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Abstract

Measurements of the inclusive di�ractive Z ! �+�� cross section with gap require-
ment for M�� > 40 GeV at

p
s = 1:96 T eV and fraction of Z bosons produced

di�ractively with gap requirement from Z inclusive production are presented. The
measurements are performed using a data sample corresponding to an integrated
luminosity of 820 pb�1, collected with the D� detector at the Tevatron, between
2002 to 2005. A total of 39945 di-muons events are selected and �nal results of:

�gap
Diff � Br(Z=
� ! �+��) = 4:09 � 0:64(stat:) � 0:88(syst:) � 0:27(lumi:) pb

and,

Rgap
Di� = 1:92 � 0:30(stat:) � 0:41(syst:) � 0:12(lumi) %

are obtained. In adition, d�=d� and d�=dy distributions are presented and they
are compared with di�ractive montecarlo (POMWIG). A reasonably agreement is
obtained in this comparation.

Finally, comparison of fraction of Z bosons produced di�ractively with gap
requirement (gap fraction) as measured with D� during Run I of the Tevatron is
compared. An good agreement is found for gap fraction results.



Chapter 1

Theory

1.1 The Standard Model

Elementary particle physics deals basically with the study of the ultimate con-
stituents of matter and the nature of the interactions between them. It is well
known that the everyday life is properly described by Newtons laws of classical
mechanics. But for objects that travel at speeds comparable to the speed of light
c, the classical rules need to be modi�ed by special relativity; furthermore, for
objects that are very small (roughly at the subatomic level), classical mechanics is
supersede by quantum mechanics. As elementary particles are both fast and small
their description falls under the domain of the quantum �eld theory.

In the present state of our knowledge leptons and quarks are considered to be
the elementary constituents of matter Together with the four fundamental inter-
actions (the strong, electromagnetic, weak and gravitational forces) they represent
the basic ingredients for a description of the physical world.

The Standard Model describes the interaction between quarks and leptons
by means of two mathematical models:Quantum Chromodynamics QCD and the
Electroweak Theory [1], [2], [3]. QCD which is based on the SU(3) group, accounts
for the strong interaction the Electroweak Theory which successfully uni�es the
electromagnetic and weak interactions, is based on a group structure of SU(2)L �
U(1).

The fundamental particles considered by the Standard Model are fermions or
bosons. The fermions are quarks or leptons with spin 1

2 , that are considered to be
the constituents of matter. The bosons have spin and are responsible for mediating
the strong and electroweak forces.

The model considers the existence of six electrically charged quarks (Up, Down,

1



Charm, Strange, Top and Bottom) paired in three generations as shown in Table
1.1. The existence of all the quarks has been experimentally veri�ed.

Quarks Charge Leptons Charge

u; c; t +2
3 �e; ��; �� 0

d; s; b �1
3 e; �; � �1

Interaction Gauge Bosons

EM photon (
)

Weak W �; Z0

Strong gluons (g)

Table 1.1: Schematic representation of the Standard Model: Con-
stituents are doublets of quarks and leptons in three generations. Forces
are mediated by gauge bosons

Each quark has an additional degree of freedom called color, and labeled Red,
Green or Blue. Quarks can only exist in color singlet states and thus can not be
isolated. Quarks bound in color singlet states form the hadrons which are found
in nature. As the quarks carry electric and color charges, they are subject to both
strong and electroweak forces.

The second group of fermions are the leptons which also appear paired in three
families (see Table 1.1). The electron (e�),muon (��)and tau (��) are massive
particles which carry a negative electric charge e = 1:6 � 10�19 C and thus are
subject to electroweak forces. These leptons are paired with three neutrinos which
are light possibly massless electrically neutral particles that only experience weak
interactions.

The gauge bosons are responsible for mediating the fundamental forces. The
coupling constants describing the strength of these forces are all dimensionless.

The strong force which acts between particles carrying color is mediated by
eight gluons. Gluons are electrically neutral bosons that carry color charge and
therefore undergo self-interactions. The photon 
 and the three intermediate vec-
tor bosons W � and Z0 mediate the electroweak force. The model also predicts
the existence of a neutral scalar Higgs boson which is a remnant of the mechanism
that breaks the SU(2)�U(1) symmetry and generates the W and Z boson masses.
So far no experimental evidence exists for the Higgs boson.

