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ABSTRACT

MEASUREMENTS OF THE WZ/ZZ DI-BOSON PRODUCTION
CROSS SECTION AT /s =1.96 TeV IN THE DIELECTRON
AND DIMUON CHANNELS

By

Rahmi Unalan

The cross section measurements of WZ and ZZ di-boson productions using proton-
antiproton collisions at /s = 1.96 TeV using the data collected with the D@detector
at Fermilab is presented. Both the ee + jets and pu + jets final states are consid-
ered. with total luminosities 1044 pb—1 and 948 pb_1 respectively in each channel.
Both of the leptons are decay products of a Z boson. This study uses a different
approach to simple likelihood method. The measured cross sections for the two
processes are :

OWZ/ZZ—eejj — 2.67 +£1.90 pb

and

OWZ/ZZ—upjj = 3.45 £+£3.51 pb
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their shape could be seen easily. The right hand side shows the
discriminant for Runlla events passing all the cuts previously men-
tioned. Total number of Runlla data shown in this figure (right
hand side) is 475 events. . . . . . ... ... L.

The distributions of likelihood discriminant for muon channel. The left

hand side shows signal and background Monte Carlo events discrim-
inant distribution. These distributions are normalized to 1, so that
their shape could be seen easily. The right hand side shows the
discriminant for Runlla events passing all the cuts previously men-
tioned. Total number of Runlla data shown in this figure (left hand
side)is38levents. . .. ... ... ... ... ... ...

Likelihood discriminants and their fits to data for electron channel.

The points are for Runlla data, the fit result is overlayed on them

represents data as signal (red) and background (blue) contributions. 168

Likelihood discriminants and their fits to data for muon channel.The

points are for Runlla data, the fit result is overlayed on them rep-
resents data as signal (red) and background (blue) contributions.
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Introduction

“... I had this feeling that I'd never
get to the other side of the street.”[1]
J.D. Salinger

"What is it?” asked the boy. ”Open and see for yourself.” answered his mother.
He was nervous. It could be anything, he would like or dislike. He hesitated but
his curiosity overcame his hesitancy and he found himself trying to find what was
beneath of all this beautiful covers.

This is our story. In front of us there lies this beautiful nature perfectly bal-
anced, without any waste or luxury.

From the first human until now people always acknowledge their lack of knowl-
edge and tried to know everything about themselves and their surroundings as
much as they can. This is accomplished mostly inheriting knowledge from the pre-
decessors. Last century witnessed the discovery of plenty of facts about ourselves
and our environment. With them we understood that we still have innumerable
things to uncover and learn.

Last century noticed blooming of atom like a rosebud. Thanks to Rutherford,
Thompson and all the pioneers, we now know that not just atoms are composite
objects even the bulk of their constituents are themselves composites. We learned
that it is possible to break even the smallest things, and understood that their

interactions between themselves are keys to answering questions such as ‘why’ or

‘how’.



This work is also one of the many works by which the best working theory of
all the littlest things, Standard Model, is tested against.
Chapter 1 gives a basic introduction to the Standard Model (SM) and puts some
emphasis on theory of diboson productions. The SM of particles is the most
comprehensive (and provable by experiment) theory scientists could conjure up to
today. In this chapter the motivations for di-boson cross section measurements are
also is discussed.
Chapter 2 portrays the experimental apparatus used to collect data, explicitly the
D@ detector and the Tevatron pp collider located at the Fermi National Laboratory
(FermiLab). The D@ detector was built during the 1980s as a hermetic high energy
particle physics detector in order to measure very precisely particle energies and
momenta. It has gone through three extensive upgrades, the last being in 2006.
The accelerator complex and the Tevatron is used to accelerate protons and anti-
protons to 980 GeV energies. During this writing the Tevatron is the highest
energy machine in the world.
Chapter 3 explains the data collection and reconstruction procedures and how
physics objects are identified. The collected data in its raw format is not very user
friendly and lacks many corrections. The procedures for building useful physics
objects for analysis out of energy bits are explained.
Chapter 4 In this chapter data samples used in the analysis are explained and
the total number of events are given in terms of integrated luminosity.
Chapter 5 is the first place to look at for those who have very limited time. It
presents a measurement of diboson cross section measurement in the
WZ(ZZ) — jets + leptons channel. Definitions of objects used in this analysis,
selection criteria specific to this analysis, efficiencies of the objects and methods
are explained. Both the electron channel and the muon channel are mentioned in

this chapter.



Chapter 6 is the summary of the results of the analyses.



Chapter 1

T heory

“Yani, zerre kimin ise, gezdigi bitiin yerler de onundur.” ![2]

Bediiizzaman Said Nursi

"X he first part of this chapter presents a very short overview of particle physics
and  the Standard Model. The second part focuses on di-boson physics. This

cha.pter should provide the reader with a basic understanding for the rest of the

WwWork.

