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1 Introduction

Elementary particle physics is searching for the building blocks of matter.
This search is currently done on large machines called accelerators, where
scientists examine data coming from huge detectors. As they improve their
knowledge, the search is getting tougher and tougher. To find new phenom-
ena larger effort has to be made.

Current largest particle accelerator, Tevatron, is situated at the Fermi
National Accelerator Laboratory near Chicago, USA. At the Tevatron two
major experiments are conducted - CDF and D@. Their biggest discovery
was the observation of the top quark in 1995. The Tevatron underwent a
major upgrade and has started a new period of data taking in 2001 (Run II).

The top quark perfectly fits in the Standard Model theory. However in
this theory one particle is missing. The Higgs boson still awaits its discovery.
The CDF and D experiments are trying as much as possible to find it, while
it also searches for new phenomena beyond the Standard Model.

This thesis performs an analysis of the data collected in the DO experi-
ment in Run IT from August 2002 to September 2003. It studies properties
of the inclusive dijet production and associated lepton production. The di-
jet studies serve for comparison with the theory of strong interaction called
Quantum Chromodynamics. The associated lepton production is usually
helpful in investigating particle properties.

The thesis starts with a brief review of the current knowledge about
elementary particles and leads to the definition of a jet from an experimental
point of view. Then it explains properties of jet algorithms and describes their
two main classes. Next section covers a brief description of the accelerator
complex and the DO experiment. The Data Analysis section describes how

the analysis was performed and shows its results.



2 High-energy Physics

2.1 Historical Overview

Physics belongs to natural sciences. Its main goal is to try to answer the
ultimate questions about the universe. While leaving the question "Why?’
to philosophy, it at least tries to answer "How?’.

Particle (or High-energy) physics is looking for the smallest constituents
of matter and for the tools, how to describe their behavior. Today, physicist’s
concept of the universe’s building blocks is the Standard Model. But due to
a large number of parameters it is probably not the final theory.

Standard Model is about thirty years old, but the search for the smallest
components of matter has interested people for much longer time. The first
one usually mentioned is a Greek philosopher Democritos, who looked at
things around him as built of small parts, which he called d&ropuo (indivisible
in Greek).

Skipping more than two thousand years, the next major step was done
in chemistry. Investigating properties of chemical reactions John Dalton
was able to conclude that the reactions are due to combining of basic con-
stituents, which were therefore called atoms. At that time, this experimen-
tally confirmed the Democritos’s idea, but some two hundred years later
things changed again. At the end of 19th century, while experimenting with
cathode rays, J.J. Thomson discovered something which looked like a par-
ticle, but its mass was nearly two thousand times smaller than the mass of
the lightest chemical atom. To be more confused, it looked like that this
particle (called electron now) appeared to come from atoms, so the concept

of indivisible atoms was lost.



While examining the structure of an atom (an electron carries an electric
charge, while atom is electrically neutral), E. Rutherford was able to show,
that inside an atom there is a small center carrying a positive charge - an
atomic nucleus.

Later other surprising things were discovered - positron (a positively
charged partner of electron) in 1932 by C. Anderson (fitting into a theory
developed few years sooner), proton and neutron.

Within next two decades a lot of new particles were discovered and that
was a signal that we need a new theory to organize these particles

On the other hand, theoretical concepts describing particle physics involve
both major theories discovered in the last century - theory of relativity and

quantum mechanics.

2.2 Standard Model

Our current knowledge about elementary particles is described by the Stan-
dard Model. According to the Standard Model, all matter is formed by
quarks and leptons that interact among themselves. These interactions have
an exchangeable character; all interacting particles exchange other particles
among themselves.

To summarize the Standard Model, it consists of 3 generations of quarks
(each generation containing 2 quarks), 3 generations of leptons (to each lep-
ton one associated neutrino), to all these particles their antiparticles, and
particles of interactions (a photon for electromagnetic, gluons for strong and
W+, Z° bosons for weak interaction). Gravitational force is not considered
on the level of particles. The last particle is the Higgs boson responsible for
particle masses.

Standard Model has been a very successful theory. All the foretold parti-
cles were discovered (excluding the Higgs). Also being about 30 years old, it
is still consistent with recent data. On the other hand, we are sure, that it is
not a final theory. Standard Model depends on about 20 parameters which
must be added by hand (masses of particles and coupling constants).

There are many extensions beyond the Standard Model (including SUSY),

or theories describing force unifications (super-strings, GUT). For confirming



or disproving them we do not however have available machine. We hope that

future results from the Tevatron and from the LHC will solve these questions.

1%t generation | 2"¢ generation | 3"¢ generation
u (up) ¢ (charm) t (top)
Quarks
d (down) s (strange) b (bottom)
Leptons e~ (electron) g~ (muon) | 7~ (tau lepton)
Neutrinos Ve v, v,
Forces
. Electrodynamic Weak Strong
Force Carriers —
v (photon) W=7 g (gluons)
Higgs boson | H

Table 2.1: Table of Elementary Particles

Standard Model is a SU(3) x SU(2) x U(1) gauge field theory. That
means that all the particles are described as fields in the Lagrangian. The
gauge invariance gives rise to the force carriers (SU(3) gauge invariance leads
to the existence of gluons, SU(2) and U(1) to weak vector bosons and pho-
ton). While the gluons and the photon are massless, the vector bosons do
have a mass. They acquire their mass via the Higgs mechanism and the
spontaneous symmetry breaking. The Higgs mechanism can also in a similar
way assign the mass to quarks and leptons.

