around 20 events per bunch
crossing which corresponds to about 1000 charged particles hitting each of the
LHC detectors. For this reason the radiation tolerance of the detectors mate-

rial was a crucial aspect in their design.

2.1.3 The acceleration scheme

The proton acceleration scheme is achieved in several stages. Prior to being
injected into the main ring, protons are extracted from a hydrogen target and
linearly accelerated in bunches up to the energy of 50 MeV in the LINAC
(see Fig. 2.2). These 10! protons bunches are then injected via the Proton
Synchrotron Booster (PSB) into the Proton Synchrotron (PS) ring, which is
the oldest accelerator on the CERN site, with a circumference of 630 m. The
PS boosts the protons up to an energy of 26 GeV after which they are in-
jected into the Super Proton Synchrotron (SPS) accelerator where they are
brought to an energy of 450 GeV'. In the past the 6.9 km circumference SPS
was used as a pp collider where the UA1 and UA2 experiments provided the
first evidence of the weak force carriers, the W+ and the Z° [20-23]. Finally



CERN Accelerators
(not to scale)

lactrens

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antipraton Decelerator
ISOLDE: Isolope Separator CmLine DEvice
FSB: Prodon Synchrotron Booster
PS: Proton Synchrotron
2% LINAC: LINear ACcelerator
ALICE LEIR: Low Energy lon Ring
¥ CNGS: Cern Neutrinos o Gran Sasso

Figure 2.2: The LHC acceleration setup at the CERN site.

the proton beams are injected into the two separated beamlines of the LHC,
the cross section of which are shown in Fig. 2.3, where they are accelerated to

their final planned energy.

2.1.4 Time schedule of the energy and luminosity setups

Currently the operation of the LHC is planned to have two running periods.
The first one started in 2010 and is due to end by the end of 2012. In this
period the machine CM energy was set to /S = 7 TeV where the integrated
luminosity is expected to reach the value of about 15 fb~!. This period will
allow the LHC staff to prepare for the next running period while the various
experiments and physics groups will be able to test, align and calibrate their

equipment and carry out the first 7 T'eV pp collision analyses.

The second running period will follow a 12-16 months shutdown to support
the necessary machine upgrade to allow the CM energy to reach the planned
one of /s = 14 TeV with its envisaged integrated luminosity of ~100 fb!

per year.
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Figure 2.3: A profile cut of one of the LHC cryodipoles details of which are given
in Refs. [24-27]

A precise measurement and control of the luminosity is a major experimen-
tal challenge at the LHC as it is needed for determination of the cross section
of the various physics processes and to guarantee an optimal operation of the
accelerator. The luminosity supplied by the accelerator can be determined by
its beam parameters. The luminosity relevant for the physics analyses is the
one accumulated by the detector [28] which can be measured by the use of
physics processes like the pp — ppete™ reaction. In the beginning it is an-
ticipated that a luminosity precision of 5-10% can be reached from the LHC

machine parameters.
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2.2 The ATLAS detector

The “A Toroidal LHC ApparatuS” (ATLAS) detector is a multi-purpose de-
tector which was constructed to exploit the full discovery potential of the LHC
by studying in details a broad spectrum of physics processes. The ATLAS is
designed to detect charged particles and most of the neutral ones, the still

missing Higgs boson and proposed new physics particles.

Muon Detectors Electromagnetic Calorimeters

Forward Calorimeters

/ VN Solenoid
™, \

7k

End Cap Toroid

e e

- Inner Detector : I ' ieldi
Rafeel Forokd Hadronic Calorimeters seding

Figure 2.4: General view of the ATLAS detector.

The overall ATLAS detector layout, shown in Figure 2.4, is described in
details in the Technical Design Reports (TDR) [10]. The shape of the ~7000
tons detector has a cylindrical form of about 44 m long and 22 m in diameter.
Like most former collider detectors, ATLAS is build in an onion-like struc-
ture which is divided into three major sub-systems: the inner detector, the

calorimeters and the muon spectrometers. An important feature of the design

12



of the detector is its almost 47 radian coverage which allows measurements of

missing momentum of the not detected neutral particles.

2.2.1 The ATLAS coordinate system

The origin of the ATLAS global xyz coordinate system lies in the center of the
detector which coincides with the beam interaction point (IP). The z-axis lies
parallel to the beam line in an anti-clockwise direction while the x-axis points
to the center of the LHC ring and the y-axis points upwards and is perpendic-
ular to both the x- and the z-axes. Due to the cylindrical shape of ATLAS it
can also be described by a cylindrical coordinate system where the polar angle
6 is defined with respect to the positive z-direction and the azimuthal angle ¢

is defined in the xy plane measured from the x-axis.

In addition to the particles geometrical direction one can also link them to

the commonly used rapidity variable which is define as

1 E+pL
= — 2.1
y an(E_pL) (2.1)

where E is the energy of the particle and p;, is its longitudinal component
(in the z direction) of the particle momentum. The advantage in using the
rapidity variable in hadron collisions is due to the fact that a difference between
two rapidity values is invariant under the longitudinal Lorentz boost. In the

reletivistic case, a good approximation for the rapidity is

n = %ln (%) — I (tang) (2.2)

where 7 is referred to as the pseudorapidity.

2.2.2 The ATLAS luminosity measurement

At the ATLAS detector a dedicated luminosity monitor has been installed,
known under the name “LUminosity measurement with a Cherenkov Integrat-
ing Detector” (LUCID), which was active from the start of the first running pe-
riod. The current luminosity precision measured by LUCID is about 10% [11]

13



and it is expected to be improved with time. The LUCID Cherenkov counter
consists of two arrays of aluminum tubes filled with gas. The arrays are placed
around the beam pipe at ~17 m on both sides of the ATLAS interaction point
and cover the very forward range of 5.6 < n < 5.9. The tubes are 1.5 m
long and have a 15 mm diameter with a 1 mm wall thickness. The aluminum
tubes directed towards the IP in order to reject particles that are not cre-
ated by the pp collisions. This counter monitors the number of interactions
occurring in each bunch crossing by counting the mean number of charged
particles within its acceptance. The Cerenkov photons created by the passage
of charged particles in the gas are reflected on the tube walls until they reach

the photomultipliers placed at the back of the tubes.

Figure 2.5: The LUCID detector placed between the beampipe and the conical
support tube of the beampipe (taken from Ref. [29]).

2.2.3 The inner detector

The ATLAS Inner Detector (ID) [30,31] is designed to measure the direction,
momentum, and the sign of the particles electric charged produced in a high
multiplicity environment of the LHC collisions. In particular it is aimed to

reconstruct the primary vertex and if present also the secondary ones.
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The shape of the ID is a cylinder with an outer radius of 115 ¢m and a total
length of 7 m. The complete ID structure is contained within a magnetic field
of 2 tesla that allows the determination of particles’ momenta by measuring
the tracks curvature. The inner detector is divided into three sub-detector,
as shown in Fig. 2.6 [32]. These three sub-systems, although technically in-
dependent, act complementary to fulfill the basic experimental tasks of the
ID. The most inner layer, closest to the interaction point, is the silicon pixel
detector. This sub-detector is surrounded by the SemiConducting Tracking
(SCT) sub-detector and the most outer layer of the ID, the Transition Radia-
tion Tracking (TRT) system. The acceptance of the inner detector is designed
to cover a large close spherical volume to prevent as much as possible the
escape from detection of outgoing particles. This acceptance can be also ex-
pressed in terms of the pseudorapidity 7 namely it is confined to |n| < 2.5. To
note is that in order to minimize the radiation damage both the pixel and SCT

sensors are cooled down to an operation temperature range of —5° C to —10° C.

The pixel detector

The pixel sub-detector is the closest component of the detector to the IP. Its
main task is to provide measurements of charged tracks at high multiplicity

and extreme radiation background.

As can be seen from Fig. 2.6 [32] the pixel sub-detector system consists
of three cylindrical layers around the beam axis in the barrel region with the
radii of 5, 9 and 12 e¢m followed by three disks perpendicular to the beam axis
at distances of 50, 58 and 65 ¢m in the z direction on both sides of the IP.
The pixel sub-detector is assembled out of 1,744 pixel sensors of dimension
19x63 mm? where each of them is constructed out of ~47,000 silicon pixels.
With about 80.4 million readout channels, the pixel detector provides, via the
bending solenoidal magnetic field, a precise determination of the momentum,
the impact parameter and the primary vertex of charged tracks. Its spatial
resolution is of 10 gm in the ¢-plane and 115 pum in the z-direction [32]. The
high granularity of the first pixel detector layer is essential for a good vertex

resolution of the secondary vertices which are crucial for the identification of

15
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Figure 2.6: A 1/8 cylindrical profile cut of the Inner Detector system showing
the three sub-detectors, taken from [32]. The silicon pixel detector is the cylindrical
layer on the bottom right and the followed three perpendicular disks. The SemiCon-
ducting Tracking system is the middle layer of cylinders and disks. The Transition
Radiation Rracking system is presented only in the endcap region by the upper left
component. In addition the figure includes two charged tracks emerging at n = 1.4
and 2.2.

short-lived particles such as the B hadrons and the b quark. To note is that
the pixel sub-detector will suffer from the highest radiation damage rate and

its performance will most probably deteriorate after a few years.

The semiconductor tracker

The SemiConductor Tracker (SCT) which surrounds the pixel sub-detector is
the middle component of the ID. It was designed, as the pixel sub detector, to

determine for each track its momentum, impact parameter and vertex position.

The SCT which is shown in Fig. 2.6 uses silicon microstrip technology
for tracking charged particles [33,34] and is constructed from silicon sensors
(like the pixel detector) which are segmented in strips thus giving a position
measurement. The SCT at the barrel region consists of four cylindrical shaped

layers with radii of 30, 37, 44 and 51 ¢m of silicon strips which are arranged

16



so that each layer has one set of silicon strips parallel to the beam axis and
another set tilted by angle of 40 mrad in order to measure the radial and lon-
gitudinal position of the hit. The same layer arrangement was also used at the
endcap region where nine axial wheels equipped with double layers of silicon
strip detectors were installed on each side of the IP. The SCT with its ~6.2
million readout channels has the spatial resolution of 17 pm in the ¢-plane
and 580 pm in the z-direction [32]. It was design to resolve ambiguities of two
tracks separated down to 200 pm in the dense tracking environment of the
LHC.

The transition radiation tracker

The Transition Radiation Tracker (TRT) is the outermost part of the ID. Its
main tasks are to serve as an electron identifier and to improve track momen-

tum resolution by providing a long lever arm of measured hits.

The TRT is made out of polypropylene sheets sandwiched between drift
tubes, called straws, which have a diameter of 4 mm and a length varying
between 37 cm in the endcap region to 144 cm in the barrel region. These
straws are filled with a xenon gas mixture. As can be seen from Fig. 2.6, it
covers the pseudorapidity region of || < 2.0 and has the intrinsic resolution
of 130 pm [35]. In the barrel region there are 52,544 straws arranged along
the beam pipe. At the endcap region these straws are arranged radially in 18
wheels with a total of 319,488 straws.

Charged particles crossing the the polypropylene sheets emits photons that
are registered in Xe gas of the straws, while all the charged particles producee
ionization in the straws. These photons which are referred to as transition ra-
diation have energies in the X-ray range [36]. The number of photons emitted
is proportional to the Lorentz factor, v = E/m where E and m are the energy
and mass of the charged particle. Thus the electron which has a small mass
does emit a larger amount of radiation that allows the separation between it

and heavier particles with the same energy.
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2.2.4 Calorimetry

The ATLAS calorimeter detection system shown in Fig. 2.7 [37] is responsible
for the energy measurement of particles and jets (both charged and neutral).
In addition, an important role of this sub-detector is to determine the missing

transverse energy by summing up all the measured energy deposits.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic

barrel
LAr forward (FCal)

Figure 2.7: The calorimetry system. The different sub-detectors in both the barrel

and the endcap regions are indicated, taken from [37].

The calorimeters are divided into an inner part, the electromagnetic calorime-
ter which is optimized to measure photons and electrons and an outer part
referred to as the hadronic calorimeter which is optimized to detect hadrons.
The electromagnetic calorimeter covers the range |n| < 3.2 and the hadronic
one, including the forward calorimeter, extends up to |n| < 4.9. The calorime-
ters use high atomic number material which causes the incoming particle to
interact with their media producing Electro-Magnetic showers of particles. The
showers are initiated in the absorber material and extend into the active ma-

terial where the ionization of the produced shower is measured.

18



Electromagnetic calorimeter

The electromagnetic calorimeter is a highly granular lead-liquid argon sam-
pling calorimeter that is placed around the ID and is designed to identify and

measure the energy of electrons and photons.

The calorimeter consists of passive absorbers that are made out of lead (Pb)
and stainless steel while the active parts consist of Liquid Argon (LAr). The
choice of LAr was made because of its very good radiation tolerance whereas
the choice of Pb is due to its high atomic number which ensures that the
electrons and photons showers are well developed to be detected in the active
medium. The lead plate modules are organized geometrically in an accordion-
shape which provides a uniform azimuthal coverage by minimizing the gaps
between the detector modules. The barrel electromagnetic LAr calorimeter
covers the range of |n| < 1.5 whereas the endcap region extends this rage to
1.4 < |n| < 3.2. The material at |n| < 2.5 in front of the calorimeters introduces
an uncertainty in the energy measurement of particles due to energy loss in
that material. A correction for this loss is achieved by the the coli material
placed in front of the electromagnetic calorimeters. The electromagnetic LAr

energy measurement resolution o is consistent with its designed value [38—40]

of
o 10%

E  VE

where the energy FE' is expressed in GeV'.