1.1 Standard Model

1.31.1 Particles, Short History

For a long time, it was known to humans that by bombarding it is possible to get
Dast closed doors, but it is fairly new to use this technique for opening the door of
the unknown behind the matter. In a sense, this is the technique widely used in
Particle accelerators in order to see what’s beyond the veil.

Discoveries of several particles at the very end of 19th century caused a lot
Of enthusiasm among physicists. X-rays, # and « radiations are among the very

First of those. Before a new century’s helix started curling up; we knew that “the

1That is to say, whoever owns a particle must also own all the places it enters.



carriers of negative electricity are bodies having a mass very much smaller than
that of the atom of any known element”[3] which are now called electrons instead

of “corpuscles”[3].
The electron’s discovery had led to a description of the atom? which was proved
to be wrong by shooting o particles (He*? ions) at a thin foil of gold. Nowadays
even in elementary schools the atom’s structure is taught as resembling to the solar
system. The disturbance of this metaphor in the physics community was calmed
“in 1 913 by the rules of quantization with help from the quantum theory(1900)” [4].
The photoelectric effect, wave nature of the electron and the concept that “only
cert =ain preferred motions, quantized motions, are possible or at least stable, since
the <energy can only assume values forming a discontinuous sequence”[5] forced
phy ssicist to adopt a new way of thinking about the matter and the first half of
20t century witnessed the birth of quantum mechanics. The knowledge about the
atoxm, especially the hydrogen atom, was greatly increased with this new method.

‘While theorists were taking big steps in understanding how nature works, exper-
imentalists were setting the spring of discoveries for the second half of the century.
Although new particles were discovered occasionally until the mid century there

Were no signs of new particles that were proposed to explain some weird phenom-
€M1 7 like the continuous energy distribution of electron as a result of 3 decay® and
the like.

The second half of the century saw an explosion in the number of particles
Aiscovered. Most of the earlier questions were answered but the excitement caused
By the new particles soon left its place to a little uneasiness. At earlier times those
Darticles were thought to be fundamental, however, their numbers were defying

that conception. Thus began a search for a new way of combining the properties

2This description stated that atoms are made of positive bodies with negative charges
©mbedded in them

3 Energy was not conserved by the visible particles, electrons energy spectrum was
Tontinuous as opposed to being quantized if there were two decay products in the process.



of these particles, which eventually resulted in the standard model of particle

Physics.

1.1.2 Standard Model

T he abundance of observed new particles led physicists to the idea that there might

be structures to the newly discovered particles. Building symmetric groups by
new1ly found particles according to their properties, then, led to the idea of forming
syrxaxxnetry groups using point like constituents of those new particles (quarks),
lept <ons and the go-between (bosons).

X ¢ is hard to explain the Standard Model (SM) thoroughly here since “it repre-
sent s an enormous body of knowledge of nature that can be seen as the culmination
of 430 years of physics”[6]. Although an essence of it will be given here, for rigorous
treatments and explanations of SM the reader should refer to textbooks written
on the subject like [7, 8, 9, 10].

The SM is about the elementary particles that can be observed in nature and
the interactions between them. The term elementary in this context means that
this type of particles are not composite objects, they are created and destroyed as
A ~wwhole.

In reality there are quite a few elementary particles known today. It is necessary
to group them so that the laws with which they are bound should emerge. The
&rouping is done according to their one fundamental property namely their spins?.
One refers to a point like object when one speaks about elementary particles. That
1S why it is not very meaningful to see the spin of a particle as a spin of a spinning

top, but as an internal property that affects its behavior towards other particle
aud forces, much like a will in humans. Yet this doesn’t prevent physicists to use

Spin in a classical sense where it is appropriate. For example depending on how

4Spin is a vectoral quantity and usually expressed by 3



you look at a particle, it may be right-handed ( 37 > 0) or left-handed ( 37
< 0); where 3 and 7 are spin vector and momentum vector respectively. This
is an important discrimination, because if a particle is massless then it is possible
to talk about a definite spin state’. Spin is a directional quantity, however, the
classification is done according to the magnitude of the particle’s spin. For all of

the observed particles then, the classification® is :

& spin %

e spin 1

Spira % particles, which are also called fermions since their statistical behavior
descxribed by Fermi-Dirac statistics, obey Pauli Exclusion Principle. According
to tat principle one and only one fermion can occupy a given quantum state.
Ferxmijons can be divided into leptons and quarks.

Termions can be divided into leptons and quarks with respect to the role they
Play in electro-weak or strong interactions. While leptons feel the electro-weak
fol‘ce, they have no sense of the strong force. On the other hand, quarks can
be attracted via the mediator of the strong force, they cannot interact with the
©lectro-weak force carrier bosons.

Although fermions are grouped according to their interactions, physicists group
them in three families with respect to their weak-interaction counter-part. In
that respect there are three generations of fermions with the difference being only
their masses and all the other properties the same over families. Leptons are
€lectron (e~), electron neutrino (ve); muon (1), muon neutrino (vu): tau (17),

tau neutrino (v7); and their respective antiparticles for which negative signs should

5Massless particles move at the speed of light regardless of the frame of reference.
Because of this a particle’s direction of momentum cannot change with respect to any
Teference frame. This fact becomes especially more important in the case of neutrino,
Since Standard Model assumes that they have no mass.