From the Lagrangian one can get the equations of motion. Unfortunately
these equations are too complicated, so one cannot solve them directly. In-
stead we can only use an approximation method of the perturbative theory.

On the quantum level, where the particles (fields) are described in terms
of creation and annihilation operators, the perturbation theory can be de-
scribed with the help of Feynman diagrams. The incoming and outgoing
particles are drawn as incoming and outgoing lines. Their interaction is
drawn as a vertex and the exchanged particles are drawn as internal lines,

called propagators. When these diagrams are assigned with the Feynman



rules, the matrix element of the process can be easily calculated. From the
matrix element one can easily get the cross-section or other desired quantity.

The strong force is described by the Quantum Chromodynamics (QCD).
QCD is a SU(3) gauge theory. SU(3) is non-Abelian Lie Group with 32 —1 =
8 generators. This means that the interaction of quarks is mediated by other
particles called gluons. The non-Abelian property of the group gives birth to
interaction between gluons, so the spectrum of possible interactions is much
richer compared to Abelian case in Quantum Electrodynamic, where photons
can not interact directly among themselves.

QCD Lagrangian can be written as

1 _
L:—ZFﬁFW”+§:¢A¢—nmwﬁ (2.1)

The first part is the kinetic term of the gluon field. The field strength tensor
is

FS, = 0,A; — 9,A% + gf* AD A (2.2)
where the last term must be there to maintain the gauge invariance. This
term is also responsible for self-gluon interaction. While quarks are fermions,
their term in the Lagrangian is a density of a Dirac field. QCD introduces
a new charge called color, so the basic mathematical quantity describing a

quark is the matrix in the color space

' (x)

Y(x) = | V() |- (2.3)
VP (x)

D, = 8, —igAsT", (2.4)

is the covariant derivative, 7 are the generators of the SU(3) group and
]D =D W

Two kinds of infinities appear in perturbative QCD (pQCD) calculations.
The first one is associated with the divergence in the integration over large
values of momenta in the loop diagrams (UV divergence), the second one is
connected with the integration over small values of loop momenta (is there-
fore called IR divergence) or whenever two partons in the final state are

collinear or one of the final state partons is soft).
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The UV divergences are dealt with renormalization procedure. The di-
vergences are absorbed by redefinition of the coupling constant, masses and
wave functions. This renormalizability is an important feature of QCD. The
renormalization procedure introduces a scale y on which the redefined pa-
rameters depend. The observables should be independent of this scale, but
the truncation of perturbative series at some fixed order violates this inde-
pendence. For example in the common renormalization scheme called MS
scheme (modified minimal subtraction) the dependence of the strong cou-
pling constant on the scale pu is given by

WSS asiun/a)), (25)

Since the scale has a dimension of energy and coupling constant is di-

mensionless, additional parameter A with a dimension of energy must be

introduced. Expanding the 3 function in a series,

2 3
g g
= —03y—= — — 2.6
6(045') /60 o7 61 (271')2 ; ( )
the first coefficients are:
2 1
Bo = 11N, — gnf, Gy = 5(51]\7c — 19nf), (2.7)

with N, the number of colors and ny number of quark flavors in theory
(N. = 3 and ny = 6 for the Standard Model). At the leading order (i.e.
taking into account only the [y term) the eq. (2.6) can be solved easily

obtaining

1
S n(p/A)

One can see that ag decreases with increasing p and approaches zero

as(p/A) (2.8)

when p goes to infinity. This type of behavior is the so-called asymptotic
freedom. This feature of the QCD allows us to treat the partons (quarks and
gluons) inside proton as free particles in high energy limit. The parameter
A determines the region, where the perturbative theory is not adequate (A
is of the order of a few hundreds MeV).



The treatment of IR divergences is different. Instead of redefining quan-
tities, they are canceled if all physically indistinguishable initial and final
states are properly taken into account in the definition of observables.

A summary of matrix elements for the simplest two-body processes in
QCD are listed in table 2.2. The normalization is such that

do 1

— = M/? 2.9
T = o2 M) (2.9)
and in the CMS
t = —2E*(1 — cos 0%). (2.10)
Process (|M)?)/g*
2(s2+u? 2(t2 452 s
daq3 — qa4p % ( 2 ) ( ( ) ) - %%) 5aﬁ
_ _ 2(s2+4u? 2(t24+u? ”
4ol — daldp 52; ( ) ) < ( 2 ) - %43_2) 5046
a9 = 49 (1-%) =5 (G +3) — 1
99 = 41 s (F ) 1 (1-%)+3

qq — g9 S (| Myg—gal®) /9"
: w us S 52 2 u?
99 —99 |55 -aErEep)] -G (S5

Table 2.2: List of QCD LO spin and color averaged invariant amplitudes

T X

Figure 2.1: LO processes dominant at the Tevatron



2.3 Proton Structure

Since 1964, the proton is no longer considered as an elementary particle. The
first model proposed by Gell-Man and Zweig states that protons are formed
by three smaller constituents called quarks.