& 0.7% (2.3)

Hadronic calorimeter

The ATLAS hadronic calorimeters which cover the pseudorapidity range of
In| < 4.9, use three different detection techniques to meet their physics goals

and to tolerate the background radiation.

In the barrel region of |n| < 1.7, the so called Tile Hadronic Calorimeter
(TileCal), is made out of steel which acts as an absorber and tiles of plastic
scintillators that serves as the active material. The TileCal cells do points

towards the IP. In the endcap region, where radiation tolerance is crucial, the
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LAr is used as the active material while the steel is replaced by copper to be
the absorber medium. The endcap region is divided into the Hadronic Endcap
Calorimeter (HEC) which covers 1.5< || <3.2 and to the Forward Calorimeter
(FCal) which extends the HEC coverage to 3.2< |n| <4.9. The TileCal, HEC

and FCal energy resolution are consistent with [41]
o 50%
E VE

where as before E is expressed in GeV'.

@ 3% (2.4)

2.2.5 Muon spectrometers

The muon spectrometers form the outermost part of the ATLAS detector and
cover the largest portion of its volume (see Fig. 2.9). They were designed
and constructed to detect charged tracks emerging from the barrel and endcap
calorimeters in the range of || < 2.7 and to serve as a trigger system for high
energy muons in the pseudorapidity of |n| < 2.4 [42]. The spectrometers can
measure muon tracks from momenta of a few GeV up to the TeV region with
a resolution of 3% to 10% [32].

A layout of a quarter profile cut of the full muon spectrometer system is
shown in Fig. 2.8. As seen from this figure the muon spectrometers is ar-
ranged in three cylindrical layers with radii of about 5, 7.5, and 9.5 m in the
barrel region (|n| < 1). In the endcap region (1 < |n| < 2.7) four vertical disks
perpendicular to the beam axis are placed at distances of 7, 11, 13.5 and 22 m
from the IP. In the center of the detector (|n| = 0) a gap in the coverage has
been left open for the service cables for the solenoid magnet, the calorimeters
and the ID.

Muon measurement chambers

The muon measurement chambers were the main ATLAS component used in
the present work. The momentum measurement precision of a muon track
is achieved mainly by the Monitored Drift Tubes (MDT) setup associated

with a dedicated magnetic system that is installed between the first and the
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Figure 2.8: A quarter profile cut of the muon spectrometer system in a plane
containing the beam axis (bending plane). Infinite momentum muon tracks are

drawn by the dashed straight lines.
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Figure 2.9: The ATLAS muon spectrometer setup, taken from [42]. The different

muon chamber types are presented.

21



third MDT layers. This magnetic field setup consists out of large air-core
superconducting magnets which include three toroids, two at the endcaps and
one in the barrel, all installed symmetrically around the beam axis. Due to
the toroid geometry the produced magnetic field is almost perpendicular to

the muons trajectories.

The monitored drift tubes

The Monitored Drift Tubes (MDT) chambers, which cover the pesudorapidity
range of || < 2.7, are made out of several aluminum drift tubes arranged in
rows called layers. Each chamber consists of six or eight layers of tubes de-
pending on the distance from the interaction point. Each drift tube is 29.97
mm in diameter, filled with a gas mixture of Ar/CO, (in the ratio 93:7) at a
pressure of 3 bar [42]. In the center of the tube and along its length, a tungsten
wire acts as the anode. When a charged particle traverses a tube it ionizes
the gas and electrons are release. Under the influence of the radial electric
field, electrons start to drift towards the wire forming an avalanche near its
center. A measurement of the drift-time can be transformed into a distance
between the wire and the particle passing track in the tube. In this way one
can gather the measured points from all the layers of the chamber and fit a
continues line through them. This line is referred to as a track segment which
is a basic input to the muon track reconstruction algorithms. The resolution
of the MDT chambers is about 80 mm per tube and is about 35 mm for the
entire chamber [32,43].

The cathode strip chambers

In the forward region (2.0 < |n| < 2.7), where a high background rate is ex-
pected, the MDT chambers are substituted in the first layer by the Cathode
Strip Chambers (CSC) which are installed at a distance of ~7 m from the
IP. The CSC are multi-wire chambers which are designed to provide a spatial
high resolution and time measurement. Their fine granularity is an important
property for the separation of the signal from the background. They are con-
structed to measure simultaneously the 1 and the ¢ coordinates [32,44]. The

spatial resolution of an individual CSC is about 60 pm [32] in the bending
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plane and 5 mm in the transverse coordinate. Their ability to operate in a
high-rate data collection is mainly due to the small electron drift time which

results in a time resolution of 7 ns.

Muon trigger chambers

An essential feature of the muon spectrometer system is its capability to trigger
on muon tracks [42]. As a result the muon precision tracking chambers have
been complemented by a system of fast trigger chambers which are a part
of the ATLAS first level trigger. Their tasks are to determine the global
reference time (bunch crossing identification) and to measure the muon track
coordinates. The muon trigger system is constructed out of resistive plate

chambers and thin gap chambers.

The resistive plate chambers

The Resistive Plate Chambers (RPC), which are located in the barrel region,
are made out of two parallel resistive electrode-plates of phenolic-melaminic
plastic laminate separated by a gap of 2 mm filled with CyHsFy gas [42]. The
electric field maintained between the plates is ~4.9 kV/mm. This field allows
the production of an electron avalanche along the ionizing tracks towards the
anode. The time resolution of the RPC is 2 ns [45] and its spatial resolution

is about 1 ¢m.

The Thin Gap Chamber

The Thin Gap Chamber (TGC), which are installed in the end-cap region,
are multi-wire proportional chambers constructed out of two cathode plates
separated with a gap of a 2.8 mm. This gap is filled with a gas mixture of
n-CsHyo (n-pentane) and COq [42]. The anode wires are at a distance of 1.8
mm from one another and are placed in the middle of the two cathodes plates.
The about 2.9 £V [10] high electric field of the wires and the small wire-to-wire

distance results in a very small time resolution of 4.5 ns [46,47].
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The TGC, which were developed and produced mainly in Israel, are in-
stalled with an accuracy of 5 mm and 2 mrad between them. However the

required stand-alone muon momentum resolution should be 30 um [48].
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Chapter 3

Physics background

3.1 The Standard Model in a nutshell

The ’Standard Model’ (SM) of particle physics is a quantum field theory which
describes the matter and its interactions in terms of fundamental point-like par-
ticles. This SM which has extensively been tested and found to be a successful
description of our current knowledge in particles physics. It provides the the-
oretical framework to calculate measurable quantities, describes phenomena,
and provides predictions that can be checked experimentally. The SM covers
three of the four known forces namely, the electromagnetic, the strong and the
weak, and is described by the local symmetries, SU(3)¢c x SU(2)r x U(1)y,
where C' is the color charge of the strong interaction, L indicates the left-

handed weak interaction and Y is the weak hypercharge.

All known fundamental particles are divided into two categories according
to their spin. The spin half particles, the fermions, consist of strong inter-
acting quarks and weak interacting leptons. The interactions between the
fermions are mediated by force carriers, the gauge bosons, which are spin 1
particles. These bosons are the W+, W~ and Z° which carry the weak interac-
tions, the gluon which is responsible for the strong interaction and the photon
which carry the electromagnetic interaction. The currently known quarks and

leptons belong to three generations, as shown in Table 3.1, where they are
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Three Generations
of Matter (Fermions)

Il

mass—|2.4 MeV 1.27 GeV 171.2 GeV
charge—|24 23 2 t
spin—|15 u P23 2
name- up charm top
4.8 MeV 104 MeV 4.2 GeV
v =34 - -Ys
%4
5 1% d Vs Y, b
8 down strange || bottom
<2.2eV <0.17 MeV <15.5 MeV
0 0 0
v Ve | Vi ||l Vi
electron muon tau
neutrino || neutrino || neutrino
0.511 MeV ||105.7 MeV | |1.777 Gev
wl
s T
S ¥ Ya
=
@ | electron muon tau
-

Table 3.1: Quarks and Leptons summary table.

The fermions are grouped in

doublets and ordered in three generations. Various properties of these fermions are

also given.

grouped in doublets (pairs). As can be seen from the table, the upper quark of
the doublet has an electric charge of Q/|e| = 2/3 and the lower one has a charge
of Q/|le] = —1/3. In the leptonic sector we have in addition to the electron
two heavier particles, the muon (1) and the tau (7), that have identical prop-
erties as the electron apart for their mass values. Each of these three leptons
has a corresponding neutral partner namely, the electron neutrino (v.), the

muon neutrino (v,) and the tau neutrino (v;).
So far quarks are found only in bound states, the hadrons. In general it

is envisage that at high energy density one forms a quark-gluon plasma state

where the quarks are not confined. The existence of this state still needs a ver-
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ification. Hadrons exists in two forms: Mesons, which are a bound states of a
quark and anti-quark, and Baryons, which are a bound states of three quarks.
The hadron strong interaction is mediated by eight massless spin 1 gauge boson
fields, the gluons, described within the Quantum-Chromo-Dynamics (QCD).

The electromagnetic and weak interactions were unified into the electro-
weak theory by Glashow [1], Weinberg [2] and Salam [3] (GWS). This theory
is described by three gauge fields, W;, that are invariant under SU(2); and
an additional gauge field, B, which is invariant under U(1)y. It was further
suggested by GWS, and confirmed experimentally, that one observes a combi-

nation of two of these fields
W* =W, FilW, (3.1)

and a mixture of the two other gauge fields, namely

A B cosbyy  sinby B (3.2)
70 ] —sinfy  cosOy, W3 '

where A is the electromagnetic vector potential and 6y is the weak mixing
angle known as the Weinberg angle which links the masses of the weak gauge

bosons to be
sin*y =1 — — . (3.3)

The Weinberg angle is a free parameter of the SM and was determined exper-
imentally to be sin?0y=0.231 [49] at the Z° mass. The weak mixing angle is

also connected to the couplings of the gauge bosons to the fermions, namely

Je Ge
= , = 3.4
gw sinby 92 sinbycosOy, (3-4)

where g, is one unit of the electric charge and gz (gw) is the Z (W) boson
couplings to the fermions as given in Table 3.2, where they are divided into

sets of Left and Right couplings.

The Z couplings to the different fermions can be also written in terms of
the Vector (gv) and the Axial-Vector (g4) couplings which are related to the
Left-Right couplings by

1 1
gy = §(QL +gr) and gy = §(QL —9gr) - (3.5)
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gr gr gv ga
Ve, Vy, Vr % 0 i _i
e, W, T —%SinQGW sin20yy —i—l—sinQGW i
u, % — %sinQGW —%sinQQW i — %stGW —i
d, s, b —5 + 3sin*0w 5sin*0y —1 + 35?0y :

Table 3.2: The Z boson couplings to fermions given in terms of the Left-Right

couplings and the Vector and the Axial-vector couplings.

3.2 pp interactions at high energies

In QCD theory the proton is composed of three light valence uud quarks. In
high energies the interactions between two colliding protons are dominated
by gluon-gluon fusion. In addition there are the quark anti-quark interactions
both of which leads to the production of hadronic jet(s). Further contributions

to pp reaction comes from the Drell-Yan process [50,51].

3.2.1 The reaction pp - Z + X

The total expected pp — Z + X and pp — Z + X cross sections are shown in
Fig.3.1, taken from Ref. [52], where they are compared to the UA1 and UA2
measurements. To note is that since the pp annihilation process decreases with
energy the pp and the pp cross sections approach each other at the higher en-
ergy end (see Figs. 3.1 and 3.5).

The inclusive production of a single W* and Z° have been measured and
studied in pp colliders at 630 GeV by the Super Proton Synchrotron (SPS) at
CERN and in the vicinity of 2 T'eV by the pp Tevatron collider at Fermilab.
The results of these cross sections multiplied by their charged leptonic decay
ratios are shown in Figs. 3.2 and 3.3 with their expected behavior as a function
of energy [54]. From this figure one observes that the cross sections increase
with energy where the W one is higher than that of the Z by one order of

magnitude.
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Figure 3.1: The expected production of the Z 4+ X in pp and pp collisions, taken

from Ref. [53], as a function of ,/5,, compared to the experimental measurements
of UA1, UA2, CDF and D¢.

An overview of several pp cross sections as a function of ,/s,, in the range
1 to 40 TeV, which also cover the LHC energy of 14 TeV, are presented in
Fig. 3.4.

3.2.2 The reaction pp — ZZ + X

While single production of gauge bosons were studied and investigated in some
details by several hadronic collision experiments, the production of gauge bo-
son pairs was barely experimentally accessible until now due to insufficient
energy. In fact, in only two accelerators, the LEP2 and the Tevatron, these

studies could be attempted.
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Figure 3.2: The inclusive cross sections of pp — W + X — [v 4+ X as measured
by UA1 and UA2 at the SPS collider and by CDF and D@ at the Tevatron and
the inclusive cross sections of pp — W + X — v + X as measured by the ATLAS
detector, taken from Ref. [54] The solid lines represent the expected cross sections

multiplied by the bosons decay branching ratios to leptons.

The theoretical estimates of the production of ZZ and WW are shown in
Fig. 3.5 as a function of the collision energy. As can be seen, at 14 TeV the
pp and pp cross sections are approaching each other. Furthermore one can
observe by comparing Figs. 3.2, 3.3 and 3.5 that the cross sections to produce
a pair of gauge bosons is typically lower by three orders of magnitude than the

production of a single one.