6Here we did not consider a still not observed but suspected particle, graviton, which
1s conceived to have a spin of 2.



Particle Name | Mass (GeV/ 02) Electric Charge
ve | electron neutrino <7x1079 0
e~ electron 5.11 x 1074 -1
vy | muon neutrino <3x1074 0
u- muon 1.06 x 101 -1
vr tau neutrino <3x 1072 0
T tau 1.777 -1

"Table 1.1: Three families of leptons, their masses and electric charges. Anti-
Particles of these have the same properties except the charge which should be
Niegated. All of these particles have spins 1/2.



Particle Name | Mass (GeV/ c2) Electric Charge
u up 0.002 + %
d down 0.005 -3
c charm 1.25 + %
s strange 0.095 — %
t top 175 +§
b bottom 5 - :1;

"Table 1.2: Three families of quarks, their masses and electric charges. Anti-
Darticles of these have the same properties except the charge which should be
Niegated. Besides electric charge quarks carry another type of charge: Color. There
Camn only be three states of color charge which are red, blue and green. Previous
Tule (negation) applies on color charge too if one wants to get anti-particle counter-

Part of a quark. For explanation of the color see the tex. All of these particle have
Spins 1/2.






be read positi~re. Quarks are up (u+%), down (d_%); charm (c+%), strange (s—%’);
top (t+%), bottom (b—%); and their respective antiparticles for which all the signs
for charges (I> oth electrical and color) should be negated.

One strikixg feature of quarks is that their charges are fractional contrary to the
common assvaption of the first half of the 20" century which stated that charge
is integer. A\ 1though there are some theories in which quarks are also composite
particles annA their constituents have integer charges, they are out of the scope of
this work.

The mat erial in the universe is formed by bound states of the first family of
these fermic>xa s (namely electron, its neutrino, u and d quarks), and probably their
antiparticless . In general the bound state of quarks are called hadrons. All around
us, we don> & gee a fractional charge carriers, which is a natural result of another
striking featt vare of quarks that they don’t have unbound states. They are observed
either as @ pairs (mesons) or in triplets of ¢’s and ¢’s (baryons).

"The inability to observe quarks as singlets and observing particles made up of
Same the syoin state and charge of quarks brought up two ideas, i) there was an
other quantum state associated with quarks’, ii) some force was barring them from
being apart from each other. The new “charge” was termed as color with its three
Possible valyes (red, green, blue) and the force was named color confinement®[6).

Tireless efforts of many physicists via high energy experiments produced many
bound States of quarks, but what remained unexplined was the assembling or
diSassenlbling forces. What, then, is responsible for keeping the particles in atoms?

Quantymn electro dynamics (QED) was very successful in recognizing a quantum
field - eleCtro magnetic field — as the force; and its quanta — photons — as the carrier

of that force. QED was a gauge invariant theory, and by symmetry all the other

7 -
Paulj ©exclusion principle prevents two quarks (fermions) having been in the same
quantum State

8
There <an be no colored bound states or free colored particles.

10



Mediator of Mass (GeV/ c2) Electric Charge
L W—, Z weak nuclear force 81,90 _ -1,0
g strong nuclear force 0 0
v electromagnetic force 0 0
Jrawviton | gravitational force 0 0
Table 1.3 -

Four forces, their masses and electric charges of their carrier particles.
Al of these particles are observed except graviton. Anti-particles of these have
the same Properties except the charge which should be negated. However since
gluon caxrx-ies another charge, color, its antiparticle is not itself as in vy or Z but its

anti-colored gluon. All of these particle have spins 1 except graviton which should
have spin o

interactiomiss between the particles were explained as gauge invariant field theories®.

The weak nuclear force is responsible for interactions like 3 decay via mediators
like Wt 7, > and the strong nuclear force is responsible for hol;iing the nucleus of the
atoms via, gluon, electromagnetic force is responsible for keeping electron around
the atom via photon.

"The definition of the three forces (electro-magnetic, weak and strong) are done
in such a way that they are gauge invariant.

All the mediator particles are bosons and obey Bose-Einstein statistics, which
States thay there can be as many particles as possible in a single quantum state.

As it is seen from the table 1.3 the symmetry of the boson masses is not

res . . .
preserveq for weak nuclear force carriers. The same can be seen in fermions where

the Observed mass difference is on the order of 10° eV. This assymmetry problem

9 N
Gravltation is yet to be explained as a gauge invariant field.

11



was overcomecl by proposing that the symmetry which would be observed in very
high energy e-wents is broken at the energy levels of our reach in high energy
experiments.  As its consequence another — yet to be observed — particle (whose
spin should > e 0) was introduced, Higgs particle.