Other model was proposed also in the 1960s to describe the SLAC re-
sults of electron-proton scattering. The interesting result of a higher-than-
expected number of electron scattered at large angles was interpreted by
Feynman and Bjorken as a scattering of electrons on point-like objects inside
proton. These point-like objects were called partons.

In 1970s, these two models were united under the QCD described in
previous section. The proton contains quarks and gluons, all interacting
among themselves. This section will describe how does the proton look like.

In deep inelastic electron-proton scattering the following variables are

usually used:

2
2 _ _1.\2 _ Q

with Q? representing the negative of the square of the interchanged mo-

(2.11)

mentum between the electron and the parton, while x is interpreted as the
fraction of the proton momentum carried by the interacting parton. Then

the differential cross-section of the process can be written as

d?c 27?1+ (1-y)?) y?
dzdQ? Q4 {F2($u Qz) - WFL(x7Q2)}(27 )

where y is coefficient of inelasticity and F3 and Fj, are the so-called proton

structure function; that means they in some way describe the inner structure
of the proton. For y < 0.6 the dominant part is the one of F5.

According to experimental results, the partons showed up as spin % ob-
jects, that means fermions. It looked reasonably if they could be identified

as quarks. In this model the structure function can be written as

Fy(r, Q%) = Z ezqu(x, Q%), (2.13)



with f,(z,Q?) being the parton distribution (or density) functions charac-
terizing the distribution of quarks (the probability of finding a certain quark
flavor carrying a fraction = of the proton momentum in process at some
energy scale of Q?).

To complete the gauge field model with gluons, it is needed to add the
comment, that the total momentum carried by quarks in less than % of the

total momentum of proton. The bigger half therefore belongs to gluons.

2.3.1 Parameterization of Structure Functions

The parton distribution functions (pdfs) are not described by pQCD. The
goal of parameterization is to describe their shape as much accurate with
respect to experimental data as possible. The pdfs are smooth functions
of the two variables x and Q? (the fraction of (longitudinal) momentum of
proton carried by the interacting parton and the energy scale of the process).
In the simplest additive quark model, the z dependence would be x = %
for all three quarks. This simple approximation is then unsmeared by the
QCD interactions among quarks and gluons. However this unsmearing is not
described by the QCD and the pdfs dependence is then given only by simple

parameterization at some given scale Q3:
filz, Q) = Apx™ (1 — 2)*2P(a; As,...). (2.14)

The function P(z; As,...) can be arbitrary smooth function of one or more
parameters A;.

At least the Q% dependence of pdfs is given by QCD. This is described
by the DGLAP (or evolution) equations. The equations can be summarized

as follows,

d AC) 2 ? ' d | -
D2 ()i 1 (]

y
(2.15)

g, (z, Q2 Q? Yay [ _
o - [ [ () awerni (§) cue)

Y

(2.16)



dG(z, Q) _ as(@?) /: dy {Pc(;(;) (g) Sy, Q?) + P9, (g) G(y,Q2)} :

d1n Q? T Yy
(2.17)
with .
S, Q%) = (gi(x, Q%) +7,(z, Q%)), (2.18)
=1
and 4T 2
O( — pO .y _ = x
qu(g:)_Pﬁ(x)_g{l_xL, (2.19)
PO@) = PY(w) = T (2.20)
PY)() = PY)() = 2220 2.21)
1 33 — 2
ng(x):6{[1fx]++ xx+x(1—a:)+ <T”f—1) 5(:;;—1)}.
(2.22)

The splitting functions Pz-(jo) (x) represent the probabilities for splitting parton
i to parton j and something else, the exponent means that these are the LO
approximations. The “+” sign is defined as

1-p

f<y>dy)  (223)

B—0+ 0

@), = lim (f(x)eu B (1 —a—p)

2.4 Jets

Jets are typical products of high-energy collisions. During these collisions a
large number of particles is created. Typical property of these particles is
their angular distribution. In most cases all particles fly away from interac-
tion in small number of different ways. From experimentalist point of view,
the jets are given by the geometrical arrangement of the energy flow caused
by particles going through the detector.

The reduction of a large number of particles to a small number of jets
enables us to compare the experimental results with theoretical predictions.
As mentioned earlier, according to QCD, the proton is a system of partons
(quarks and gluons). In high-energy collisions (protons with antiprotons

in Tevatron) only one parton from proton interacts with one parton from

10



antiproton. This interaction is described by Feynman diagrams and can be
calculated with the tools of QCD. Due to factorization theorem, the cross

section of some process can be written as

1
o@p—X) = 3 [ dedeafilenwfienmoti - X), (221)
ij=q,9" "
with X being the chosen final state and p the energy scale of the process.
This means, that the cross-section can be computed if the cross-section on
parton level and the parton distributions are known.

After the interaction the partons are flying away. The QCD confinement
says that only colorless object can be observed. The process in which partons
form colorless hadrons is called hadronization. This process is not understood
yet. Only approximate models of it exist. The important comment is, that
particle physicists believe, that hadronization is a soft process, that means
that it does not change dramatically the energy and angular distribution of
outgoing particles, so the correspondence between parton and hadron level
is still maintained.