In the electron positron collider LEP2! at CERN the reactions ete™ — ZZ
and ete” — WHIW~ were measured. Their cross sections, which are shown
in Fig. 3.6, are found to be in good agreement with the SM predictions (con-
tinuous lines). At the Tevatron in its Runll, only a handful of events were
collected [6-9]. The LHC affords the opportunity to extend these studies to

higher energies and larger statistics. The theoretical expected pp total cross

'LEP2 was an upgraded version of the LEP accelerator which operated up to ~200 GeV
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Figure 3.3: The inclusive cross sections of pp — Z + X — [T1™ + X as measured
by UA1 and UA2 at the SPS collider and by CDF and D@ at the Tevatron and the
inclusive cross sections of pp — Z + X — [Tl~ + X as measured by the ATLAS
detector, taken from Ref. [54] The solid lines represent the expected cross sections

multiplied by the bosons decay branching ratios to leptons.

sections at 14 TeV leading to WW , W Z and ZZ in the final state are listed in
Table 3.3 where LLO and NLO are respectively the leading and next to leading
order calculations. As can be deduced from the table, a non-negligible uncer-

tainty still exists in the theoretical estimats of these cross sections.

One should stress that the transformation from the pp cross sections to
their fundamental g cross sections requires the use of the Parton Distribu-
tion Functions, PDF. These functions describe the relative parton energy with
respect to that of the proton laboratory energy that is @ = Epurton/Eproton-
Typical PDF distributions are shown in Fig. 3.7, taken from Ref. [62]. The
effect of the PDF as used in the present work will be described in details in
Sec. 5.1.
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Figure 3.4: Overview of several pp cross sections as a function of ,/5,,, taken from
Ref. [55]. The right vertical dotted line corresponds to the LHC energy.

3.3 The q¢ — ZZ reaction

The cross section of the process q¢ — ZZ, is one of the physics results that
is expected to emerge from the operation of the new high energy LHC accel-

erator. The dominant SM lower order diagrams for this process are shown in
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Figure 3.5: The theoretical calculated production cross sections of ZZ + X and
WW + X in pp and pp collisions as a function of ,/5,,, taken from Ref. [52].

Fig. 3.8 in terms of the Mandelstam variables [63].

A geometrical sketch of the process q§ — ZZ — fff'f' is shown in Fig. 3.9
where the Z boson production polar angle, 6, is defined with respect to the qq
collision line in the CM system of the ZZ pair. Note that due to the fact that
the processes involves two identical particles 67 can only be defined between

0 and 7/2 radians.

3.3.1 The Helicity Amplitude calculations

For the calculations of the gauge boson pair production via the quark anti—quark
reactions we have utilized the helicity amplitudes method. To this end we have
followed the notation and the helicity amplitude terms given in Table 3.4, which
was taken from Ref. [64], to calculate the expected SM properties of the ZZ
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Reference [12] [56] [57] [58,59]
LO || LO \NLO LO \NLO NLO

olpp— WW) [pb] || 71 || 84 | 124 || 80 | 118 | 1147
olpp— WZ) [pb] || 26 || 31 | 54 | 295 507 50
olpp— 22Z) [pb) || - ||12.7| 17 | 117 | 156 | 153

Table 3.3: The total pp cross sections for the inclusive production of WW, WZ and
Z7Z at \/sp, = 14 TeV obtained from several theoretical estimates of Lower Order
(LO) and Next to Leading Order (NLO) calculations. The values in bold are those

used by us in Section 4.

final state. To this state both the t-channel and the u-channel configurations
contribute. Each of them has two quark initial helicity states, A = +1/2, and
three Z final helicity states, 7=—1, 0 and +1. Here again the angle 0y, is the
known electro-weak mixing angle. In this scheme the vector (az) and the axial

vector (bz) couplings of the SM fermions (f f) to the Z gauge boson are given
by

1
ay = —(7“3—4Qfsin29W) and by =

3.6
4sinby cosOyy rs, (3.6)

4sinbyrcosOy,

where @)y is the electric charge of the fermions given in terms of the positron
charge namely, Q; = 2/3,—1/3 and —1 respectively for u, d and e. The weak
isospin projection r3 of the fermions is equal to +1 for the up quark and —1

for the down quark and the electron.

3.3.2 Differential cross sections

After integrating over the production azimuthal angle, the differential cross
section of the process q¢ — ZZ is given in terms of the helicity amplitudes

F)\)\/TT/ by
do Clp]

dcosl, 1675V

where 65 stands for the production scattering angle defined in the ZZ pair

> | Favrr(costz)|” (3.7)

AN 11!

rest frame between the incident fermion and the final Z boson momentum (see

Fig 3.9). The average color factor C' is equal to 1/3 for ¢q initial state and is
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Figure 3.6: Several eTe™ cross sections as a function of ,/s_+.— measured at LEP
and LEP2. The figure is given by the L3 collaboration [60] and is based on Refs.

[5,61]. The continuous lines represent the SM expectations.

set to 1 for ete™ case. The momentum is given by |p] = 8v/3/2, were § is the
qq center of mass energy squared (=Ecm?) and (3 is equal to

(§+m2—m?)2  4m?

B = \/ = - (3.8)

S

In the case of a ZZ final state 3 is reduced to

Bz =1~ 47222 . (3.9)
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Figure 3.7: Typical Parton Distribution Functions for several partons as a function
of © = Eparton/ Eproton, taken from Ref. [62].

One of the advantages of the helicity amplitudes method is that one has
the possibility to extract from them a cross section for a given polarization
state. This is explored by us further on in Sec. 3.3.4 for the longitudinal
Z polarization study. If one sums over all the polarization final states the
ff — ZZ differential cross section in the ZZ center-of-mass system can be

given [52] in terms of the Mandelstam variables [63] by

do(22) m2c(hc s g1+ gh

a2 ) 2
dcosty § 81N, COSYy,

t 5 1 1 dt
— —+AME— — M, = + —
u * t * Ztu Z (t2 * u2)] dcosfy

(3.10)

where ¢g; and ggr are the Left and Right couplings of the fermions to the Z

boson as given in Sec. 3.1.

As an example for the differential cross section we present in Fig. 3.10 the
do(uu — ZZ)/dcosyz as calculated from Egs. (3.7) and (3.9) using Table 3.4.
This cross section is shown for three different v/557 values. To note is that the

forward angular distribution enhancement increases with energy.
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Figure 3.8: The SM lower order t- and u-channel diagrams for ZZ pair production

in qq collisions.

Figure 3.9: Schematic view of the process q@ — ZZ — ff production in a polar
angle 0. In addition the Z — fff'f’ polar decay angle 07 is defined in the CM of

its Z boson parent.

3.3.3 Total cross sections

The total cross section of o(q¢ — ZZ) can be derived from Eq. (3.7) by
integrating over cosfl;. The expected total cross section, in the range of v/5,z
from threshold to 750 GeV is shown in Fig. 3.11. In order to avoid the
pole at ; = 0 and to account for the loss of events were particles enter

the beam pipe we have introduced a cut of |cosfz| < 0.98 in our helicity
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Figure 3.10: The uu — ZZ differential cross section in the CM system. The solid,
dashed and dotted lines represent the distributions at the /577 energies of 200, 250
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and 300 GeV respectively.

amplitude calculations. The high energy of a pp collider like the LHC provides
the possibility to study the ZZ system beyond the LEP2 upper limit of about

200 GeV'.

olpb]

Figure 3.11: The helicity amplitude calculated o(qq§ — ZZ) shown as a function of
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the ZZ center of mass system (Fem = \/5zz).
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3.3.4 The Z longitudinal polarization

In the absence of polarization each helicity state have the same probability to
occur. When one of the helicity states is dominating, one refers to it as the
polarization direction of the particle. The expected Z longitudinal polariza-
tion can be calculated via the helicity amplitude method. For a given polar
angle cosflz the single Z and joint ZZ longitudinal polarizations pg(cosfyz)
and poooo (cosll) are given by

11 F 071! 9 2 , F , 9 2
poo(cost) = 2w | Fovor(coshz) and  poooo(cost) = Y v [Favoo(costz)]

N Z)\)\,TT/ |F)\>\/T7—/(COSez)‘2 N Z)\)\’TT’ ‘FAE\/TT/()COSQZ)P '
3.11

In Fig. 3.12 the expected pgy and pgoop polarizations averaged over cosfy

are given as a function of v/§z.
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Figure 3.12: The expected Z longitudinal polarizations at 14 TeV averaged over
cosfyz estimated via the helicity amplitude method. The continues and dashed lines

represent respectively the single, pgg, and the joint, pgggo, polarizations.
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Table 3.4: The helicity amplitude table for the ¢q¢ — ZZ production taken from

Ref. [64].
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Chapter 4

The simulated data sample

In this work we utilize the so called “gold plated events” where the Z boson
pairs are observed through their decay into two pairs of muons. These muons
are among the best identified particles in the ATLAS detector since they are
required to traverse through all the detector elements and leave a track in the

outer muon spectrometers (see Fig. 4.1).

Figure 4.1: A side view of a ZZ + X — puTp~ete™ + X event in ATLAS.

The expected number N of produced events for a given reaction is estimated
by
N=LxoxBR (4.1)

were L is the integrated luminosity, o is the cross section of the process and

BR is the Branching Ratio of the chosen decay mode. In our analyses we have
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utilized the number of Z pair events produced from the LHC planned inte-
grated luminosity of 100 fb~! /year and also considered a higher luminosity of
300 fb~!/year. The leptonic branching ratios to electrons and muons of the
27, WZ and WW final states are listed in Table 4.1. Also in the table are
given the number of expected events corresponding to 100 fb~! calculated by

the bolded cross section values given in Table 3.3.

27 = | WEZ = Pl | WYW ™ = vl
BR 0.0045 0.0142 0.0447
o BR[pl] 0.057 0.440 3.376
No. Events ~5,700 ~44,000 ~337,600

Table 4.1: The production cross sections [56] given by the bolded numbers in Table
3.3, multiplied by the charge leptonic (e/u) BR [49] in pp collision at 14 TeV. Also
given are the corresponding number of produced events for an integrated luminosity
of £=100 fb~'.

For the efficiency estimation of both the identification and selection pro-
cedures we have used a large sample of 41,150 MC events' of the reaction
pp — ZZ — I*I71T1~ (were | = e or pu) produced at /s, of 14 TeV. From
this sample about 10,300 are of the type pp — ZZ — putu~putp~ events®. The
large sample of 41,150 events corresponds to a luminosity of about 720 fb~1
and a ZZ cross section of 12.7 pb. However for the physics analysis we have

only utilized samples that corresponds to integrated luminosity of 100 fb1.

4.1 Muon identification and its reconstruction

For the production of pp — ZZ sample the Pythia 6.4 MC generator pro-
gram [65] was used, which is based on the Lund model [66]. This MC generator

!The official ATLAS dataset number and name was given as 5980 and Pythiazz4l.
2This reaction is in fact pp — ZZ + X — ptpu~putp~ + X but for simplicity the accom-

panied additional particles X are omitted
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utilizes the PDF package CTEQG6L1 [62] which includes the Z/+* interference
(see page 180 in Ref. [65]). Since most of the MC processing time is spent on
the detector simulation step the events are pre-filtered at the generation level
so that only events with four leptons and within |n| < 2.7 and pr > 5 GeV
are selected. These events are further passed through the full simulation of
the ATLAS detector and finally reconstructed by the various ATLAS algo-
rithms to produce the standard output. All ATLAS generators, MC simulation
and reconstruction algorithms are included in the ATLAS software framework,
Athena [67].

The muon reconstruction algorithms are described in details in the pub-
lished manuals [42,68]. These programs can be divided into two categories.
The first one uses the hits collected by the outer muon MDT detectors to con-
struct a muon track. The second category contains programs that associate
the outer muon track with its Inner Detector track. Each muon reconstruction
algorithm was tested with different physics processes that decay leptonically
like: pp — tt and pp — J/1 [68]. The tt sample was chosen to represent the
main SM/QCD process while the J/1 sample represents low pr events due to

its relative small mass.

Two of the important properties of these algorithms, the muon transverse
momentum resolution and the efficiency, are summarized in Table 4.2 and
presented in Fig. 4.2. In this figure the reconstructed muons momentum res-
olution is shown for the ¢t sample as a function of 17 and pr. As can be seen,
the sensitivity is lower in the overlap region between the barrel and the endcap
(1.2 < |n| <1.7) which can be understood in terms of the reduction of material
in the end-cap toroid and consequently in its smaller number of measured hits
and the fact that some of the end-cap chambers were absent in the simulation

used in this work.

Table 4.2, which was summarized from Ref. [68], presents very similar

merged muons® efficiencies and fake rates for two reconstruction packages and

3A merge muon is a reconstructed muon in the MDT that was associated with an inner

detector track.
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Figure 4.2: The muon transverse momentum reolution (Apr/pr) as a function of
n (top) and pr (bottom), for the two muon reconstruction packages, 'Staco’ (left)
and "Muid’ (right), taken from [68] which are compared in Table 4.2 (see text).

for the two different physics processes. These efficiency values lie between 87
and 90% for the processes examined. The fake rate shown in the table are only
for muons with a pr > 20 GeV which are identical to the trigger condition
requirements used in our selection. Here is the place to note that there is
an additional muon reconstruction algorithm known under the name 'muGirl’
which was designed to do inside-to-outside muon tracks reconstruction with
the ATLAS detector.

4.2 Properties of the Z — u*u~ decay

The reaction pp — Z — p+p~ is one of the first processes that were measured
from the data taken by the ATLAS muon spectrometers [69] and is used as a

“standard candle”*. From these measurements the experimental resolution of

4A process that is used in the calibration and alignment procedure of the ATLAS detector

is refereed to as a “standard candle”.
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_ Fakes/(1000 events)
Sample | Efficiency .
with pr(p) > 20 [GeV]
Staco
tt 0.876 6.1
J/ 0.883 0.1
Muid
tt 0.898 8.4
J/ 0.885 0.0

Table 4.2: The muon reconstruction efficiency for two main muon reconstruction
packages and for two different physics processes. In addition, the fake rates of muons
that have a pr > 20 GeV, are also listed.