1.2 Z0 Bosons at the Tevatron

At the Tevatron, Z bosons are predominantly produced via the leading order annhi-
lation of a quark antiquark pair (the Drell-Yan process [4]): q�q ! Z. Figure [Fig
1.1] show this process for a Z, which will decay to a pair of muons.
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+

µ-

Ζ 0

q

q

µ

Figure 1.1: Z production and decay at the Tevatron

The cross section for such processes, p�p ! Z0, can be written in the factorised
form:

� =
X

i;j

fi

�

x1; �2
F

�


 CP
i;j

�

x1x2s;
Q2

�2
F

�


 �fj

�

x2; �2
F

�

; (1.1)

where Q2 is the scale of the hard process, s is the square of the centre of mass energy

of the p�p system, CP
i;j

�

x1x2s; Q2

�2
F

�

are the coe�cient functions describing the hard

processes, qi�qj ! Z, and fi

�

x1; �2
F

�

and �fj

�

x2; �2
F

�

are the PDFs of the proton
and antiproton respectively. The coe�cient functions can be calculated from �rst
principles whereas the PDFs must be taken from �ts to experimental data. The
partons inside the hadrons that do not participate in the hard interaction will
generally interact softly. This part of the process is known as the underlying

event.

The bosons are unstable and will decay to a pair of fermions; the branching
ratio for the decays [5] are shown in Table 1.2 for the Z bosons.

decay channel branching ratio (%)

e+e� 3:363 � 0:004

�+�� 3:366 � 0:007

�+�� 3:370 � 0:008

invisible 20:00 � 0:06

hadrons 69:91 � 0:06

Table 1.2: Branching Ratios for Z boson decays. The invisible decays are
presumed to be to neutrinos
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Chapter 2

Experimental Apparatus

D� is an experiment on a proton-antiproton collider at a center of mass energy
of 1:96 T eV . This chapter gives an overview of the Tevatron, which produces the
collision and the particle detector used to study them.

2.1 The Fermilab accelerators

The Tevatron is the �nal stage in a sequence of seven accelerators [6]. A Cockcroft-
Walton pre-accelerator, a linear accelerator (Linac) and a synchrotron (Booster)
provide a source of 8 GeV protons. The antiproton Debuncher and Accumulator

are two components of the Antiproton Source. The Main Injector serves as the
�nal boosting stage before injecting protons and antiprotons into the Tevatron. It
also provides the necessary source of energetic protons which are needed in the
Antiproton Source. Figure Fig 2.1 gives an overview of the Fermilab accelerator
complex.

2.1.1 The Pre-accelerator

The purpose of the pre-accelerator is to produce negatively charged hydrogen
ions (H�) with an energy of 750 keV , which are then transferred into the Linac.
Hydrogen gas (H2) enters a magnetron surface-plasma source [Fig 2.2]. Due to
the electric �eld between the anode (negatively charged) and cathode (positively
charged), the electrons are stripped away from the hydrogen atoms to create a
plasma. The positively charged hydrogen ions then strike the surface of the cathode
to collect extra electrons and thereby form negatively charged hydrogen ions. The
H� are extracted through the anode aperture with an electric �eld of 18 kV applied
by the extractor plate.
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Figure 2.1: The accelerator chain at Fermilab

A commercial Cockcroft-Walton Generator produces a 750 kV potential di�er-
ence by charging capacitors in parallel from an AC voltage source and discharging
them in series, via diodes. The Cockcroft-Walton Generator is used to further ac-
celerate the H� ions to an energy of 750 keV . After exiting the Cockcroft-Walton
device, the H� travel through a transfer line. Before entering the Linac the con-
tinuous stream of H� ions passes through a single gap radio frequency (RF) cavity
which bunches the beam at the RF frequency of the Linac (201:24 MHz).

Figure 2.2: Schematic view of magnetron operation for the hydrogen ion
source
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2.1.2 The Linac

The Linac receives bunches of 750 keV H� ions from the pre-accelerator and
accelerates them further to an energy of 400 MeV using RF cavities [Fig 2.3].
The RF cavities are contained within a collection of steel tanks which hold a
sequence of drift tubes separated from each other by gaps. In order to accelerate
H� ions, the cavities are designed in such a way that particles traveling in the gaps
experience an acceleration, while particles traveling in the drift tubes are shielded
from the RF. After passing through the Linac, bunches of 400 MeV H� ions are
transferred into the Booster.