After the hadronization one gets some number of particles in final state.
To reduce this number and to form the jets some kind of jet algorithm has
to be applied.

The properties of jet algorithms will be summarized in following sections.

2.4.1 Ideal Algorithm

To define a jet algorithm one can start with a list of general properties that

should be fulfilled by every jet algorithm:

1. Complete definition: The whole process, all jet variables and the vari-
ous corrections should be clearly and completely defined. If needed, all
other algorithms such as preclustering, merging and splitting have to
be described.

2. Good behavior: The algorithm should be infrared and collinear safe

without introducing any new unnecessary parameters.

11



3. Experiment independence: The algorithm should not depend on the

detector type and its geometrical properties.

4. Universality: The behavior of the algorithm should be the same at the

parton, particle, and detector levels.

2.4.2 Theoretical Properties

From theoretical point of view, the theoretical attributes of the algorithm

should be enhanced in the following way:

1. Infrared divergences: They should not appear in the perturbative cal-
culations. The algorithms also should be insensitive to soft radiation.
As will be shown later, the class of algorithms with initial seeds do not

satisfy this condition.

2. Collinear partons: Again, the collinear singularities should not appear
in the perturbative calculations and also the jets should be insensitive

to any collinear radiation in the event.

3. Invariance under boosts: For the pp interaction the parton-parton cen-
ter of mass system is usually boosted along the beam axis with the
respect to the pp center of mass system, the algorithm should then
find the same solution independent of boosts. These condition can be
modified to other collision different from pp stating that appropriate
variables should be used (such as holding invariance properties of the

studied system).

2.4.3 Experimental Properties

The image of an ideal algorithm is destroyed when the jets enter the detector
(or in other words - the real world). Limited detector properties affect the
performance of every ideal algorithm. The goal of experimental groups is to
correct these effects. Ideally these corrections should not be too large. So

additional conditions on the algorithm can be added:

12



1. Detector independence: The algorithm and its performance should be

independent as possible of the detector parameters and properties.

2. Stability with luminosity: Jets should not greatly depend on lumi-
nosity. That means that the energy and angular resolution should be
independent and also the algorithm should not be strongly affected by

multiple hard scattering at high luminosities.

3. Efficiency: The algorithms should be as efficient as possible (recon-
structing all physical interesting jets) while at the same time it should

minimize the use of computer time and memory.
4. Full specification: All aspects of the algorithm have to be fully specified.

5. Ease of use: The algorithm should be straightforward to implement

with typical experimental detectors and data.

2.5 Examples of Jet Algorithms

In this chapter, two main classes of jet algorithms will be described showing
their advantages and disadvantages. Generally a jet algorithm consists of
four parts. In the beginning, we need to know what type of objects enter the
algorithm. Second step determines under which condition is the jet formed.
Third step assigns the jet its kinematical properties. At last, additional

conditions can be applied to the final state jets.

2.5.1 Cone Algorithm

Cone algorithm has been used in high-energy interaction for a longer time.
Therefore there exist a variety of modifications. Basically Cone algorithm
merges together particles lying within a cone with its vertex at the interaction
point. If the event is described in terms of angular variables n, ¢, where
pseudorapidity eta is defined as n = —In(tan g) and ¢ is the azimuthal
angle. Pseudorapidity is used instead of the polar angle 6 because of its

transformation properties under boosts in beam axis. Particles form a jet if

13



they all lie in a circle of radius R

(n = njer) + (¢ — djer)” < R (2.25)

Common arrangement is as follows: particles are identified with massless
fourvectors (E* = |p’[, p’) and angles (¢, 6", n" = —In(tan(6?/2))) assigned
from interaction vertex by a unit vector p‘/E*. For each particle a scalar
variable called transverse energy is computed as Ef = E‘'sin(f’). For a
possible cone axis (a point in 7 X ¢ plane) all particles that might be in this

cone are determined according to (i-th particle belongs to cone jet with axis
C' if)

Vi =02+ (¢ - )2 < R. (2.26)
For all particles in jet a new axis (V) is computed (FEr weighted sum):
N _ i B N _ 2 EBrd'
= pra o = — (2.27)
Etet Et

summing over all particles in jet, E¥* =" Ef.

If the new axis is equal to the initial one N = (), it is an stable example
and all these particles are assigned to the jet. If the axis are not equal, a
new axis is searched for. The algorithm is iterated taking N as a jet axis.

According to this scheme the jet variables are assigned in the following

way':
EY = ) Ej, (2.28)
o L Eint 2.29
nJ - Eg?t i 7T ( . )
. 1 L
P = > B, (2.30)
Eft 4

Another scheme recommended for Run II of Tevatron is different in using

E+p.
E_pz

n). Then the particle belongs to a jet, if

rapidity y = % In (which for massless particles is equal to pseudorapidity

Vi =y + (¢ —¢°)2 < R (2.31)

14



For the new axis:

pV = (BN, pN) = (E'pl,p).pb), (2.32)
1 EN +pN pN
N z N -1y
yr=gh——=%, ¢ =tan —L. 2.33
2 EN —pN N (2.33)
Jet is then stable if ¥V = y© and ¢ = ¢ and the jet variables are
P = (B, pit) = Z(Eiapiap;api)a (2.34)

)

=2+ (e, (2.35)

je 1 Ejet + pjzet je -1 pjet
thzilnm, P = tan ? (2.36)

The reason for using rapidity is that the recombination scheme leads to mas-
sive jets in Run II.