I'y, the Z width can be extracted. This width value, as shown further, is an

essential parameter in our selection procedure.

To study I'y we have utilized a MC reconstructed Z pair events where
one decays to a utu~ pair and the other one to a pair of ete™. In this way
we collected a Z sample with a unique p*p~ pairing. The invariant mass of
these selected events are shown in Fig. 4.3. As can be seen, there is a slight
asymmetry between the higher and lower mass regions around the Z signal. A
comparison between the energy distributions of the muons from the high and
low mass wings of the resonance is presented in Fig. 4.4. The low mass distri-
bution (M,+,- < 88 GeV) is plotted by the dashed line has a mean value of
96.8 GeV while the high mass distribution (M,+,- > 94 GeV') that is plotted
by a continuous line has a mean value of 113.4 GeV'. This effect is mainly due
to the energy loss of one of the final state muons. For the determination of
the resonance width we have first tried a Gaussian distribution but found a
much better fit by the use of a Breit-Wigner shape plus a polynomial back-
ground to the mass distribution the result of which is shown in Fig. 4.3 by
the continuous line. This fit, with x?/dof of 23.9/23, yielded a Z mass value
of 91.2540.16 GeV which is in a very good agreement with the My value of
91.18 GeV [49] embedded in the MC. In addition, the simulated experimental
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Z width was found to be I';=5.52+0.30 GeV as compared to its official value
of 2.49 GeV [49] which implies at this mass region an experimental energy
resolution of about 4.92 GeV'. From this follows that the half width at half
maximum of the mass distribution is 05" = 2.76 GeV (In this work when

ever we used the superscript Faxp we relate to the simulated data sample) .
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Figure 4.3: The invariant mass of all pairs of opposite charged muons found in the
single Z sub-sample (see text). The continuous line is a result of a Breit-Wigner fit
plus a polynomial background distribution that yielded Mz=91.2540.16 GeV and
I'7=5.5240.30 GeV with x2/dof of 23.9/23.

4.3 'The selection procedure

4.3.1 Overview

The event selection procedure was carried out in three steps. In the first
one the condition of the trigger has been imposed. This was followed by the
requirement that each event should contain at least 24 and 2u~ reconstructed
tracks. In the last step the final identification was achieved by demanding that

the two pairs of utp~ invariant masses lie within the chosen Z mass range. In
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Figure 4.4: Energy distributions of the muons in the lower and higher mass regions
of a single Z resonance. The low mass region distribution with a mean value of 96.84
GeV is given by the dotted line. The high mass region distribution is represented

by a continuous line and has a mean value of 113.40 GeV'.

our analysis, we have utilized two invariant mass ranges, the tight one which
was 91.18 GeV 305" and the loose one which was 91.18 GeV 4505, From
the fit results described in section 4.2 we have determined the two mass ranges
to be 79 < Mz < 105 GeV and 83 < Mz < 100 GeV respectively. Following
these steps it was found that the selection efficiency for the loose mass range

was about 43% while that of the tight mass selection was around 39%.

4.3.2 The ATLAS trigger

The ATLAS detector records a pp reaction according to a chosen trigger algo-
rithm [55]. This algorithm contains a variety of trigger menus that are aimed
for different physics topics. For the study of the reaction pp — ZZ — muons
we utilized the ATLAS High Level Trigger (HLT) menu, “mu20”, which is set
to trigger on events identified by the HLT to have at least one combined muon
with pr > 20 GeV. This menu is used for the study of heavy particles, such
as the Z and W* gauge bosons as well as for the Top-quark in their decay

to muons. This condition which is automatically satisfied by all our selected
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events also suppresses the contribution from unwanted background sources.

4.3.3 The muons pairing and invariant mass cuts

At the second step events that did not have at least 2" and 24~ reconstructed
tracks were rejected so that ~15% of the events were removed. The next step
was divided in two parts. In the first one we selected two pairs of opposite
charge muons which were taken to be a Z pair candidate. In the second part we
verified that each Z candidate had an invariant mass in the chosen range. This

last step was found to be the most important one in the selection procedure.

4.3.4 Ambiguity in the pairing procedure

There were cases where one did not find a unique solution in the pairing proce-
dure. The fraction of these events were 7% and 17% respectively for the tight
and loose mass ranges. In this case we have selected those muon combinations
which yielded the Z masses nearest to its value of My = 91.18 GeV'.

4.3.5 Number of events used in the analysis

In a luminosity of 100 fb~! one expects 1,421 MC generated pp — ZZ — prp~ptp~
events at 14 TeV for the physics analyses. After the ATLAS reconstruction
stage a total of 1,214 events with at least 2u™ and 2u~ are left. Next the
pairing procedure has been applied for the two selected Z mass regions which
yielded 614 and 557 events for the conservative loose and tight mass cuts re-
spectively. The sequence of this event selection is summarized for convenience
in Table 4.3. Note that if one is able to add the Z — ete™ decay events to the
analyzed sample an increase of up to a factor of four will result in the number

of available events.
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Number of events
Generated pp — 27 — ptpu—ptpm 1,421
At least 2u™ and 2~ reconstructed tracks 1,214
Invariant mass cut Loose | Tight
Paring procedure 614 557

Table 4.3: The selection sequence and corresponding number of pp — 27 —

prp~ptp~ events for an integrated luminosity of £ = 100 fb1.

4.4 Background contributions

The main background to the present study of the production of ZZ via gq
interaction is its production via gluon fusion (gg). At 14 TeV this background
was estimated by different authors [70-72] to be between 20-25% (see e.g. Fig.
4.5). It is expected that the amount of this background can be further reduced
by appropriate cuts such as on the rapidity parameter. The usefulness of this
cut can be deduced from the theoretical studies of ZZ production reported
in Ref. [70] and shown in Fig. 4.6 for ,/5,, = 16 TeV. After such a cut the
remained gg background contribution will have to be subtracted directly from
the various physics quantities under study. At present it is obvious that there

is still a need for theoretical estimation of the gluon fusion to the ZZ final state.

Other sources of background to be considered are coming from the pp —
tt — 2u~2p" and the pp — Zbb — 2u~2u™ processes [73]. The background
of the t-quark arises from its decay to a W*b both followed by their leptonic
decays which may include two pairs of opposite charged muons. To study this
background we utilized the available pp — tt MC samples of about 556,000
events produced at 10 TeV and 22,300 events produced at 14 TeV. At 10 TeV
with a tight mass range no background contribution was found. In the loose
mass range a non-zero but nevertheless negligible amount of background events
were observed. In the sample of about 22,300 events at 14 T'eV no background
contribution to the ZZ events was found in both chosen mass cuts. Obviously

a larger sample of tf events may improve the assessment of this possible con-
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Figure 4.5: The ZZ production cross sections as a function of Mzz for /5, =
10 TeV and |n| < 1.5 taken from Ref. [71]. The solid line represents the contribution
of the q¢ — ZZ process. The doted and dashed lines represents the g9 — ZZ
contribution respectively for M;=40 GeV and M;=100 GeV .

tamination. After taking into account the ¢t and ZZ production cross sections
and their branching ratios into muons we estimated that the ¢t background
in our analysis to be 9%. Concerning the Zbb source it was found that it is

mostly removed by the invariant mass cut which leaves a background of about

6%.
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Chapter 5

Physics analysis

In this chapter we utilized the selected pp — ZZ — ptpu~ptp~ events to
evaluate the differential and total cross sections with the use of the helicity
amplitude technique and their relation to the fundamental q¢ — ZZ process.
In addition the longitudinal polarization of the final state Z gauge bosons is

also estimated.

5.1 Transformation of the pp — ZZ to the ¢qq —

/7 reactions

In general, theoretical calculations of cross sections and other properties of par-
ton anti-parton reactions leading to exclusive final states, such as q¢ — 27,
are carried out in their center of mass energy, Fcm. In the study of the proton-
proton collisions, at a given center of mass energy ,/s,,, the Ecm can be deter-
mined event by event from the momenta of the final state particles. Thus it is

needed to be able to transform the pp cross sections to their fundamental ones.

Here it is important to note that the partons in the proton have a continu-
ous energy spectrum which are parametrized by the Parton Density Functions,
PDEF. These functions describe the relative parton energy E,q o, With respect
to the proton energy E,oton namely = Eqrton/ Eproton- As a consequence, in

the interacting pp system exists an infinite continuous set of colliding parton
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anti-parton pairs with the identical Ecm value. This energy distribution is
described here by the so called Energy Density Functions, EDF [74]. Tt is
important to stress that the EDF is a property of the two colliding protons
and clearly is not equivalent to the PDF, which is a property of the single
non-reacting proton. However, the PDF is an essential input to the EDF
determination which is crucial for the transformation from pp to their basic
qq reactions and vice versa. Note that the larger the energy range on which
the polarization measurement is averaged, the more it is sensitive to the EDF

transformation (see Sec. 5.4) .

5.1.1 Evaluation of the Energy Density Functions

In the study of exclusive pp reactions via a dedicated MC program the gq rep-
etition of a same Ecm value is automatically guarantied. Such a dedicated MC
program, which is time consuming and frequently requires special development
efforts, is often not readily available for the particular reaction under study,
so that an evaluation of the EDF' is inevitable and hence it is here further

estimated.

If we denote by S the center of mass energy squared of the colliding pp
system, assumed to be the original planned LHC energy squared of (14 TeV)?
and by § (= Ecm?) the center of mass energy squared of the incoming parton

anti-parton pair, then the following relation holds:
§ = xRS, (5.1)

where ), = Ej/Eproton 1s the fraction of the proton energy carried by the
parton k. For the different Parton Distribution Functions, here denoted by

hi(zr), we have used the ones given by CTEQ6.5M [75]. For a fixed S, the
probability to obtain § is given by [74]

o B Sy A i) () Sy — 3/)]d3
Jorerds 1 day [L dag [ hi(ap)d (g, — 3/9)]

Smin

P(3,8)ds = (5.2)

where the lower positive integration limits of dxj should be set to a very

small but non zero value, in order to avoid in the numerical calculations the

poles at x = 0. To note is that these two last formulae are also valid for
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the gluon — gluon (gg) collisions. From the probability distribution P(8,.S)
we derive the parton anti-parton center of mass Energy Density Functions,
EDF(kk), for pp collisions at 14 TeV which can be parameterized above the
ZZ threshold as [74]

1 3.9x 10* 1 1.956 x 10* 1 1.5 x 10*

2O X EDF,;~ . EDF,~— 22X
N,z Ecm25 "’ dd Ny; FEem?25 Ny Ecm?27
(5.3)

where 1/N;; are the normalization factors for the colliding k;k; partons which
depend on /S, and v/S;ee. The EDFE expressions for the quark anti-quark

systems du and ud, as well as the gg are given by

EDF,; ~

1 1.9 x 10* 1 4.1 x 10* 1 55 x 104
-~ . EDF;~-—""" . EDF ~-—— """ "
ud N p Ecm2 ) g9 Ngg Ecm2.35

' (5.4)

The unnormalized Energy Density Functions are shown in Fig. 5.1 as a

function of Fem. These parameterized EDF' expressions are applied in Secs.
5.2 and 5.4 for the case of the ZZ pairs final state.

5.1.2 Verification of the FDF procedure from the Z7

production in ¢¢ and pp collisions

The reliability of our derived FDF expressions to transform the parton anti-
parton cross sections to the corresponding pp reactions is demonstrated in
Fig. 5.2. In this figure the expected helicity amplitude calculations for the
qq — ZZ cross section as a function of the Ecm is given by the continuous
line. This qq cross section is transformed via the relative EDF to obtain the
corresponding o(pp — qq — ZZ) distribution shown by the dotted line in the
same figure. This expected distribution is further compared to a histogram of
~38,000 MC events generated with Pythia 6.403 that utilized the PDF pack-
age CTEQ6L1 [62]. To note is that both helicity amplitude expectations are
normalized to the area under the histogram of the MC sample. As can be
seen, there is an overall agreement between the MC sample and the expected
pp — ZZ cross section. The slight deviation between the EDF' treated cross
section and that of the MC generated sample can be traced back among other
reasons to the approximate numerical evaluation of the integrals given in Eq.
(5.2) and to the difference between the PDF version incorporated in the MC
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Figure 5.1: The unnormalized parton anti-parton Energy Density Function, EDF X
N as a function of Ecm for pp interactions at a /s, = 14 TeV taken from Ref. [74].
(a) The continuous, dashed and dotted lines are respectively the EDFyj; X Nij
dependence on Ecm of the ut, dd and s5 systems, (b) The continuous and dashed

lines are respectively the EDF} ;. x N,z dependence on Ecm of the du and ud systems,
(c) The gluon — gluon EDFyg x Ngg.

program and that used by us.
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Figure 5.2: The expected o(q¢ — ZZ) helicity amplitude calculations and its
corresponding o(pp — qq@ — ZZ) distribution given respectively by the continuous
and dotted lines. In addition a o(pp — qq@ — ZZ) histogram distribution of the
MC sample is also presented. All cross sections are for ,/5,,=14 T'eV where both
areas under the lines are normalized to that of the MC data histogram. For further

details see.

5.2 Cross sections

The ZZ system in its decay to [T1~T]~ allows a straight forward determination
of the center of mass energy event by event. Throughout our analysis we have
considered two Z invariant mass width cuts (discussed earlier in Sec. 4.3) and
two integrated luminosity values namely, 100 fo~!/year which is the designed
value of the LHC and a higher value of 300 fb~!/year.