The Staxndard Model combines three of these forces (weak, strong, electromag-
netic) in a single Lagrangian and explains how elementary particles are coupled
to each othier. “Standard Model is a quantum field theory that is based on the
gauge syrnxmetry SU(3)o x SU(2)f, x U(1)y” [11]. SU(3)c part of this group
corresponnd s to strong interactions with 8 gluon mediators, SU(2) ;, x U(1)y- corre-
sponds to  electro-weak interactions with four mediators v, W* and Z°. Although
gluons dox >t carry electric charge, they carry color charge which allows them to
interact ~xrith both quarks and themselves alike. Gluons cannot couple to other
fermions (1eptons) due to lack of electric charge. Weak bosons carry electroweak
charge ama they can interact with themselves[11] also; upon which we’ll talk about
more in the next section. The Standard Model is very succesful in its predictions
up to this day. It was successfull in passing all the tests with which it was chal-
lenged. There is only one challenge which still needs to be answered: where is the
Higgs particle? This thesis doesn’t answer this question.

Before ending this section we would like to write the full lagrangian of standard

model and the fundamental particles it foresees. The Lagrangian:
Losw=Lo+Lem+Ly+Lg+ Ly (1.1)

Where the firgt term is free Lagrangian and

1
Lo = —;(Aw)’
1

—Z(B;w)Q

12



+3_{l(ir"oy - mp)l + vpiyH oy}
14

+Y {a(iv'op — mq)q}
q

+ A7 ("0 — my)a'} (1.2)
q/

the second term is electromagnetic part of the SM Lagrangian and defined as
_ 2 L~
Lem = e{mef -3 Z‘I’)‘uq + 3 Zq Yuq'}A (1.3)
¢ q q

the thhix-d term is the weak leptonic sector of the SM Lagrangian and defined as

= 2@:{%[%/\(1 + 75)1/elV/\ + h.c]

9y 2 A
F Teos 6 TN+ 75)vg = ) (Cy +95)0 27} (1.4)

the foarth term is the weak quark sector of the SM Lagrangian and defined as

(14 75)U, 1dW + hec.
Z,Q\fqv,\ 715)Uyqd ]

4('()59 [4’7,\ CV +75)9— 4 7)\(CV +75) f]Z'\} (1.5)

the last term is Higgs sector of the the SM Lagrangian and defined as

h 4

2_ 202 pypd
(OuH)® — myrH® — RAH® — 2

DN -

Ly =
1

ZuZMY (N2 + 20H + H?
2c0326W H ) )

Q_Tu
4(W+

+E( 0+ = qq+/\qq) (1.6)
l,q,q

where ., stands for ‘hermitian cojugate’ and

13



(= (e,psT) (electron,muon,tau)
q=(uct) (up, charm, top)
¢ =(d,s,b)  (down, strange, bottom)
Aper = OuAv — Ov Ay + glAp x Ay
B, =8uBy - 0yBy
A+ . Ah = V2WH
Ag = cosOpy - ZH — sinOyy - AH
BHt = sinOyy - ZH + cos Oy - AH

Ow is the weak mixing angle and

W WI\ = charged intermediate boson field
A, = photon field
<, = neutral intermediate boson field
e = gsinOyy = g’ cos Oy
Cy=1- 4sin? Ow

ci,=1—§sin29w
C"’/ = l—gsinQGW

sin? @y, = 0.23 +0.01

‘1 51¢3 5153
]

]

c1cosy — socgeld (1.7)
0

U=| —sjco cregeg + sszel
—81892 C€189C3 — 0253ei 18983 + 020367:

With ¢; — cosO; and s; =sin©; and i = 1,2,3. Particles:
See Figure 1.1. In the Standard Model there are 17 free parameters such as
the Masses of the particles. These free parameters are not predicted in the SM,

but neeq to be measured. This is the reason behind all the experiments.

14
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Figure 1.1: The elementary particles that are predicted by the SM. The left most
column shows the observed gauge bosons carriers of three forces out of four ob-
Se“_'ed in the Nature. There are eight different type of gluons (g) carrying color-
al\t?(rolol- charge. v and Z have anti-particles identical with themselves, W+ is
anti-par ticle of W~ and anti-particles of the gluons are elements of the same set.
gz:k;rﬂrry electroweak and color charges. N(!xt two columns show isospin dou-
actl;e;ll 1ree different colf)r charges are shown in the same area to cm_phasizc that
dsb Y there are three dxffcr(*'nt quarks. u, c,t quarks have +2/3 fractional charge,
a%te} I;liuarks have —1/3 fractional charge. The unobserved and and most sought
E&s boson is shown in the right most column.
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1.2 Di-XBoson Physics

1.2.1 Electroweak Theory

The StandarA Model (SM) is based on group theory. It is part of the SU(3) x
SU2), x U (1)y. group. The SU(2) x U(1)y symmetry group is the part that
defines gaugse interactions of electroweak bosons with fermions. The gauge fields
introduced Yoy this theory are VV}; (where i can take only three values) for SU(2) .
and By, for U(l)y.