The algorithm may be very expensive computationally (considering about
6000 starting points for Ay(n) x A¢ = 0.1 x 0.1 covering of the y(n) X ¢ plane,
with the y(n) coverage of + 5). Seed-based cone algorithm can be much
more efficient in CPU time. Let us arrange the detector towers according to

descending Er and consider only those tower, passing a seed cut,
Eiever > pieed (2.37)

as starting points for the initial jet cones. The seed threshold E:**d must
be chosen low enough so that variations of E5°d lead to negligible variations
in any observable under consideration. The disadvantage is, however, the
sensitivity to both infrared and collinear effects. The sensitivity to soft ra-
diation can be removed by adding of 'midpoints’ at the position given by
pi + pj,pi + Dj + pr ete. to the list of starting seeds. This scheme is used
under the name ILCA (Improve Legacy Cone Algorithm) at DO.

The main problem of the whole class of cone algorithms is the cone over-
lapping. In the definition there is nothing that will prevent the particle to

belong to two (or more jets). In order to get rid of this another splitting or

15



Figure 2.2: An illustration of infrared sensitivity in cone jet algorithm. Seeds
are represented as arrows. Without soft radiation seeds will form two only
slightly overlapped jets (left), while after a soft radiation they will be merged
together (right).

—----_..

P ~
‘\
:.------—'
[N 4

‘st’tt' |

Figure 2.3: An illustration of collinear sensitivity in seed-based algorithm.
Particles on the left will fail to form a seed because their energy is too much
separated among detector cells. The configuration on the right will produce

a seed because its energy is more narrowly distributed.

merging specifications have to be added to the algorithm. These specifica-
tion will describe under which condition the jets will be merged together or
splitted so they will no longer overlap.

General proposition for splitting and merging is that two jets will be
merged if they share more than 50% of the transverse energy of the lower
E7 jet. Otherwise overlapping jets will be splitted with the shared particles
individually assigned to the jet that is closest in y x ¢ space.
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2.5.2 Kp Algorithm

The second main class of jet algorithms is the Kt (k7, k; or Durham algo-
rithm). The K algorithm starts with a list of so-called preclusters which are
formed from calorimeter cells, particles or partons. The K1 for N particles
is an N3 algorithm. The preclustering therefore reduces the number of ini-
tial particles for time efficiency and also reduces the dependence on detector
properties (cell type, their number or size). Each precluster is then assigned

a fourvector

(E,p) = E(1,cos ¢sinf, sin ¢ sin 6, cos ), (2.38)

where E' is the energy associated with the precluster and ¢, 6 are the usual
angles. For each precluster, the square of the transverse momentum, p2 and

the rapidity y is calculated

pr =%+ 1}, yzélngfiz. (2.39)
The preclusters than form the jets in a following way:
1. For each precluster ¢ define
d; = p2T,z'> (2.40)
and for each pair (i, 7) of preclusters (i # j), define
dyy = min(ds, dy) W)+ (00 = 85)° (2.41)

D? ’
where D & 1 is a parameter of the algorithm. For D = 1 and small
angular differences of the preclusters (y; — y;)* + (¢: — ¢;)%) < 1, dy;
is the relative transverse momentum k; (squared) of one vector with

respect to the other, whence the name of the algorithm.
2. Find the minimum of all the d; and d;; and label it d;p,.

3. If dmn is a d;;, remove preclusters ¢ and j from the list and replace

them with a new precluster (E;;, p;;) given by

Lij = Ei + Ej, Pij = P; + Pj- (2.42)
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4. If d,nin is a d;, the corresponding precluster 7 is removed from the list

of preclusters and added to the list of jets.

5. If any preclusters remain, repeat from step 1.

(a) (b)

e

i L
T »J.a\ e - ﬁz\ e

(c) (d) *
.

(e) ()

Figure 2.4: A simplified example of the K algorithm. The open arrows

represent the original preclusters, and the solid arrows are the final state

jets.

As in the case of the cone algorithm, there exist more possible mod-
ifications. The main differences (without considering detector dependent
preclustering) are in the recombination scheme in step 3 and in the method

of terminating the clustering. The end of clustering can be changed with
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introducing a stopping parameter, d.,, that defines the hard scale of the
physics process and separates the event into a hard scattering part (interest-
ing to us) and a low-pr part (beam or remnant jets from the rest of proton
and antiproton).

Although the K algorithm should behave better than the Cone, a full

program for it at hadron-hadron colliders had not yet been developed.
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3 Tevatron and DO

This section will cover a description of the Tevatron accelerator and the
D@ detector. DO is one of the two large general multi-purpose detectors at
the Tevatron proton-antiproton collider (together with CDF) at the Fermi
National Accelerator Laboratory (Fermilab, FNAL) near Chicago. The Teva-
tron, with it’s circumference of 6.28 km, and particle collisions with a center-
of-mass energy of 1.96 TeV, is currently the world’s largest and most ener-
getic accelerator.