5.2.1 The differential cross section do(pp — ZZ)/dcosfy

The qq¢ — ZZ differential cross section can be determined via the measured
outgoing ZZ center-of-mass system, /577 = /843 To compare and fit our
MC measured differential cross sections to the theoretical expectations we have

followed several steps.
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In the first step we have assigned the muons to their corresponding bosons
after which we have transformed them to the ZZ center-of-mass system and
plotted the differential cross section as a function of cosf; while summing up
over all azimuthal angles. Here 6, is the polar production angle of the ZZ
event with respect to the ¢g collision line (see Fig. 3.9). The limited number
of events did not allow us to study the differential cross sections at fine energy
bins and therefore we have grouped them into two energy regions namely, 180-
245 GeV and 245-300 GeV with the average values of 211 GeV and 269 GeV
respectively. Here is the place to stress that these average values include both
the intrinsic qq energy dependence and its frequency occurrence in pp reaction
delt with by the EDF (Sec. 5.1).

Next we have calculated the expected helicity differential cross section as a
function of cosfl; for the two average energy values. To examine our sensitivity
to the presence of nearby bosons 'Beyond the SM’, which could interfere, we
have set the Z boson mass to be a free parameter in our analysis fits. These
analyses took into account only the shape of the differential cross sections so

that the normalization remained a free parameter in the fit.

As can be seen from Fig. 3.10, the theoretical ZZ differential cross section
is expected to increase in the forward direction as the energy increases. This
behavior is not observed in our measured differential cross sections (e.g. see
Fig. 5.3) which we found to be due to a large loss of events increasing with the
Z 7 invariant mass, mainly around cosfz=1. This loss is a manifestation of
the current poor detection efficiency of high energy muons in the very forward
direction. Hence we limited our fits to the ranges of 0 < cosfl; < 0.98 for the
180-245 GeV samples and 0 < cosfl; < 0.84 for the 245-300 GeV samples.

The result of all the fits to M, with their statistical errors are listed in
Table 5.1 and presented in Figs. 5.3-5.6. In Figs. 5.3 and 5.4 the loose and
tight invariant Z mass cuts are shown for the integrated luminosity of 100
fb~1, while Figs. 5.5 and 5.6 show the loose and tight cuts for the integrated
luminosity of 300 fb~!. The solid and dashed lines in the figures represents
the fits results respectively for the 180-245 GeV and the 245-300 GeV energy
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Figure 5.3: The differential cross sections for the loose invariant mass cut as a
function of cosfl; for an integrated luminosity of 100 fb~'. The solid and dashed
lines represent respectively the 180-245 GeV and the 245-300 GeV energy ranges.
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Figure 5.4: The differential cross sections for the tight invariant mass cut as a
function of cosfl; for an integrated luminosity of 100 fb~'. The solid and dashed
lines represent respectively the 180-245 GeV and the 245-300 GeV energy ranges.
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o Invariant Energy Range
Luminosity
mass cut 180-245 GeV | 245-300 GeV
Number of Events 329 138
2/do 2.97/3 7.81/4
100 fb=! Loose X/ f / /
Probability 0.10 0.40
Fitted My [GeV] 99.80+4.10 | 89.22+25.69
Number of Events 290 117
2/d 11.67/4 1.46/3
100 fb-' | Tight X/ dof / /
Probability 0.02 0.69
Fitted My [GeV] 98.24+5.01 | 99.20+25.20
Number of Events 936 435
2/d 2.17/4 4.42/3
300 fo=! Loose X/ Of / /
Probability 0.70 0.22
Fitted My [GeV] 94.31+2.27 | 86.32+16.29
Number of Events 857 351
2/d 3.44/4 3.71/3
300 fb-' | Tight X fdo] / /
Probability 0.49 0.29
Fitted My [GeV] 92.76+2.36 | 85.79+19.07

Table 5.1: The result of the fits to the differential cross sections.

ranges.

The systematic errors, describe in Sec. 5.3, associated with the Z mass
fit results in the range of 180-245 GeV are listed in Table 5.2 including the
statistical ones. The systematical errors for the 245-300 Gel/ samples are
meaningless due to the relatively large loss of events. As seen from Table 5.2
the systematic errors associated with the fitted M, value dominate over the
statistical ones indicating that a moderate increase in luminosity will not es-

sentially improve the overall error value.
With in the MC used in this work, one finds in general that the fit results

seen to be in a good agreement with the predicted helicity differential cross

section distributions. Although the fitted Z masses are seen to deviate signif-
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Figure 5.5: The differential cross sections for the loose invariant mass cut as a
function of cosfl; for an integrated luminosity of 300 fb~'. The solid and dashed
lines represent respectively the 180-245 GeV and the 245-300 GeV energy ranges.
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Figure 5.6: The differential cross sections for the tight invariant mass cut as a
function of cosfl; for an integrated luminosity of 300 fb~'. The solid and dashed
lines represent respectively the 180-245 GeV and the 245-300 GeV energy ranges.
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Luminosity | Invariant mass cut | Fitted My [GeV]
100 fb~! Loose 99.80+4.10£15.5
100 fot Tight 98.24+5.01£10.6
300 fb! Loose 04.3142.27+2.87
300 fb! Tight 02.76+2.36-42.23

Table 5.2: The fitted Mz values for the 180-245 GeV energy range of the differential

cross sections with the statistical (first) and systematic (second) errors.

icantly from its SM value they are nevertheless still within errors. Since the
loose mass cut clearly increases the accepted number of events its statistical
error is smaller than that of the tight mass cut. However the tight cut is ex-
pected to enhance the quality of the M, determination and in fact its fitted
mass values are closer to the official value of 91.18 GeV [49]. As will be shown
further on the sensitivity of the fitted Z mass value to new physics is much

more pronounced in the total cross section measurements.

5.2.2 The total cross section o(pp — ZZ) at 14 TeV

The total gq¢ — ZZ cross section is determinate by the differential q¢ — ZZ
cross section through the integration over cosfl; to be

do

dcosly

oot(qq — Z7) = N/ dcosby (5.5)

where NV is a normalization factor. In our helicity calculation of the expected
total cross section we have integrated cosfz between 0 and 0.98, to avoid both

the pole at #; = 0 and the loss of events in the forward direction.

The MC measured total cross section is given by a summation over all
ZZ events as a function of \/5;, which is identical to Ecm. This summation
includes both the Ecm dependence of the q¢ — ZZ cross section and its oc-
currence (EDF) in pp collisions at 14 T'eV. An example of it is shown by the
histogram in Fig. 5.7.
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Figure 5.7: The total cross section distribution for the loose invariant mass cut as
a function of energy for an integrated luminosity value of 100 fb~!. The solid line

represents the outcome fit function.
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Figure 5.8: The total cross section distribution for the tight invariant mass cut as
a function of energy for an integrated luminosity value of 100 fb~!. The solid line

represents the fit function.
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To evaluate the pp — ZZ total cross section we have used our calculated
010t(qq — ZZ) multiplied by the EDF shape both of which are functions of
V577 and the mass of the Z boson. The M value can be extracted by fitting

this function to the measured total cross section distributions.

Luminosity | Invariant mass cut
Number of Events 614
2/d 67.23/68
100 fbt Loose X/ Of /
Probability 0.50
Fitted My [GeV] || 90.99+0.27+1.84
Number of Events 558
2/d 51.67/67
100 fb! Tight X/ do] /
Probability 0.92
Fitted My [GeV] || 90.88+0.33+0.83
Number of Events 1842
2/d 63/68
300 fb—1 Loose X/ Of /
Probability 0.95
Fitted My [GeV] || 91.01£0.15+0.10
Number of Events 1670
2/d 59.44/77
300 fb! Tight X/ do] /
Probability 0.93
Fitted My [GeV] || 91.03+£0.15+0.12

Table 5.3: The total cross sections fit results with their statistical (first) and sys-

tematic (second) errors.

The fit results and their statistical and systematical errors which are de-
scribed in Sec. 5.3 are summarized in Table 5.3 and presented in Figs. 5.7-5.10.
The loose and tight invariant mass cuts are shown respectively in Figs. 5.7 and
5.8 for integrated luminosity of 100 fb~! while Figs. 5.9 and 5.10 shows the
loose and tight invariant mass cuts respectively for an integrated luminosity

of 300 fb=!. The lines in the figures represent the outcome of the fits.

63



-
N
o

-
o
o

80

60

Number of Events / 6 GeV

40

20

200 300 400 500 600 700

Figure 5.9: The total cross section distribution for the loose invariant mass cut as
a function of energy for an integrated luminosity value of 300 fb~!. The solid line

represents the outcome fit function.

As seen from both Table 5.3 and the fitted plots there is a very good agree-
ment between the MC data and the expected helicity total cross sections. This
is also reflected by the fit quantities where M is found to be essentially equal
to its SM value. To note is that as before the fitted mass values are nearer to
the official value of 91.18 GeV' [49] for the tight mass cut samples as compared
to the loose ones while their statistical error are smaller in the case of the loose

mass cut as the accepted number of events increases.

As for the possibility to search for ’'Beyond the SM’ effects where in pp one
is not restricted to a given Fem (unlike in the case of eTe™) one observes from
Table 5.3 that at 300 fo~! the systematic errors are smaller than the statistical
ones. This may give the opportunity to probe for new physics with the Super
LHC which should increase the luminosity by a factor of 10 compare to the
LHC.
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Figure 5.10: The total cross section distribution for the tight invariant mass cut as
a function of energy for an integrated luminosity value of 300 fb—!. The solid line

represents the fit function.
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5.2.3 The correlation of the 77 decay planes

The reaction qg — ZZ, which finally decays into four charged (e*, u*) leptons,
offers another measurable variable namely, the distributions of the angle x
between the two decay planes as illustrated in Fig. 5.11. These planes are
obtained by first transforming the whole event configuration to the ZZ center-
of-mass system and then transforming each lepton decay pair into the CM of

its parent gauge boson. The angular distribution F'(x) has the form [76,77]:
F(x) =1+ Acos(2y) . (5.6)

This correlation which can be applied to the study of the Higgs boson in its
decay to a pair of Z bosons [78], is here studies in their direct production (see
Fig. 3.8). For ete™ — WTIW~ the value of A(ww) was found in LEP to be
0.012+0.02140.012 at \/Sere- = 200 GeV [77] consistent with the SM. How-
ever the value of A(zz) which we evaluated by the helicity amplitude method
using Ref. [76] to be ~0.02 has not been so far measured with data. Therefore
it is of some interest to explore by the MC samples the possibility to measure
it with the data coming from the LHC.

To extract the angle y between the planes from a reconstructed 27 —
wr T event, one assigns the muons to their corresponding Z bosons and
transform them to the ZZ center-of-mass system, where the two decay planes
are defined. Next one calculates the perpendicular vector to each plane defined
by the assigned pair of muons. Finally the angle between planes is found from
the scalar product of the two perpendicular vectors, where x is limited to the

range between 0 and 7/2.

The MC yx distributions are plotted in Figs. 5.12 and 5.13 for the two
chosen luminosity values and mass cuts. The above Eq. (5.6) is then fitted to
the y distributions letting A(zz) to be a free parameter. The results of these
fits are presented in Table 5.4 where the statistical errors alone are consists

within errors with the expected value of ~0.02.
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Figure 5.11: The angle x definded by the two ff decay planes, each of them defined
in the CM of their corresponding Z boson parent.
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Figure 5.12: The x plane correlation of the MC distribution for an integrated
luminosity of 100 fb=!. The solid lines are the fit result of Eq. (5.6) to the data.

(a) For the loose mass cut sample. (b) For the tight mass cut sample.

5.3 Sources of systematic errors

Throughout our analysis we have considered several sources of systematic un-

certainty like momentum resolution, reconstruction algorithms luminosity un-
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o Invariant
Luminosity
mass cut
Number of Events 614
2/do 8.25/9
100 fb—! Loose X/ f /
Probability 0.51
A(zz) 0.10440.065
Number of Events 558
2/d 11.68/9
100 fb=* | Tight X/ dof /
Probability 0.23
A(zz) —0.027+0.073
Number of Events 1842
2/d 19.30/22
300 fb=1 Loose X/ Of /
Probability 0.63
A(zz) 0.095+0.035
Number of Events 1670
2/d 16.95/22
300 fb' | Tight X/ dof /
Probability 0.76
A(zz) 0.023+0.037

Table 5.4: The fit results for the plane correlation x and their statistical errors.

certainty and theoretical cross section evaluation which are presented in the

following sub sections.

5.3.1 Momentum resolution

The main uncertainty in our ZZ MC analyses are the measured muon momen-
tum resolution. To estimate this effect on our final physics results we took the

maximum value of (see Fig. 4.2)

A
2PT _ .05 .

pr

(5.7)
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Figure 5.13: The x plane correlation of the MC distribution for an integrated
luminosity of 300 fb~!. The solid lines are the fit result of Eq. (5.6) to the data.

(a) For the loose mass cut sample. (b) For the tight mass cut sample.

Inasmuch that the conservative error on the momentum is not smaller than
the error of p, and further taking that the relative errors of p,, p, and p, are

nearly equal one has

Ap, _ Ap, _ Ap, — 59 O.5p2T

Pa Py p: NGRS

Next we have taken our MC data set and smeared p,, p, and p, by a

(5.8)

Gaussian distribution to produce a some what different set of 41,150 events

which was used to estimate the momentum uncertainty of our final results.

5.3.2 Reconstruction algorithms

The ATLAS software framework, Athena, includes several muon reconstruction
algorithms which are collected into muon reconstruction packages (see Sec.
4.1). The difference between them was used to estimate their uncertainty

effects on our physics results.