The SNI requires massless neutrinos, and neutrinos only occur with one handed-
ness, they” are always in left-handed spin state, that’s why electroweak interactions
do not comaserve parity. Conservation of parity means that the identical interaction
happenings  for a left-handed neutrino should occur for right-handed one which do
not exist [ 15]. Due to the fact that electroweak interactions don’t conserve par-
ity, fermions coupling via electroweak force are called left-handed fermion fields,
they can bbe observed.‘But their right-handed counter-part fermion fields are never

observed. "The left-handed fermion fields are shown as isospin doublets
(1.8)

vhere i = (e,p,7), k = (u,c,t) and k' = (d, s,b); and right handed fermion ficlds

are shown a5 isospin singlets

() (u)

where 7 — (e,u,7), k = (u,d,c,s,t,b). The electroweak doublets transform under

1=1/2 of gy (2) and singlets transform under j = 0 representaion of SU(2).

As in qQuantum electro dynamics (QED), electroweak theory has an interaction

16



term of the foxram :

Ty Eax Wi (1.10)

with

- 1 -
WWwEAK = Yol VbL = §¢'a('r“ — Hy0)yy (1.11)

J{fy EAK ©©ntains only left handed particles and has the vector — axial vector
(V - A) forxn. Since the particles a and b can be different particles with different

charge, the carrier of the field must carry charge too."

1.2.2  XDj-Boson Interactions

The di-b s on interactions are predicted by the Standard Model. This study is
about the simultaneous production of massive electro-weak bosons (WW, WZ, ZZ).

The Lagr sangian describing these interactions is contained in the free lagrangian

L.

1 1
2

= glAy x Aot AL + %{(A#AV)(AVA#) —(ApAM?}  (112)

The first term in the above equation is the trilinear coupling term. The effective

Lagrangian of the process then becomes

C
WwV - Vit whyV rt Uy t puv
= ig{ (W}, WHV Wi WWE) + ik, W WV
IwWwv 137w K a

A ,
+zM‘2’ Wj\“W#VV’\ — gy WWL (BHVY + 0P VH)
w

_') ~
+g¥ PVPH(W, D pWy) Vo + il WW, VY

Ay -
+i—4-W| WHVVH 1.13
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The Qifferential cross section for reaction

and

9,q; — 2°2°

avera.gsed over quark colors is given by [12]. W*Z© expression contains four terms
one for each channel (u,t,s) and one for their interference. Depending on which
bpart of the phase space one looks at the contributions coming from each of these
diagrams cha.ngé. s channel has more dependence on the available energy, thus as
the center of mass energy increases its contribution decreases. However with the
anaimolous couplings one should expect to see an increase in the contribution to
Cross section from s channel.[13] Z°Z© expression contains only two terms one for
each channel (u,t) since in the SM there is no s channel production mechanism
for it. Both of these channels contribute equally to the total cross section of this
Process.

"Ihe search in this analysis is for those cases where one boson decays leptonically
Whereas the other decays hadronically. Due to the nature of the final particles in the
pr':)C:ess, there may be two different di-boson production mechanism: simultaneous
PY O Quetion of W and Z bosons or simultaneous production of two Z bosons; with a

=1 A ecaying leptonically in both of the processes and the remaining boson decaying

h Adxonically.

W~ <Z Production

The simultaneous production of WZ bosons is described by three Feynman dia-
&rams in the leading order as shown in the Figure 1.2. The most clean channel

‘Would be all lepton channel, and second to this is the two charged leptons and

18






q’ i
Z—~Channel Production u-Channel Production
q IS
/-
W= Z°
W +
q
q q
s-Channel Production

Flglnre 1.2: The leading order Feynman diagrams for WZ process. The left one
on top is for t-channel process, and the right one on top is for u-channel process.
The bottom picture shows s-channel process. The decay products reflect that this
a‘ITla.lysis is interested in only: two leptons and two jets final states.
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two jets charamel, where jets are decaying from W boson and charged leptons are
decaying froxna Z boson. This work is devoted on this semi-leptonic decay channel
vhere leptons are the decay products of the Z boson.

The leptons coming from the Z boson should be charged, so neutrino final states
are excluded. Since 7 particles decay to lighter leptons, they are also excluded from
the signa) acceptance. Thus as our signal signature of the two possible final states
for Wz decay are eejj and ppjj. For years it has been easy to construct a Z
pParticle from its lepton signature due to the very cleaniness of the signature the Z
leaves in the detector. But it is always hard to separate the two jets of the boson
deca,y from jets of the remnants of the proton-proton interaction. Therefore this
chann ¢ suffers most from the simultaneous production of jets along with a W or
Z boson.

"The theoretical production cross section for WZ production at the Tevatron
s 3.68 pb(14]. To have an idea of how small the probability of producing WZ
€vents, the reader should refer to the production cross section of ¢tf (the heaviest
two particles known) events which is around 7 pb, doubling the rate of di-boson
€venits. Including the detector effects such as the phase space coverage deficiencies,
det'e(:tion inefficiencies and the like, one could expect to see around 50 events in

both electron and muon channels separately, for the whole Runlla data taking

Perjgq.