Figure 2.3: Schematic drawing of Linac RF cavity

2.1.3 The Booster

The Booster is the �rst synchrotron in the chain of accelerators. It consists of
a sequence of dipole and quadrupole magnets and 17 RF cavities arranged in a
circle with a diameter of 151 m, and accelerates protons to an energy of 8 GeV .
Negatively charged H� ions coming from the Linac are merged with protons (H�)
ions by letting the combined beams pass through a carbon foil.

Once the Booster is �lled with proton bunches, the RF cavities provide an
acceleration up to 8 GeV . At the same time, the �eld strength in the dipole
magnets is adjusted accordingly in order to maintain a constant radius for the
circulating particles. Once the protons have reached an energy of 8 GeV , they are
transferred into the Main Injector.

2.1.4 The Main Injector

The Main Injector is a circular synchrotron with a diameter of 1 km. It can
accelerate both protons (coming from the Booster) and antiprotons (coming from
the Antiproton Source) from 8 GeV to 150 GeV before injecting them into the
Tevatron. It also delivers 120 GeV protons to the Antiproton Source.
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2.1.5 The Antiproton Source

The Antiproton Source consists of three major components: the Target Station, the

Debuncher, and the Accumulator. In the �rst step, the Target Station receives 120
GeV protons from the Main Injector and diverts them onto a Nickel Target. This
produces a shower of secondary particles (including antiprotons) at many di�erent
angles and with a large spread in particle momentum. A Lithium lens and bending
magnets are used to focus the beam and remove positively charged particles [Fig
2.4]. A process called stochastic cooling is used in both the Debuncher and the
Accumulator to reduce the spread in momentum and position of the antiprotons,
thereby \cooling" them.

Figure 2.4: Simpli�ed drawing of anti-proton production with nickel tar-
get and lithium lens.

Both the Debuncher and Accumulator are located in a rounded-triangle shaped
tunnel with a circumference of about 51 m. Antiprotons coming from the Target
Station are transferred into the Debuncher where the momentum spread of the
particles is reduced. It is technically very challenging to accumulate a large quan-
tity of antiprotons. On average, for every 1 million protons that hit the Nickel
target, only about 20 antiprotons can be gathered. Therefore the Accumulator
stores antiprotons until a su�cient amount has been generated to be transferred
into the Main Injector. The Accumulator must be capable of storing antiprotons
over many hours.

2.1.6 The Tevatron

The Tevatron is the �nal stage in the sequence of proton and antiproton acceler-
ation. It has a radius of 1 km and uses superconducting magnets which operate
at liquid helium temperature providing magnetic �elds of up to 4 Tesla. Protons
and antiprotons are accelerated to 980 GeV , leading to a center-of-mass collision
energy of 1:96 T eV .
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Protons and antiprotons travel in groups of particles (bunches) in opposite
directions while sharing the same beam pipe. A full revolution (turn) take about
21 �s. The Tevatron injects 36 bunches of both protons and antiprotons for each
store. A three fold symmetry is imposed by separating the 36 bunches into three
superbunches. Overall, this leads to a time structure where bunches of protons
and antiprotons (live bunch crossings or zero bias events) collide at 1:7 MHz [7].

Figure [Fig 2.5] shows the integrated luminosity per week and total integrated
luminosity for Run II from May 2001 until May 2007.

Figure 2.5: The integrated luminosity per week and total integrated lu-
minosity for Run II from May 2001 until May 2007

2.2 Interactions of Energetic Particles with Matter

The main method used to detect and measure the properties of particles is to
look for the position and energy deposited as those particles pass through a layer
of material. In the D� detector the relevant particles to analyze are electrons,
muons, hadronic particles and neutrinos. The interaction of these particles with
detector subsystems results in energy loss which can be detected and measured.
Tracking detectors are designed to measure the particle positions with minimal
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energy loss. Calorimeters are constructed to fully absorb the particles and their
showers, and thus their energy, in the process of measurement. The interactions
of the di�erent types of particles with the D� detector are described below.

2.2.1 Electrons and Photons

Electrons passing through matter loose energy primarily through ionization and
bremsstrahlung. Bremsstrahlung is the dominant process, the critical energy equa-
tion is

EC =
800

Z + 1:2
MeV; (2.1)

Z corresponds to the atomic number of the medium

The emitted photons produce electron-positron pairs, which in turn emit pho-
tons. The resulting shower of electrons and photons grows until the energy of
the electrons falls below the critical energy. They subsequently interact primarily
through ionization. The mean distance over which an electron loses all but 1=e of
its energy is called the radiation length X0 [9]

X0 =
716:4 A

Z(Z + 1) ln (287=
p

Z)
g � cm�2; (2.2)

where A is the atomic mass of the medium in g � mol�1. Photons interacting with
matter produce electron-positron pairs, and hence an electromagnetic shower.