5.3.3 Luminosity uncertainty

The luminosity relevant for the experiment is measured by the detector itself.

The most current estimated luminosity uncertainty, as obtain from the com-
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bined data measurements, is about 11% [79,80]. This value is expected to be
improved with time and is planned to reach the level few percent. To take
into account this uncertainty we repeated the analyses with the assumption of
a relative luminosity error of £10%, which effects the number of events and

hence the statistical uncertainties.

5.3.4 Theoretical cross section evaluation

The theoretical calculated pp total cross sections at 14 TeV leading to a pair
of ZZ gauge bosons, o, (pp — ZZ) are listed in Table 3.3 at Sec. 3.2.2. As
can be observed from the table, currently a non-negligible uncertainty exists in
the theoretical estimates of this cross section. The bolded 12.7 pb cross section
given in the table was the one used in our ZZ analyses. To estimate the
effect of the theoretical calculation uncertainty on our physics results we have
repeated the analyses with the other theoretical cross section values shown in
the table.
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5.4 The Z polarization

The angular distribution of the Z boson production and decay angles allows a
spin state analysis (see Fig.3.9). This distribution depends on the production
mechanism, the Z energy, and the polar production angle, cosfl;. There are at
least two leading methods, which are described in Ref. [81], that can be used
to extract the polarization from the cosfl; distributions, where 6 is the polar
decay angle defined in the rest frame of the parent gauge boson. The first is
by fitting an expression given in terms of the helicity states to the do/dcosfy
distribution and the second one is by applying the A;; helicity projection op-

erators.

5.4.1 The spin density matrix analysis

The spin density matrix (SDM) for a gauge boson is an hermitian matrix, p;;,
with a unit trace that can be fully described by eight free parameters. The
elements lying on its diagonal p_, pg and p, are the probabilities of observing
a Z boson in each of the three possible helicity states —1, 0 and +1 which
are real and positive after integration over the azimuthal angle. The general
expected 0 decay polar angular distribution for massless fermions in the rest
frame of their parent gauge boson, is given in terms of the diagonal elements
of the SDM by:
do
dcost;

= [p_g_(costys) + pogo(costy) + pig4(cosdy)]|o (5.9)

where ¢g_, go and g, are functions of costl; corresponding to the three SDM
elements p_(= p_1-1), po(= poo) and p; (= pi141) respectively. Specifically for
the decay of the Z boson, the polar angular expressions of the decay products
in the range —1 < cosfz < +1 are given by [82]:
g_(costy) = D?(1+ cosb;)* — 2Rcost;
gi(cosly) = D?(1— costy)? + 2Rcost; (5.10)
go(cosh;) = D?2sin®0;
where DZ is a common constant for the three states and R=(g%—g?)/(g%+g2)

where the right (gr) and left (gr) couplings are equal respectively to —1/2+sin?@,,
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and sin?6,, (see Table 3.2). From Egs. (5.9) and (5.10) the differential angular
distribution of the charged leptonic Z boson decay is equal to

1 d 3 3
7 _ -3 [(1 4 cosby)? — 2Rcosby) +p01

;dcos@c
(5.11)

One should note that by adding the transverse polarizations p_ and p., defined

as pr, one eliminates the R ratio namely

l do
o dcosOy

3 3
= pr=(1 + cos®0;) + pLZsm%’f (5.12)

8

where p;, = p,. From unitary condition one has further the relation pr = 1—py..

In the cases where the number of available events is low it was found to
be useful to apply an alternative method [83,84] for the SDM analysis namely
the A;; helicity projection operators. This method was previously applied to
the production of W*W ™ pairs produced in ete™ collisions [85,86]. Here we
have extended A;; definition to the case of the Z pair production to obtain the

functions:
1 2
Ao = 5(50052@« + Ecosﬁf -1)
Ao = 2—5cos’0; (5.13)

1 2
AL = 5(50052@« — Ecosﬁf -1),

where their sum is A_ + Ay + A, =1. With these operators the SDM elements

are given by
X
pi(coslz) = ng_ cos«9f , 1= —, 0, + (5.14)

where N is the total number of decay events. The advantage of this method is
that it avoids the necessity to fit the data in a finite number of bins. For the

investigation of the transverse and longitudinal polarization one has

Ar = A_+ A, =5cos’0; — 1
AL = Aoy =2—5cos*0; (5.15)

where the R ratio is again eliminated.
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5.4.2 The longitudinal polarization evaluation

We determine the longitudinal Z polarization using our MC data sets and have
further compared it to the calculated helicity amplitude polarization value.

These investigations were carried out in the two SDM analyses methods.

In the first method the angular decay distributions cosf; are summed up
over the energies between 200-500 GeV and are shown in Figs. 5.14-5.17. The
loose and tight invariant mass cuts are given respectively in Figs. 5.14 and 5.15
for the integrated luminosity of 100 fb~' whereas in Figs. 5.16 and 5.17 are
shown the loose and tight mass cuts for the 300 fb~! smaples. To obtain the
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Figure 5.14: The cosf; angular distribution for the 100 f b~ ! integrated luminosity
and the loose invariant mass cut sample. The solid line represents the fit results of
Eq. (5.12) to the data.

average longitudinal polarization we have fitted Eq. (5.12) with the unitarity
condition pr = 1 — p;, to these costl; distributions where p, was taken as a
free parameter. The results of these fits are presented by the curves in Figs.
5.14-5.17 and listed in Table 5.5. From this table one can conclude that the
integrated luminosity of 100 fb~! is not sufficient enough to yield meaningful

polarization results. As for the 300 fb~! the longitudinal polarization results
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Figure 5.15: The cosf; angular distribution for the 100 f b~! integrated luminosity
and the tight invariant mass cut sample. The solid line represents the fit results of
Eq. (5.12) to the data.

are very much similar for both invariant mass cuts.

It is interesting to compare these polarization results with the expected
one from the helicity amplitude calculation which yielded the value of 15.58%.
From the measured results given in Table 5.5 one finds that they are consistent
with the calculated value. Here the reader should be reminded that the helic-
ity calculation procedure took into account both the polarization behavior as
a function of energy and its EDF but did not include any detector and other

systematic effects.

It was found in our longitudinal Z polarization study that it is sensitive
to the ZZ production process adopted by the MC generator program. In par-
ticular the Pythia generator used by us describes sufficiently well the single

polarization but seems to ignore the presence of the joint polarization.

Next we investigated the longitudinal Z polarization in terms of the A;;

helicity projection operators. In this study we concentrated on the the 300

74



=]
o

[22]
o

Y
o

Number of Events
N
o

-
(=]
o

80

60

40

20

o

o
ofF
—
o
N
o
w
o
=Y
o
[4,]
o
[+;]
o
\'
o
(o]
8 e
»n ©
_g>

Figure 5.16: The cosf; angular distribution for the 300 f b~! integrated luminosity
and the loose invariant mass cut sample. The solid line represents the fit results of
Eq. (5.12) to the data.
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Figure 5.17: The cosfl; angular distribution for the 300 fb~! integrated luminosity
and the tight invariant mass cut sample. The solid line represents the fit results of
Eq. (5.12) to the data.
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Luminosity | Invariant mass cut
X2/dof 4.42/10
100 fo=t Loose Probability 0.93
po [%] 13.00+8.43
x%/dof 10.53/10
100 fo1 Tight Probability 0.40
po (%] 20.68+9.39
x%/dof 5.10/10
300 fb! Loose Probability 0.88
po (%] 13.25+4.31
X2/dof 4.27/10
300 fb1 Tight Probability 0.93
po (%] 13.61+4.60
Helicity amplitude expectation 15.58%

Table 5.5: The pg longitudinal Z polarization fit results for the 100 fb=' and 300

fb~! data samples compared to the expected helicity amplitude calculation value.

fb~! integrated luminosity samples as the 100 fb~! samples were found to

have insufficient statistics for meaningful polarization measurements.

In Figs. 5.18 (loose cut) and 5.19 (tight cut) we plotted the py values that
were extracted by the A;; operators as a function of Ecm. In addition the ex-
pectation from the helicity amplitude calculation is presented by the continues
lines. As can be seen, in both figures the measured longitudinal Z polariza-
tion follows the general expected behavior as a function of energy. This is in

particular notable in the loose mass cut event sample.

Finally we have compared the results of the two SDM p, polarization anal-
yses. To this end we have estimated the average polarization in the range
200-500 GeV/, obtain from the A;; projection operators, which were found to
be (15.140.4)% and (15.5+0.4)% respectively for the loose and tight invariant

mass cuts. These py values are in very good agreement with those found for
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Figure 5.18: The pg longitudinal Z polarization extracted from the A;; operators as
a function of energy. The data points correspond to the 300 fb~! sample subject to
the loose invariant mass cut. The continues line represents the expected polarization

as calculated by the helicity amplitude method.

the 300 fbo~! samples analyzed by the first method (see Table 5.5) and the

expected 15.58% value obtained from the helicity amplitude calculation.
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Figure 5.19: The pg longitudinal Z polarization extracted from the A;; operators as
a function of energy. The data points correspond to the 300 fb~! sample subject to
the tight invariant mass cut. The continues line represents the expected polarization

as calculated by the helicity amplitude method.
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Chapter 6

The 7/ Bose-Einstein

Correlation

In 1954 the intensity interferometry was introduced by Hanbury-Brown and
Twiss (HBT) [87,88] to correlate the intensity of two electromagnetic radiation
arriving from extraterrestrial radio-wave sources to estimate their size. This
method has been applied to the production of two identical pions in particle
physics, by Goldhaber, Goldhaber, Lee and Pais (GGLP) [89] in 1959 which is
generally referred to as the Bose-Einstein Correlation (BEC). This correlation
has been observed in pp collision for pion pairs produced with nearby momenta
and emission time. This enhancement, which was further related to the size
of the particles’ source in the space coordinates (see Fig. 6.1), was found to

exist over a wide range of collision and boson particles energies.

6.1 BEC formalism

For the description of the main BEC expressions we have followed closely the
notation presented in Ref. [90]. If the two outgoing indistinguishable bosons
are represent in terms of two-particles symmetric plane wave-functions 5 o
then in the incoherent case [90]

wl 9 = L [ei(/ﬂlﬁJrszz) + ei(k11“2+/€21“1)] (61)

V2
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Figure 6.1: Schematic view of two identical bosons emerging from the r; and ry

points within the emitter with the momentum k; and ko respectively.

where r; and k; are respectively the space and momentum three-vectors of the

bosons. The probability associated with this wave-function is equal to

lpra]® =14 cos [(k1 — ka)(r1 — 73] (6.2)

where (k1 — ko) is the momentum difference of the particles and (r; — 7o) is
the relative emission position between them (Fig. 6.1). If the particle emission
source is denoted by p(r) then the probability to observe two particles with

momenta k; and ky is given by

P(ky, k2) :/‘%,2!2!P(Tl)\2\P(T2)!2d37"1d37"2 : (6.3)

The correlation function C(ky, ks) can then be defined in terms of Eqs. (6.2)
and (6.3) as
P(ky, k) [ cos [(ky — ka)(r1 — r2)] d®ridPry

where P(k;) is the single probability to observe a particle with a momentum
k;. This expression, after integration over all possible pairs (Fourier transfor-

mation), could be simplified to

Cky, ko) =1+ |p(ky — ko)|? . (6.5)
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In the one-dimension BEC analysis the Lorentz invariant parameter (), intro-

duced by Goldhaber et al. [89], is often used and is defined by
Q' = —(a1 — )" = My, — 4mj] (6.6)

where ¢; and ¢y are respectively the four-momentum vectors of the two bosons
of mass m;, and M, is their invariant mass squared. With these definitions

one can write the correlation function in terms of the variable () as

CQ) =1+p@Q) . (6.7)

If one assumes that the source is described by a spherically symmetric Gaussian

density function like

p(r) = p(0)e™" /5, (6.8)
then the correlation function C'(Q) can be expressed in term of the dimension
rg to take the GGLP form

C(Q) =1+ e "e? (6.9)

where \ is the correlation strength that varies between 0 and 1 and is often
refereed to as the chaoticity or the non-coherent parameter [90]. Throughout
our work we confined ourself to the BEC analysis of one-dimension (1D) and
use the () parameter and its corresponding r¢ dimension which we also refer-
eed to as Ryp. Two typical examples of the C(Q) behavior of identical charged
pion pairs and their fitted Eq. (6.9) to them are shown in Fig. 6.2. The first
presents an OPAL [91] BEC analysis of Z decays into pion pairs. The second
example is taken from the ZEUS [92] BEC pion pairs study, where the K2 and

the p" regions were omitted from the fit.

Parallel to the studies done with particle reactions the BEC analysis method
has also been applied to heavy-ion collisions [94]. In Fig. 6.3, which was
taken from Ref. [95], we show results of the spatial dimension, R,.,s, that were
extracted from BEC studies of identical charged pions produced in nucleus-
nucleus collision as a function of A3, where A is the atomic number of the
projectile nucleus. As can be seen from the figure, the R,,.s increases essen-
tially with A3 namely, Ryms ~ 1.2 x A3 fm, shown by the straight line.
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Figure 6.2: The charged pion pairs BEC as a function of Q. Left: OPAL results [91]
obtained in the hadronic Z decays. The solid and dashed lines represent the fit
results given in Ref. [93] respectively with and without the inclusion of final state
interactions. Right: ZEUS results for momentum transfer of @ > 110 GeV? [92].
The regions of K g and p® which were omitted from the fit of the correlation function
C(Q) are indicated.

Here one should note that the BEC dimensions shown in Fig. 6.3 are essen-
tially identical to the geometrical radius of the nuclei extracted from other

kinds of measurements.