= < Production

The simultaneous production of ZZs is somewhat different than simultaneous pro-
QAuaction of WZ. Although there may be an interaction vertex of WW (Z/+) (trilin-
€ar) or WW(Z/v)(Z/v) (quartic), the SM does not allow for the same vertices for
Z pairs, namely there is no trilinear ZZ(Z/~) or quartic ZZ(Z/v)(Z/v) couplings.

Because of this the ZZ interaction cannot be described by s-channel interactions.

20



q 1"
t-Channel Production u-Channel Production

F igure 1.3: The leading order Feynman diagrams for ZZ process. The left one for
t-chaxpel process, and the one on the right is for u-channel process. The decay
Produacts reflect that this analysis covers only two leptons and two jets final states.

For the leading order Feynman diagrains please see Figure 1.3.

"The leptons are required to have charges -excluding 7 final states-. Therefore
the Possible two final states for this process is eejj and ppjj. Although it is
rela't»ively easy to construct Z from leptons, it is a big challenge to construct Z
frorn jets due to large volume of backgrounds. These channels suffer most from
the simultaneous production of jets along with a Z boson.

"The theoretical calculations of the cross section for ZZ production in the Teva-
tronis1.46 pb[14]. As it is evident, this signal is very feeble and it is not expected

to See more than 10 events for the whole Runlla data taking period.
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Chapter 2

Experimental Apparatus

“The moment Hayy realized that

all exists is His work, he saw things
in a new and different light.”[16]
Ibn Tufayl

"The previous chapter builds some interest in di-boson physics. In order to
check and correct our theories we need experiments. Understanding the detector,
its Cavpacities and pitfalls, plays an important role in what type of physics can
be tested. This chapter gives a minimal description of the accelerator facility,

TeVatron and the D@ detector used for collecting data.

2.1  Fermilab

thcago, the Windy City, is one of the most renowned and sought after cities in
the world with its skyscrapers, beautiful location near the Great Lakes,and one of
the attraction centers in the world by being “an American cultural capital”[17]. To
A vparticle physicist however, it is the city which hosts the World’s highest energy
Machine, the Tevatron at Fermilab, in one of its suburbs.
Originally named as the National Accelerator Laboratory, Fermilab was com-

missioned by U.S. Atomic Energy Commission on November 21, 1967; built and has
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F lgure 2.1: An aerial view of Fermilab facility at village of Weston, 40 miles west
of Chicago,IL. Tunnels of Main Injector, Tevatron and fixed target experiments
¢an be seen. In the photo, one could see the north-east side of the Fermilab in the
distayyce,

been operated by Universities Research Association since its founding. Renamed
In homor of Enrico Fermi, on May 11, 1974 [18]; Fermilab defines its mission as
“a‘dvancing the understanding of fundamental nature of matter and energy by pro-
viding leadership and resources for qualified researchers to conduct basic research

At the frontiers of high energy physics and related disciplines”[19].
¥rom the day with the first beam of 200 GeV energy (March 1977) to this
day, Fermilab had many discoveries, among them bottom quark in 1977 and top
Quark in 1995 [20], merited many praises, among them International Mechanical
E“lgineering Landmark from ASME [18]; all of which were possible with the accel-
©Trators(Main Ring -now Main Injector-,Tevatron) and the detectors(fixed target

Qetectors, CDF, DO) it is home to.

Not only is Fermilab one of the fore runners of advanced physics, but also it

akes available the technologies developed there to the public. The connection
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between public and Fermilab is on all levels. The prairie conservation site and the

American bisons keep its prairie connections alive and provides the local commu-
nity with exyvironmental richness .

Science is not just making elegant calculation for its devotecs, it has an artistic

side to it. 14 s very easy to grasp that by just visiting the site and seeing the

sculptures made by scientists who genuinely combined art and science in their

work .

2.2 Particle Accelerators

Char £ed particles can be accelerated by means of electro-magnetic fields, and with
sufficient energies it is possible to observe “interesting things happen”, which usu-
ally yyeans the creation of new particles that were absent before, by colliding a
bearn of charged particles with some targets.

Fermilab uses proton and anti-proton beams that are accelerated to kinetic
energies of 980 GeV! in opposite directions to get a center of mass energy nearing
to 2 TeVv. In order to prepare these beams and give them the necessary energy,

Several different accelerator systems are utilized:
@ Proton Source which is composed of Pre-accelerator, Linac and Booster,
e Anti-proton Source, which comprises Debuncher and Accumulator,
e Main Injector,
e Tevatron,

e Recycler.