2.2.2 Muons

Muons interact through bremsstrahlung at a much lower rate than electrons due
to their larger mass. Their energy loss is primarily through ionization. Figure [Fig
2.6] shows the energy loss per unit of material for muons in various energy regimes
[9]. Muons at the Tevatron have energies of the order of GeV, and hence are
minimum ionizing particles, also called MIP. They deposit only minimal energy in
the detector and leave it essentially unperturbed, in contrast to all other particles
(with the exception of neutrinos).

2.2.3 Hadronic Particles

These particles interact inelastically with the nuclei of the detector elements, pro-
ducing primarily pions and nucleons. At high energies, the resulting particles
interact similarly with nearby nuclei, producing a shower of hadronic particles.
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Figure 2.6: Energy loss through ionization of muons in various energy
regimes

The characteristic length scale is the nuclear interaction length, which depends on
the material density and atomic mass and is roughly independent of energy

�I � 35A1=3 g � cm2 (2.3)

A signi�cant fraction of energy of the initial hadron escapes the hadronic cas-
cade in form of neutral pions, which produce a secondary cascade. A smaller
fraction results in invisible energy lost through unbinding of nuclei by spallation,
non-ionizing collisions and uncaptured energy of neutrinos.

2.2.4 Neutrinos

Being uncharged leptons, neutrinos interact only weakly via W and Z boson ex-
change, making their energy loss negligible and their direct detection impossible
at D�. Their presence can be inferred, however, from transverse momentum con-
servation requirements.

2.3 The D� Detector

The D� detector [8] is a large multi-purpose detector designed to identify and to
precisely measure the four-momenta particles. It consists of three major subsys-
tems. At the core of the detector, a magnetized tracking system records precisely
the angles of charged particles and measures their transverse momenta. A her-
metic, �nely grained Uranium and Liquid Argon calorimeter measures the energy
of electromagnetic and hadronic showers. A muon spectrometer measures the
momenta of muons.
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Between Run I and Run II the D� detector was substantially upgraded. A 2 T
solenoidal magnet has been added to the central tracking detectors, and a silicon
microstrip tracker was installed. The forward muon system was also substantially
upgraded, providing more robust detectors and enhanced triggering capability.
Figure [Fig 2.7] shows an overview of the detector.

The following subsections is a brief overview of the Run II D� detector.

Figure 2.7: Side view of the D� detector

2.3.1 Coordinate System

The cartesian coordinate system used for the D� detector is right-handed with
the z axis parallel to the direction of the beam such that the protons go in the
positive z direction. The y axis is then vertical, and the x axis points towards the
center of the accelerator ring.

Another useful set of coordinates are the standard polar coordinates (r; �).
The coordinate r denotes the perpendicular distance from the z axis,

r =
p

x2 + y2 ; (2.4)

and � is the azimuthal angle
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� = arctan
y

x
; (2.5)

In addition, a particular reformulation of the polar angle,

� = arccos

 

z
p

x2 + y2 + z2

!

(2.6)

is given by the pseudo-rapidity �, de�ned as:

� = � ln tan

�

�

2

�

; (2.7)

The pseudo-rapidity, obtained from the rapidity y = 1
2 ln

�

E+pz

E�pz

�

when particle

masses are neglected, is a convenient choice at a hadron collider as the multiplicity
of high energy particles is roughly constant in �. In addition, rapidity intervals
are Lorentz-invariant under boosts along the z axis.

Depending on the choice of the origin of the coordinate system, the coordinates
are referred to as physics coordinates when the origin is the reconstructed vertex
of the interaction (� and �), and they are referred to as detector coordinates
(�det and �det) when the origin is chosen to be the center of the D� detector.

In many cases some of the products of a proton-antiproton collisions escape
down the beampipe, which makes it di�cult to measure momentum components
along the z-axis accurately. In addition, the initial longitudinal momentum of the
collision is not known, as the colliding partons carry only a fraction of the proton
or the antiproton momentum. Therefore it is more convenient to use the mo-
mentum vector projected onto a plane perpendicular to the beam axis (transverse

momentum)

pT = p � sin � (2.8)

In a similar fashion transverse energy is de�ned as

ET = E � sin � (2.9)

Usually, the four-momentum vectors for objects observed in the calorimeter
are calculated using energies measured by the calorimeter.
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