At the LEP collider BEC interferometry was applied with high statistics to
pairs of pions and kaons. In order to investigate the dependence of R;p on the
boson mass the BEC analysis has been extended to fermions in a novel work
by utilizing the Fermi-Dirac statistics property to final state pairs of AA and
AA [96] and later extended to pairs of protons (for further details see [90,96]).
A compilation of the measured R;p values, obtained from BEC and Fermi-
Dirac Correlation (FDC) studies of Z decays to identical hadron pairs at LEP
are shown in Fig. 6.4a as a function of the outgoing hadron mass m. The error
bars attached to the R;p values are the statistical and systematic uncertainties
added in quadrature. To note is the significant spread of the Ryp(m,o0) values
between two of the experiments. Such a spread occurs often in the BEC and

FDC measurements which can be traced back to the different adopted pro-
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Figure 6.3: The measured Rip from BEC of pion pairs produced in heavy ions
collisions as a function of A3 taken from reference [95]. The straight line represents
the function R = aAY3 fm with a = 1.2 fm.

cedures and choices of the reference sample. Notwithstanding this deficiency,
R1p is seen to decrease with the increase of the particle mass. That this be-
havior of R;p(m) is not only limited to the Z hadronic decays is demonstrated
in Fig. 6.4b. This figure shows the R;p results obtained from BEC and FDC
analyses of the outgoing hadrons, from pion to deuteron pairs, produced in the
central Pb+ Pb collisions at 158/A GeV [97].

In Ref. [103] it has been shown that from the Heisenberg uncertainty rela-
tions one can derive a connection between R;p and a non-zero particle mass

m, namely

2

Rip(m) = C%t. (6.10)

This time scale At has been taken in [103] to be equal to 1072* seconds

representing the outgoing strong interacting hadron pairs. As a result, the

Rip behavior on the hadron mass shown in Fig. 6.4a was fairly well repro-
duced by Eq. (6.10) which is represented by the continuous line in the figure.
In our recent work [104] we have pointed out that all the data given in the

figure are the decay product of the Z gauge boson, the lifetime of which is of
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Figure 6.4: Rip as a function of the hadron mass obtained from BEC and FDC
analyses. (a) Values obtained from the Z hadronic decays by the LEP experiments
[98-102]. The solid line represent Eq. (6.10) with At=10"2* seconds while the
dotted lines are for At=(1 4 0.5) x 1072* seconds. (b) BEC analyses of hadron
pairs emerging from central Pb + Pb collisions at 158/A GeV taken from [97]. The
continuous line is the result of a fit of Eq. (6.10) to the data of the Plastic Ball
detector whereas the dotted line is the result of the fit to all the data points shown
in the figure.
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the order of 1072* seconds. Thus the success of the choice of At=10"2* sec-
onds, may in fact be, as we further argue, due to the decay particles’ emission
time which is prescribed by the Z boson lifetime. In the Z decay, as well as in
hadron interactions, like in pp reactions, the particle’s collision and emission
times are practically of the same order of magnitude. This apparently is not
the case in heavy ion collisions. In the Pb+ Pb collisions at 158 /A GeV, mea-
sured by the WA98 collaboration [97], the R;p values obtained from identical
hadron pairs are seen in Fig. 6.4b to be described very well, apart from the
slight departure of Ryp(m,), by the continuous line. This line is the result of
a fit of Eq. (6.10) to the data yielding At = (1.28 & 0.03) x 1072? seconds
that is much longer than the particles’ collision time of ~10724 seconds. Here
it is important to note that the success of this fit was taken by the WA9S8
collaboration as an indication for a common emission duration of the various

particle pairs produced in the Pb+ Pb reactions.

6.2 The interpretation of the At time scale

The Rip(m,) values obtained from BEC analyses of pion pairs emerging from
collisions like the electron-nucleon [105] and neutrino-nucleon [106] are very
similar to those obtained in e™e™ and pp collisions and thus exclude the possi-
bility that At is related to the interaction strength of the incoming particles.
As for the association of At with the interaction strength of the outgoing
identical correlated particles, it is instructive to examine Fig. 6.5. In this
figure, taken from Ref. [104], the expectation of Rip(m) are plotted against
m for three At values of 10724, 1071 and 10! seconds which represent the
strong, electro-magnetic and weak interactions. As can be seen, if indeed At
is representing the interaction strength of the outgoing particles then for weak
interaction the R;p measured by BEC or FDC should reach unreasonable high

values as compared to those measured in Z° hadronic decays.
An additional evidence against the association of At with the interaction

strength of the outgoing particles is coming from the BEC measurement of the

non-zero transverse momentum photon pairs, directly produced in the central
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Figure 6.5: The expected R1p dependence on the particle mass for three At values
of 10724, 101 and 1072 seconds, representing respectively strong, electro-magnetic
and weak interactions of the outgoing particles. The data in the figure are the LEP

measured R;p values from Z decays, taken from Ref. [104].

Pb + Pb interactions at 158/A GeV [107]. In this case Eq. (6.10) cannot be
applied since m, = 0. However, from the Heisenberg uncertainty relations
one can also derive [108] a relation between the longitudinal dimension Ry,
defined in the Longitudinal Center of Mass System [109], and the average
transverse mass my, namely

Rlong(mT) = C\/@ (611)

A/ T ’

which is applicable to photons with a non-zero transverse momentum. The

BEC analysis of the directly produced photon pairs of the WA98 collaboration
[107] was divided into two transverse momentum py regions which yielded the

following R;p and their associated A\;p chaoticity parameter values:
Ri,=594+12 fm; M, =0.002840.0007; for 100 < Pr < 200 MeV/c

R =6.14+14 fm; ML =0.002940.0017; for 200 < Pr < 300 MeV/c,

86



where the statistical and systematic errors are added in quadrature. These
Rip(v) values are consistent with the Ryp(m,) values obtained in the same
Pb + Pb collision experiment at 158/A GeV. From this one can safely infer
that the At associated with the directly produced photons is in any case far
away, by a few order of magnitudes, from the At region that represents the
elecro-magnetic interaction strength (see Fig. 6.5). Following these observa-

tions we have been lead to assign At to be the particles’ emission time.

6.3 BEC of ZZ pairs

Even though the BEC analysis of two directly produced photons in Pb+ Pb
collisions supports the notion that At is the particle emission time, a decisive
answer to this issue should come from BEC and/or FDC of weak interacting
particles. Presently no such information exists. The p®u® pairs are in general
the decay product of pions and/or kaons so that they are not produced simul-
taneously. As for the efet system produced in particle reactions, it also has
similar drawbacks. For this reason we here examined the possibility to carry
out a BEC analysis of the two weakly interacting ZZ pairs. These pairs are ex-
pected at lower order to be dominated by a coherent pp production processes.
However, high order corrections may well introduced a small non-coherent con-
tributions which will be sufficient to allow a meaningful BEC analysis as was
the BEC case in the di-photon [107] final state which was successful even with
a chaoticity A value as small as ~ 0.003. The ZZ BEC analysis will also serves
to test if the Ryp dimension will still behaves as 1/4/m at high masses around
100 GeV'.

Table 6.2 summarizes the selection criteria and number of events used in
our Z7Z BEC analysis. This is based on a MC sample generated by the Pythia
program that utilized the CTE(Q 6L1 PDF package and which includes the Z
boson width. To note is that our analysis utilized only the ZZ pair events
that decay into u*pu~ ™~ this sample can in principle be enlarged to include

77 — 4l where | = u/e to reduce the statistical uncertainty by a factor of two.
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In Fig. 6.6 we present the expected C(Q) for ZZ pairs decaying into muons

for a high integrated luminosity of ~ 720 fbo~! taking A to be 0.33. The fit of

Eq. (6.10) to the C(Q) distribution yielded the value of R;p

0.126+£0.204 fm

with a x?/dof of 5/10 which is consistent with the expected one of 0.024 fm
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Figure 6.6: The correlation function C'(Q) for the final state ZZ system. The line
represents Eq. (6.10) fit result of Rip = 0.126 4+ 0.204 fm taken A to be 0.33.

calculated from Eq. (6.10) using At = 107! seconds. Even with this relatively
high uncertainty the R;p value with its error will exclude the possibility that
At depends on the interaction strength of the outgoing correlated particles.
From this study it is clear that to carry out a meaningful BEC analysis of the
Z Z pairs requires a very large statistics which maybe realized at the 14 TeV
CERN Large Hadron pp Collider in its upgraded luminosity configuration.
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Chapter 7

Summary and Outlook

The work presented here is based on a simulation of the ATLAS detector
expected performance and which covers the main physics properties of the ZZ
pair production at 14 T'eV. These includes the measurements of the differential
and total cross sections, determination of the longitudinal Z polarization, the
angular correlation between the two Z — [T~ decay planes and the feasibility
to study the ZZ pairs Bose-Einstein correlation analysis. This research uti-
lized the so called “gold plated events” where the Z boson pairs are observed
through their decay into two pairs of muons. These topics were analyzed us-
ing an extensive MC samples equivalent to an integrated luminosity of 100
o=t /year, as envisaged for the LHC running. In addition, the benefit from
a higher luminosity of 300 fo=!/year has been explored. In both luminosity
studies two values for the Z invariant mass cut have been applied, a loose
and a tight one. The study reported in this work has shown that while the
loose cut reduced the statistical error, the tight cut improved the quality of

the measurements and thus it should be recommended for future ZZ analysis.

In the differential and total cross section analyses we have set the Z bo-
son mass value to be a free fit parameter to be able to exam our sensitivity
to the SM properties and to possible “new physics” signs. The My, value
obtained from the differential cross section analysis was 98.24+5.01£10.60
GeV which was improved by using the 300 fb~! luminosity sample to yield
92.76+2.36+2.23 GeV as compared to 91.18 [49], the current known value.
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From the total cross section analysis better M, fitted values were obtained
namely, 90.8840.334+0.83 GeV and 91.03+0.153+0.12 GeV for the luminosities
of 100 and 300 fb~! respectively. From the options considered in this study one
can conclude that the best condition to search for “Beyond the SM” effects is a

tight invariant mass cut and evidently the higher luminosity values of 300 fb~!.

Throughout this work we have used the PDF parameters values extrapo-
lated from the Tevatron and the HERA findings. An improvement of these
parameters should be achieved as more data from the LHC will be available. In
the experimental study of pp — ZZ reaction we have encountered the known
problem that the theoretical calculations are given in terms of the basic process
qq — Z 7. The transformation from pp collisions to ¢q reactions and vice versa
have here been worked out to yield the so called Energy Density Functions. A
successful verification of this transformation has been shown by using the ZZ

pair production.

The ZZ — ptp ptp~ decay planes correlation has been investigated.
In these analyses the fitted correlation strength values of —0.027+0.073 and
0.02340.037 were extracted for an integrated luminosity of 100 and 300 fb~!
respectively. These values are consistent within errors with the expected value
of ~0.02 which was calculated for the ZZ lower order production mechanism

(see Fig 3.8) by us via the helicity amplitude method.

In the study of the longitudinal Z polarization we have applied two Spin
Density Matrix analysis methods. In the first one the angular decay distribu-
tion of the Z boson was used. From this distribution the fitted longitudinal
Z polarization was found to be py = (13.2£3.8) and (15.0£4.1) % for the
loose and tight invariant mass cut samples respectively. The second method
investigated py in terms of the A;; projection operators which were previously
applied to the WHW ™~ analyses [85,86] and were extended by us to the ZZ
pair production. For the comparison between the two methods the projection
operator polarization values were average over the same energy covered in the
first method and thus yielded py = (15.1£0.4) and (15.54+0.4) % for the loose
and tight cut samples as before. We further used the helicity amplitude tech-
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nique to calculate the SM expected longitudinal Z polarization which yielded
15.6 %. As seen the two methods are in a very good agreement between them-

selves and with the expected SM value.

The interest in a Bose-Einstein Correlation study of ZZ pairs produced in
pp collisions has been illustrated for two main reasons. The first is the fact
that it will be the first BEC analysis of non-hadronic produced particles. The
second reason is the fact that this BEC measurement of two very heavy bosons
which so far has been only applied up to the mass of the deuteron. The feasi-
bility of such a study has been investigated and it was found that it can only
be realized in the future Super LHC with a typical integrated luminosity of
about 1000 fb~! per year.

Following the LHC operation and its achivments the high energy commu-
nity is considering the design and construction of a high energy Linear ete™
Collider (LC) [110-112]. Its final design, however, does depends on the dis-
covery of “Beyond the SM” phenomena in the LHC such as super symmetric
particles. Currently two variations of a LC are discussed namely the Interna-
tional Linear Colliser and the Compact Linear Collider. The advantage of an
ete” LC is mainly due to two reasons: The first is the realization that the CM
of the reactions is identical to that of the colliding beams. The second is the
general simplicity of the ete™ reactions as compare to those in pp collisions.
It is generally accepted that at least the LC electron beam should be longi-
tudinal polarized as was the case in the SLAC Linear Collider where it was
achieved by irradiating GaAs crystals [113]. There are several arguments that
require in addition also a longitudinal polarized positron beam [114]. Within
this program one attractive proposition to create a polarized position beam via
an undulator magnetic system [115] has been sucessfuly tested by the E-166
collaboration experiment at SLAC [116-118].
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An experiment (E166) at the Stanford Linear Accelerator Center has demonstrated a scheme in which a
multi-GeV electron beam passed through a helical undulator to generate multi-MeV, circularly polarized
photons which were then converted in a thin target to produce positrons (and electrons) with longitudinal
polarization above 80% at 6 MeV. The results are in agreement with GEANT4 simulations that include the
dominant polarization-dependent interactions of electrons, positrons, and photons in matter.