!0One eV (electron volt) is the amount of energy a particle of charge of an electron
Can get by crossing a potential difference of one volt. Thus one GeV equals 109 eV or
1.602177x10~10 J of energy.
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Figure 2.2: A schematic diagram of Fermilab’s accelerator complex is shown in the
figure. Drawings are smoothed at some points. The drawing is not scaled.
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F igure 2.3: A detailed schematic diagram of Pre Accelerator. On the left side a
Part  of the high voltage dome is shown. H~ has leaves from the pre-accelerator
from +the right side with an energy of 750 keV.

2.2.31 Proton Source

P TOtons are essentially the nucleus of hydrogen atoms. So, as the easiest logical
Step hydrogen atoms are used in producing protons. Here it is described very
briefly how.

"The Pre-accelerator (Preacc) is the first accelerator in Fermilab’s accelerator
Cha.ins. It consists of a source -which converts hydrogen gas (Hg) to ionized hydro-
8eny gas (H™)- resided in an electrically charged dome see Figure 2.3. The dome
is <harged to -750 kV. The ionized hydrogen gas is allowed to accelerate through
A column from the charged dome to a grounded wall, therefore at the end of this

Process ions gain an energy of 750 keV. With a period of 66 ms, preacc can ac-
Celerate beams. After exiting the accelerating column, the beam is conveyed via a
transfer line to the Linac.

The Linear Accelerator (Linac) increases the energy of the H™ beam that is
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F?E\lre 2.4: A picture of Fermilab’s Linac. On the left is shown the drift tube

Mac whereas on the right is shown the high energy part of the Linac. Both of the

COmmponents make up the Linac. H~ ions enters the Linac at the drift tube side of
€ Linac.

delivered to it, from 750 keV to 400 MeV. It consists of two main sections, the low
€nergy drift tube Linac and the high energy side coupled cavity Linac. In theory
Linac also can accelerate H™ beam with a period of 66 ms, but this cannot be
sustained for a long period of time without compromising safety. H™ jons may be
transferred to one of two locations, based on the needs of that day: Booster which
is last leg of proton source, or Linac dump, which is a large concrete block. The
Linac is operated in three modes: High Energy Physics (HEP) mode referring to
Booster transfer; Neutron Therapy Facility (NTF), for cancer treatment facility
in this mode H™ are accelerated up to 66 MeV, and studies, dumps for various
tune-ups or diagnostics.
The Booster, see Figure 2.5, is the last step to convert Hy gas into 8 GeV pro-
tons. It takes H™ ions that are accelerated to 400 MeV from the Linac, strips off
their electrons by means of a carbon filter, and accelerates the remaining protons

to 8 GeV. It is the first synchrotron® in the chain of accelerators that a proton

2A synchrotron is a type of circular accelerator where the strength of the magnetic
field that keeps the beam in its orbit and the radio frequency found inside the accelerating
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Figure 2.5: A schematic diagram of Fermilab’s Booster. All the major components
are shown as well as the locations of the RF cavities.
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passes through at Fermilab. It consists of a series of magnets that are dispersed
throughout of a 475 m circumference (75 m radius) circle, with 18 RF (radio fre-
quency) cavities 3 interspersed. The Booster has a period of 66 ms for accelerating
beams. As in the Linac the boosted proton beams can be guided to two different
designated places according to the need: the MI-8 transfer line (Main Injector
line carrying 8 GeV particles), or beam dump. Beams leaving the Booster via the
MI-8 line can be used either in HEP mode or sent to MiniBooNE (Mini Booster
Neutrino Experiment) for producing the neutrino beam aimed at the MiniBooNE

detector.

2.2.2 Anti-proton Source

We live in a world made up of matter, therefore in contrast to the production of
protons we basically have no easy access to anti-protons. Production of antimatter
is rather cumbersome and in our case it is very inefficient too*. Anti-protons are
created by striking 120 GeV protons from the Main Injector onto a nickel target
see Figure 2.6. This process creates a lot of secondary particles some of which
are anti-protons. By means of magnets anti-protons with an energy distribution
averaging at 8 GeV are selected and transported to the Debuncher.

The Debuncher is a synchrotron which has a shape similar to a rounded triangle
with an average radius of 90 m. It is designed to accept pulses of anti-protons at
8 GeV from the target station and to reduce their momentum spread by means of
RF bunch rotation and adiabatic stochastic cooling while maintaining them at 8

GeV. There are two additional cooling systems which are used to reduce the beam

region are synchronized to the beam momentum and revolution frequency.

3An RF cavity is basically a gap placed into the beam pipe across which an electric
field is applied. They are electrically resonant structures with a natural frequency of
radio frequency range. [21]

4The efficiency of this process is very low; 10° protons is needed to create one or two
anti-proton.
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Figure 2.6: A schematic diagram of Fermilab’s nickel target for anti-proton pro-
duction. It consists of alternating disks of target (Ni) and cooling disks (Al). The
target is rotated after a period of usage in order to preserve the targets shape.

spread in the horizontal and vertical directions.