The Tevatron is the last accelerator in a accelerating complex used at Fer-
milab. The complex starts with the Cockcroft-Walton preaccelerator which
accelerates H™ ions to 750 keV. These ions are then accelerated in Linac
(linear accelerator) to 400 MeV. Then the hydrogen ions are stripped of the
electrons and the protons are accelerated to 8 GeV in the Booster synchrotron
and then injected to the Main Injector. Here are the protons accelerated to
120 or 150 GeV. 120 GeV protons are used in the Antiproton Source to
create and accelerate antiprotons. These are then injected back to the Main
Injector. Beams of protons and antiprotons with 150 GeV are finally injected
into Tevatron.

The beams in the Tevatron are not steady flows of particles. The protons
and antiprotons are localized in bunches. Currently used number of bunches
is 36 for protons and 36 for antiprotons. There are three superbunches within
the turn, each consisting of 12 bunches. Within a superbunch, bunches are
separated by 396 ns, which means that the superbunches are approximately
4.36 ps long and the gap between superbunches is 2.6 us. Taking this to-
gether, 3 superbunches with 4.36 ps and three gaps with 2.6 us, one gets
approximately 21 ps and that is the time it takes particles moving at the

speed of light to make one turn in the Tevatron (the circumference divided
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Figure 3.1: Schematic view of the accelerator complex

by the speed of light). The Tevatron was designed and is operated the way
that the collisions can happen only at D@ and CDF. The bunches are spaced
that way that DO (also CDF) sees 36 collisions of bunches per the evolution.

3.1 DO Detector

The DO experiment was built in late eighties. Between years 1992 and 1996
the data were taken for the first time. One of the main results was the
observation of the top quark in 1995. In 1996 the DO started an upgrade to
be able to run at the new accelerator conditions. The upgraded versions of
the Tevatron and the detectors (called Run II) have started their operation
in March 2001.

The scheme of the detector is displayed in figure 3.2. From the interac-

tion point it is formed by a series of different subdetectors. The first one is
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the tracking system. It consists of the Silicon Microstrip Tracker (SMT) and
the Central Fiber Tracker (CFT) placed in the 2T magnetic field. The SMT
consists of silicon disks and barrels formed into 6 disk/barrel modules. Each
barrel module consists of 4 (radial) layers of detector ladder assemblies. Lay-
ers one and three are single sided silicon microstrip detectors and layers two
and four are double sided with 2-degree stereo angle. Each disk module has
12 wedge shaped double-sided detectors with a 30 degree stereo angle. There
are also three sets of end disks on each side. A scintillating fiber tracker sur-
rounds the silicon detector. The CFT consists of about 74000 scintillating
fibers mounted on eight concentric cylinders. The curvature of the charged
particle tracks allows us to determine particle transverse momenta for all
charged particles within the range |n| < 2.0 (for definition of the coordinate
system see Section 3.2). The tracks are also used to reconstruct primary and
secondary vertices in the interaction. They also help with particle identifica-
tion.

The Central Preshower (CPS) and the Forward Preshower (FPS) detec-
tors are placed between the magnet and the calorimeter. They are designed
to enhance the electron and photon identification. Next there are three main
parts of the calorimeter: the central cryostat (CC) and two end-cap cryostats
(EC). The space between the cryostats is filled by the Inter-Cryostat Detector
(ICD) and Massless Gap Detector (this place is defined with 0.8 < |n| < 1.5.
The calorimeter comprises of the electromagnetic part capturing electrons
and photons and of the hadronic part capturing hadrons. The calorimeter is
an essential tool for jet detection.

High energetic muons are able to penetrate through calorimeter. They
are detected by the muon system which surrounds all the subdetectors. The
Forward Proton Detector (FPD) is a new detector dedicated to diffractive
physics in Run II. The FPD tracks the protons and anti-protons that were
scattered at very small angles. The detector is supplemented by the Lumi-
nosity Monitor (LM) detector designed to measure the luminosity. Another
essential part is the detector read-out and trigger system. The D@ trigger
system selects “interesting” events produced by the Tevatron for further of-
fline analysis. The beam colliding frequency is about a few MHz. The trigger
system selects 30-50 Hz of these events to be written to the tape. D@ has
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three levels of trigger filtering:

Level 1 A pipelined hardware trigger with inputs from the calorimeter, scin-

tillator counters, muon system and fiber tracker.

Level 2 L1 information is combined and extended in specialized preproces-

sors. It also adds information from the silicon tracker.

Level 3 A Linux processor farm which can reconstruct and analyze events.

3.1.1 Calorimeter

Calorimeter (in figure 3.4) is the main detector which enables the jet mea-
surement. Its main task is to absorb deposited energy and measure the
overall energy flow in the interaction. Calorimeter is a large bulk of material

(uranium, copper, and steel in the case of the DO calorimeter) that absorbs
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the outgoing particles combined with an active medium (liquid argon in the
case of the DQ) that samples the electromagnetic and hadronic showers. Al-
most all known elementary particles are captured inside. The calorimeter
provides identification of electrons, photons, taus and hadronic jets. Muons
are detected by the muon detectors behind the calorimeter and neutrinos are
indicated by the overall transverse energy imbalance.