DOI: 10.1103/PhysRevLett.100.210801

A polarized positron beam would enhance the physics
capability of a TeV-scale e"e™ linear collider [1].
Polarized positrons can be produced via the pair-
production process initiated by circularly polarized pho-
tons [2]. In a scheme proposed by Balakin and
Mikhailichenko [3] a multi-GeV electron beam is passed
through a helical undulator [4] to generate the needed
multi-MeV photons with circular polarization. Alterna-
tively, the circularly polarized photons can be produced
by laser backscattering off an electron beam [5,6]. An
experiment (E166) has been performed to demonstrate
that the undulator-based scheme can produce polarized
positron beams of sufficient quality for use at the proposed
International Linear Collider (ILC) [7]. The main elements
of the experiment were the Stanford Linear Accelerator
Center (SLAC) linac [8], the Final Focus Test Beam
(FFTB) [9], a pulsed helical undulator, and detectors to
measure the photon and positron polarizations [10], as
shown schematically in Fig. 1.

The experiment operated with an electron beam energy
of 46.6 = 0.1 GeV at a repetition rate of 10 Hz with 1-4 X
10%/pulse. The normalized beam emittances were
ve(ye,) = 2.2(0.5) X 107> mrad, and the transverse
spot size was tuned to o, =~ o, =35 um at the 1-m-
long undulator whose aperture was only 0.9 mm. After
passing through the undulator, the primary electron beam
was deflected away from the photon beam by a string of
permanent magnets (D1). A circularly polarized photon

0031-9007/08,/100(21)/210801(4)
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PACS numbers: 07.77.Ka, 13.88.+e, 29.27.Hj, 41.75.Fr

beam of peak energy =~ 8 MeV was created in the undu-
lator and then drifted approximately 35 m to the diagnostic
detectors, shown in the lower part of Fig. 1 and in greater
detail in Fig. 2.

BPM1 C1 BPM2 D1
_e [ b /[ ysto
detectors
BT/ HSBy \undulator HSB2
OoTR’ Lws HCOR PRD
e-dump
e”dump
y's from gamma
undulator  ppT2 | diagnostics
ik etdiagnostics

FIG. 1 (color online). Conceptual layout (not to scale) of the
E166 experiment. A 46.6-GeV electron beam entered from the
left and was deflected by magnet D1 after traversing the undu-
lator. Part of the beam of = 8-MeV circularly polarized photons
created in the undulator was converted to positrons in a target
35 m downstream of the undulator, and the rate and polarization
of the positrons and unconverted photons were subsequently di-
agnosed in the spectrometer D2. BPM = beam-position monitor,
BT = beam toroid, C = collimator, HCOR =
horizontal-correction magnet, HSB = hard-soft-bend magnet,
OTR = optical-transition-radiation monitor, PR =
beam-profile monitor, T1 = target, WS = wire scanner.

© 2008 The American Physical Society
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FIG. 2 (color online). Schematic of the photon and positron Es L L L L L 3 -
diagnostics. A1, A2 = aerogel Cerenkov detectors, C2 — C4 = 0 5 10 15 20 25 30
collimators, D2 = dipole spectrometer magnet, Csl =3 X3 E, (MeV)

array of Csl crystals, GCAL = Si-W calorimeter, J = movable
W jaws, P1, S1, S2 = Si-diode detectors, SL = solenoid lens,
T1 = positron production target, T2 = reconversion target,
TP1 = positron transmission polarimeter solenoid, TP2 =
photon transmission polarimeter solenoid. The detectors were
encased in lead and tungsten shielding (not shown).

The photon beam impinged upon a 0.2-radiation-length
tungsten target T1 to produce positrons and electrons
which were separated in spectrometer D2, and the polar-
ization and rate of the positrons were measured in trans-
mission polarimeter TP1 [11]. The unconverted photons
were monitored in a second transmission polarimeter, TP2.

The undulator had bifilar, helical windings of wires of
cross section 0.6 X 0.6 mm? with currents (2.3 kA in a
12 us pulse) flowing in opposite directions, resulting in a
transverse magnetic field whose direction rotated with
period 2.54 mm and whose strength was 0.71 T on axis,
corresponding to an undulator strength parameter of K =
0.17. The calculated energy spectrum and longitudinal
polarization of the photons produced by the undulator are
shown in Fig. 3. For an electron beam energy of 46.6 GeV
and K = 0.17 the first-harmonic photon energy cutoff is
E, = 7.9 MeV, at which energy the longitudinal polariza-
tion P, is 0.98, differing from unity due to the small
admixture of second harmonic photons.

The photon beam was monitored in a transmission polar-
imeter TP2, indicated in the right side of Fig. 2. The flux of
photons was determined by aerogel Cerenkov counters,
A2, A2, and by silicon-diode detectors, S1, S2, before
and after a 15-cm-long cylinder of iron whose axial mag-
netization was reversed periodically. The total energy of
photons that passed through the iron cylinder was moni-
tored in a W-plate calorimeter GCAL read out by inter-
leaved Si diodes. The photon flux at full undulator current,
observed in detector S1 with the pair-production target T1
removed, was 0.071 = 0.007 photons/beam electron,
which value is only 20% of expectations, likely due to
misalignment of collimator C2. When the undulator cur-
rent was reduced, the photon flux showed the expected
quadratic dependence on the current.

FIG. 3 (color online). Solid line: calculated photon number
spectrum per beam electron of undulator radiation integrated
over angle, plotted as a function of photon energy E, for electron
beam energy 46.6 GeV, undulator period 2.54 mm and undulator
strength parameter K = 0.17. The peak energy of the first-
harmonic (dipole) radiation was 7.9 MeV. Dashed line: longitu-
dinal polarization P,, of the undulator radiation as a function of
energy.

The asymmetry &, = (S, — S3)/(S; + S5 ) in the ob-
served signals S,f of photons transmitted through the iron
cylinder was 0.0331 = 0.0012(stat) * 0.0063(syst) using
aerogel detector A2, 0.0367 = 0.0007(stat) = 0.0040(syst)
using calorimeter GCAL, and 0.0388 = 0.0006(stat) =
0.0016(syst) using Si-diode detector S2. A simulation
that combined the energy and polarization distributions
shown in Fig. 3 with the spin dependence of Compton
scattering of the polarized photons off polarized atomic
electrons in the magnetized iron [12] calculated asymme-
tries of 0.036 for detector A2 (assuming a Cerenkov thresh-
old of 3.8 MeV), 0.035 for GCAL, and 0.034 for S2.

Positrons (and electrons) produced from undulator pho-
tons in the W target T1 were focused to a parallel beam by
solenoid lens SL and then energy selected and separated
from the electrons and unconverted photons in spectrome-
ter D2 consisting of a pair of dipole magnets, shown in
Fig. 2. The energy spread of positrons at the reconversion
target T2 was 5% (FWHM). The positron flux (typically
2-6 X 10*/pulse with undulator on and 1% of this with
undulator off) was monitored at this location by Si-diode
detector P1. The polarization of the positrons was deter-
mined by first reconverting them into polarized photons by
a 0.5-radiation-length W disk, and then using transmission
polarimeter TP1 to measure the longitudinal polarization
of the photons. This polarimeter consisted of a 7.5-cm-long
magnetized iron cylinder followed by a 3 X 3 array of Csl
crystals.

Data were collected with the undulator on and off during
successive electron beam pulses. The sign of the magneti-
zation of polarimeter TP1 (and that of TP2 as well) was
reversed after every 1500 undulator-on beam pulses.

210801-2
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Beam-off and target-out runs were interspersed throughout
the data sets. Data were taken with positrons at five ener-
gies from 4.6 to 7.4 MeV, and with electrons at a single
energy (6.7 MeV) for which the current in dipole spec-
trometer D2 (but not that in solenoid lens SL) was re-
versed. Data samples for each energy ranged from
2-20 X 10° beam pulses and a total of more than 8 X
10° events were recorded during the experiment.

The distribution of photon energies from reconverted
positrons as observed in the central Csl crystal for central
positron energy of 6.7 MeV is shown in Fig. 4 for
undulator-on and undulator-off beam pulses. Approxi-
mately 30 photons from reconverted positrons were ob-
served each pulse above a background of a similar number
of MeV particles from showers of beam electrons that
scraped the undulator tube.

The positron (or electron) polarization is derived from
the asymmetry

5(': = (SESI - Sésl)/(sasl + Sésl) (1)
of signals Sg; that are proportional to the (integrated)
energies E of reconverted photons observed in the cen-
tral Csl crystal for the two signs of axial magnetization of
polarimeter TP1. The outer eight crystals of the CsI array
were not used in the final analysis because of poorer signal-
to-background ratio. The energy calibration of the crystals
was maintained by data collected with radioactive sources
embedded in the array. The photon energies Eg, were
corrected for background using the undulator-off data,
and normalized to the rates observed in the Si-diode de-
tector P1 according to
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FIG. 4 (color online). Distributions of energy Ecy observed in
the central CsI crystal of the positron polarimeter from individ-
ual electron beam pulses with undulator-on (right peak) and
undulator-off (left peak). The central positron energy was
6.7 MeV.

where N, = Ny = 1500 are the numbers of events with
undulator-on and off in data sets with = magnetization of
polarimeter TP1, I is the number of 46.6-GeV electrons as
measured in beam toroid BT, and P1 is the signal observed
in that Si-diode detector. Terms in Eq. (2) more than 2
standard deviations from the mean were discarded to sta-
bilize the averaging procedure against the effect of outliers
caused by occasional off-energy electron beam pulses.

The asymmetry (1) was calculated for each pair of 1500
undulator-on beam pulses with opposite magnetization of
the polarimeter, as shown in Fig. 5 for data collected with a
central positron energy of 6.1 MeV. Asymmetries more
than 3 standard deviations from the average were dis-
carded. The averaged asymmetries were typically 1%, as
listed in Table I. Without the normalization (2) to the rates
in detector P1, the asymmetries would have been about
10% smaller for positrons and 40% larger for electrons,
which indicates differing effects on these particle types of
their interactions with the stray fields of the solenoid lens
SL, the spectrometer magnet D2, and the polarimeter
magnet TP1. Alternative normalization procedures yielded
results consistent with those given in Table 1. Use of all
nine Csl crystals in the analysis yielded similar results but
with larger uncertainties due to the relatively larger back-
grounds in the outer crystals.

The longitudinal polarization P, = of the positrons (elec-
trons) is deduced from the measured asymmetry &= using
the relation

8,
A, PFe

where PF¢ = 0.0695 + 0.0021 is the longitudinal polar-
ization of the atomic electrons in the iron cylinder, and A =
is the analyzing power determined by numerical simula-
tion. The latter was performed with an enhanced version of
the GEANT4 toolkit [13] that included six new routines to
deal with circularly polarized photon beams and longitudi-
nally polarized electron beams [14]: for Compton scatter-
ing, Mgller or Bhabha scattering, and electron-positron
annihilation the dependence of the cross section on beam
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FIG. 5 (color online). Positron-induced asymmetries §,+ in the
central Csl crystal of the positron polarimeter for 220 pairs of
1500 undulator-on beam pulses with opposite magnetization in
the polarimeter. The central positron energy was 6.1 MeV. The
average asymmetry was 0.0108, as indicated by the horizontal
line.
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TABLE I. The asymmetries 6.+ (in %) observed in the trans-
mission polarimeter TP1, and the corresponding analyzing
powers A, and longitudinal polarizations P,: (in %) as a
function of energy E,- in MeV.

E,- 8 * os(stat) A P = op(stat) = op(syst)
4.6 (eh) 0.69 = 0.17 0.150 66+ 16=*8
54 (eh) 0.96 = 0.08 0.156 89+8+9
6.1 (eh) 1.08 £ 0.06 0.162 96 =6+ 10
6.7 (e™) 0.92 = 0.08 0.165 80+7=*+9
6.7 (¢7) 0.94 = 0.05 0.153 88 £5=*15
74 (eh) 0.89 = 0.20 0.169 76 =17 £ 12

and target polarization was modeled; in addition, the po-
larization transfer from initial- to final-state particles in
bremsstrahlung, electron-positron pair annihilation and
creation, and the photoelectric effect was evaluated. The
relative systematic uncertainty on the analyzing power is
estimated to be 7%.

The asymmetries &, the analyzing powers A, and the
longitudinal polarizations P,= of electrons and positrons
deduced using Eq. (3) are listed in Table I, and the polar-
izations are shown together with simulations in Fig. 6 as a
function of particle energy. The shift between the curves
arises because for photon energies that peak near E, =
7.9 MeV the maximum energy of a positron from
pair production is E,- = E, — mc®> = 7.4 MeV, while
electrons from Compton scattering and the photoelectric
effect have maximum energies ES = E, + mc?/2 =
8.2 MeV and EEE =E,+ mc? =~ 8.4 MeV, respectively,
where mc? = 511 keV is the rest energy of the electron.

The uncertainties shown in the figure include both statisti-
cal and systematic effects where the latter were estimated
from studies of the effects of non-Gaussian fluctuations
and outlier rejection, from the quality cuts on the beam
current, of the pairing of sets of 1500 beam pulses, of
background correction, and of the stray-field-induced
asymmetry at the counter P1 used for signal normalization.

The results of this experiment are in agreement with
GEANT4 simulations that positron polarization of 80% is
obtainable at MeV energies when GeV electrons pass
through a helical undulator, producing MeV photons that
are converted in a thin target. The polarization extensions
to GEANT4 provide a basis for optimization of the ILC
positron source, and for other applications of polarization
transfer, such as polarimetry. The technique of undulator-
based production of polarized positrons, demonstrated in
this experiment, can be scaled up to provide polarized
positron (and electron) beams for the next generation of
linear colliders [7].
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