The second synchrotron in the anti-proton source is the Accumulator which is
also shaped like a rounded triangle with an average radius of 75 m. This system’s
purpose is to store anti-protons by stacking consec1;tive pulses of anti-protons from
the Debuncher over a long time (several hours) until enough anti-protons are gen-
erated.The Accumulator has also several cooling systems: stack-tail momentum,
core momentum, and core transverse. When enough p’s are produced they are sent

to Main Injector see Figure 2.7.

2.2.3 Main Injector

Protons and anti-protons are produced at a mean energy of 8 GeV, however the
Tevatron is designed to accept beams of protons and anti-protons at energies of 150
GeV. During the Runl, the Tevatron was sharing its tunnel with the Main Ring
which was responsible for accelerating protons and anti-protons to 120 GeV or
150 GeV depending on the need of the time. Due to complications of running the
Main Ring and Tevatron at the same time in the same enclosure forced Fermilab
to decommission the Main Rjng and establish the Main Injector (MI) which is a

smaller, faster and more efficient version of the Main Ring. The Main Injector
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Debuncher

Figure 2.7: A schematic diagram of Fermilab’s Debuncher and Accumulator. Pro-
tons with 120 GeV energy are hit on the target producing ps. They are collected
via a lithium lens and sent to Debuncher. Then they are transferred to accumula-
tor (smaller triangular ring). Being a small ring, accumulator cannot store all the
ps, therefore p are sent to Recycler via transfer lines.

is the second circular synchrotron in the accelerator chains of Fermilab after the
Booster. See Figure 2.8. With its 18 accelerating RF cavities the Main Injector can
accelerate 8 GeV protons from the Booster to 120 GeV for anti-proton production
or 150 GeV for injection into the Tevatron. 120 GeV protons are utilized for fixed
target experiments and neutrino experiments as well. The Main Injector is also
used for transferring anti-protons from the Accumulator to the Recycler for further
cooling and storing.

For more information please look at [21, 22]

2.2.4 Tevatron

The Tevatron is the largest most energetic synchrotron at Fermilab®. It has 8
accelerating RF cavities to increase the energy of the beams from 150 GeV to 980

GeV. The Tevatron is primarily a storage ring that’s why beams are kept in it for

5The energy provided to the beams by the Tevatron is 980 GeV and its circumference
is about 4 miles
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Figure 2.8: A schematic diagram of Fermilab’s Main Injector, and its connections
to its adjacent accelerator facilities. It is used for storing protons for further usage
such as p creation, neutrino creation, proton studies, Tevatron stores and the like.
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hours until their quality degrades to a point where it is not efficient to kecp beams,
due to collisions at detector centers. It is the only cryogenically cooled (at 4 K)
accelerator at Fermilab with about 1000 superconducting magnets which provide
a field of 4.2 Tesla to keep the beams in orbit.

There are two modes of operation for the Tevatron, collider mode and studies
mode. In collider mode protons and anti-protons are injected into the Tevatron
from the Main Injector at 150 GeV energy respectively. These two beams of
particles form a double helix around each other. The protons circle through the
beam pipe clock-wise and anti-protons counter clock-wise. The proton and anti-
proton beams are divided into 3 trains (super-bunch) and each train contains 12
bunches. The bunches in a super bunch are separated by 396 ns from each other.
The time between any two super bunches is 2.65 us. When the Tevatron is filled
with 36 bunches of the two beams, the energies of the beams are ramped up to
980 GeV, giving rise to pp collisions at the center of mass energy of /s = 1.96
TeV every 396 ns. Please refer to the Figure 2.9 for the relative locations of the
bunches of the proton and anti-proton beams.

The Tevatron is divided into 6 sections labeled ‘A’ through ‘F’. Each section
has 5 buildings labeled ‘0’ through ‘4’. Each ‘0’ location has a straight section
with a special purpose. The CDF detector and collision hall is located at the BO
straight section and the D@ detector and collision hall is located at the DO straight
section. At these two locations proton and anti-proton beams are squeezed and
steered towards each other and forced to collide with each other. The duration of
these collisions are called a ‘store’ which lasts about a day if no problems occur.

For more information about the Tevatron please see[21, 23].

33



Bunch 21 buckets
‘ i Train

WMMJUL o

139 buckets Lﬁ‘&)}{\ )
1113 RMM at— VYV ¥
buckets Abort Gap

total BO Co

protons

A0 Collision Areas — <= D0

3 "Trains" of 12 bunches

FO EO

Figure 2.9: A schematic diagram of Fermilab’s Tevatron showing the relative loca-
tions of the beams inside it.There are three “trains” of twelve bunches. The bunch
to bunch spacing is 396 ns = 21 RF buckets. The abort gap between the trains of
2.617 psec buckets. Different bunches in a train encounter the opposing beam at
different places around the ring.
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2.2.5 Recycler

The Recycler shares the same tunnel and is located just above the Main Injec-
tor. The primary purpose for building this machine was to reduce the time to
have enough anti-protons by re-cycling anti-protons from the previous store. Due
to technical difficulties, nowadays the Recycler is used only to store anti-protons
for longer hours and to cool them down beyond the capabiliti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>