Calorimeter is formed by three parts - the central cryostat (CC) and two
end-cap cryostats (EC). Each cryostat is divided longitudinally into three
sections: the electromagnetic (EM), the fine hadronic (FH), and the coarse
hadronic (CH). They are composed of small cells as building blocks. Typical
cell size in terms of azimuthal angle ¢ and pseudorapidity 7 is A¢ x An =
0.1 x 0.1. The cells are arranged into projective towers. The term projective
means that the cell centers in the tower lie on the ray originating from the

geometrical center of the detector (figure 3.5).

D@'s LIQUID-ARGON / URANIUM
CALORIMETER

Outer Hadronic
(Coarse)

Middle Hadronic
(Fine & Coarse)

Electromagnetic

Inner Hadronic Fine Hadronic
(Fine & Coarse)

Coarse Hadronic
Electromagnetic

Figure 3.4: The D@ Calorimeter
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Figure 3.5: Layout of calorimeter cells and projective towers

3.2 Coordinate System

The coordinate system at D@ is defined in the following way. It is a right
handed system with the z-axis increasing along the proton beam. The z-axis,
and the origin of coordinates are defined to be centered in the CFT with y-
axis pointing upwards. All distances are measured in cm. The azimuthal
angle ¢ is defined to be in radians, 0 < ¢ < 27, with ¢ =0 for z > 0,y =0
and ¢ € (0,7) for y > 0. The angle 6 is given in radians from 0 to 7. 6 =0
forc=y=0and 2z > 0,0 = for x =y = 0 and z < 0. Pseudorapidity n
is defined as usual n = —Intan(0/2).
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3.3 Data Taking

The store starts when the protons and antiprotons are finally injected into
the Tevatron. This is a time period during the beams collide. If there are no
problems, it can last from several hours to a few days. The store is divided
into smaller sections called runs, where the data is collected. Runs do not
usually last more than four hours, because parameters of data taking have

to be changed as the beam parameters such as luminosity change.

3.3.1 Data Formats

Several file formats could be encountered during the analysis. The output of
the detector are the RAW data. This output from Level 3 is about 500 kb per
event. This data have to be reconstructed. The reconstruction is done by the
D@ Offline Reconstruction Program (RECO). This is a CPU intensive pro-
gram that processes either collider events recorded during online data taking
or simulated events produced with D@ Monte Carlo program. The output
from RECO is a format containing many so-called chunks associated with
each type of reconstructed object (EM objects, jets, muons, etc.). RECO
is designed to produce two output formats which can be used for physics
analyses.

The Data Summary Tape (DST) contains all information necessary to
perform any physics analysis, and is designed to be 150kb per event. The
Thumbnail (TMB) contains a summary of the DST, and is designed to be
15 kb per event. The TMB can be used directly to perform many useful
analyses.

Although the analysis can be done at the DST or TMB level, in this
thesis another format is used. The DST or TMB files are reprocessed once
more by the DOChunkAnalyze program to produce final ROOT files. These
ROOT files can be then analyzed using the C/C++ programing and graphical
interface of ROOT [38].
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4 Data Analysis

The data used in this thesis were recorded between the end of April 2002 and
September 2003. Only data corresponding to trigger versions 8.20 - 12 were
considered. The events were reconstructed with various version of p14 release
of the DO reconstruction software (dOreco). The pl3 version data were re-
reconstructed from DST files with p14.05.02-p14.06.00 versions, p14.03 and
p14.05.00 versions were fixed on thumbnail level with fiztmb.01 and fixtmb.02
respectively. After the thumbnail fixing, all data are compatible with p14.06
release. For the associated lepton production, used data is a subset of the
jet studies data.

Run list provided by A. Kupco is used to analyze only runs marked as
good in Run Quality Database.

4.1 Event Selection

Sample used in this thesis satisfies the following event selection criteria.
e Topological cuts

- event contains at least two jets reconstructed with the Run II Cone
algorithms with a cone size of R = 0.7 as specified in Section 2.5.1.

This cut is used to perform inclusive dijet analysis.
e Kinematical cuts
- uncorrected transverse momentum of the second leading jet has

to be above 40 GeV (to consider high-pr events only).
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e Event quality cuts

- event has to fire one of JT25TT_NG, JT45TT, JT_65TT, or
JT95TT jet triggers. Consequences of this cut will be discussed

later in the Data Analysis section.

- both pr-leading jets have to pass the standard jet selection criteria
(specified below),

- jet1 jet1 .
- cut on missing Ep: B < 0.7p%", where pi” is uncorrected trans-

verse momentum of the leading jet,
- primary vertex has to have at least three associated tracks,

- z coordinate (along beam axis) of the primary vertex is within 50

cm from the origin of the coordinate system: |zyu| < 50 cm,

- additionally events containing unphysical amount (> 1.96TeV) of

energy were not considered.
The following jet quality criteria are used to determine good jets.

- Electromagnetic fraction (EMF): Jets are required to have elec-
tromagnetic fraction 0.05 < EMF< 0.95 (fraction of jet Er deposited
in EM layers of the calorimeter). This cut can however introduce an

inefficiency for good jets at high pr.

- Coarse hadronic fraction (CHF): A cut on coarse hadronic fraction
is necessary because of the high noise in these layers of the calorimeter.
Jets are required to have CHF < 0.40. This cut can be also less efficient
for very high pr jets where more energy is deposited in the coarse

hadronic part.

- Hot cell fraction (HotF): This cut removes the jets built because
of hot cell inside the calorimeter (a cell showing too much energy but
low occupancy). The fraction is counted as the ratio of the transverse
energy stored in the leading cell to the second leading cell in the jet,
and is required to be HotF < 10.
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- n90: This variable is used to remove hot towers in the calorimeter.
The towers in the jet are ordered in transverse energy, and the towers
that comprise at least 90% of the jet transverse energy are counted.
The requirement is n90 > 1 (i.e. jets with 90% of transverse energy

formed by only one tower are removed).

- Level 1 confirmation: Confirmation from the L1 readout is required
for the p14 data. Scalar transverse energy L1SET, computed from the
L1 calorimeter towers in the R = 0.5 cone in the direction of the jet,
is used for this purpose. LISET > 0.4p)'(1 — CHF) for the CC or
EC part of the calorimeter, LISET > 0.2p)"(1 — CHF) for the ICD or
L1SET > 80 GeV.

- 190: For runs < 172359 the L1 calorimeter readout was available only
up to |nper| = 2.4. Starting from run 172359 the readout was extended
up to |nper| = 3.2. Outside this regions one has to relay on old jet ID
cut using the f90 variable. 90 is the n90 variable divided by the total
number of calorimeter towers in the jet. Good jets are required to have
f90 < 0.5 or CHF < 0.15.

- Detector pseudorapidity (nprr): Good jets are required to have
[Naet| < 3.4. Detection at these angles is more difficult and less accu-
rate than at angles defining the central region. Also Jet Energy Scale

corrections are not certified at large angles.

Jet energies and momenta were corrected using jetcorr package v05-02-00.
These corrections are applied to get the real jet energy and momenta before
entering the detector. They consist of some offset O because of calorimeter
noise, response of the calorimeter to the jet Rje; and showering S representing

portion of jet energy deposited outside the cone. The final relation is:

EJ et

jet _ Mdetector )
articles — .
P Rjet : S

(4.1)

Correction factor for energies and momenta is then

Ejet
_ particles
Corrf = T. (42)
detector
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Due to the geometry of the calorimeter these corrections also depend on the

pseudorapidities (angles) of jets.

4.2 Cut Results

All used cuts are normal cuts used in usual DO jet analysis. Therefore their
efficiency is not studied in this thesis. Plots 4.1, 4.2 and 4.3 summarize which
events were cut out. Table 4.1 shows, how many events were cut out in each

step of cutting.

Initial number of events 24708202
Old trigger version 1257608
Bad run 781653
Duplicated events 1594261
Without required jet trigger | 3808970
Less than 2 jets 162588
Low pr jets 7909696
High Fr 560914
Primary vertex 1515305
EMF out of range 207786
CHF > 0.4 211330
HotF> 10 16564
n90 194
L1 confirmation / f90 120377
Detector rapidity 0
Other 561
Remaining events 6560395

Table 4.1: Number of events cut out at different stages of cutting. First
line showing the initial number of events in sample. Next lines showing how

many events were cut out from the remaining sample.
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4.3 Jet Analysis

In this thesis inclusive dijet production is investigated. Inclusive process

means interaction of type:

p+p—2jets+ X, (4.3)

where X could be another jets, electrons, muons, .. ..

The events are required to fire a trigger (one of JT_ 25TT NG, JT 45TT,
JT 65, JT95TT jet triggers). These triggers have special requirements on
each level of the trigger system (briefly reviewed in table 4.2). Special interest
is given to high-pr events, however low-pr events occur in higher frequen-
cies. This problem is solved by prescaling. It means that lower jet trigger is
fired only once while more events satisfy its requirements. This helps to keep
the L3 frequency low enough to be able to record all interesting events. To
be able to present result in lower pr regions with the right frequencies, one
has to multiply the number of events with a prescale factor. The prescale
factors for the chosen triggers are shown in table 4.3. They are only approx-
imate numbers and are taken from reference [29]. The study of the trigger

efficiencies, if the right trigger was fired, is not performed.

Trigger L1 (>5 GeV) L2 (GeV) L3 (GeV)
JT25TT_NG 2 towers none 1 jet with Ep > 25
JTA5TT 2 towers none 1 jet with Ep > 45
JT_65TT 3 towers 1 jet with B > 20 | 1 jet with Ep > 65
JT95TT 4 towers 1 jet with £ > 30 | 1 jet with Epr > 95

Table 4.2: A summary of jet trigger requirement on each level of the trigger

system

4.3.1 Overall Jet Properties

Tevatron produces collisions at center-of-mass energy /s of 1.96 TeV. The

whole energy does not usually take part in the hard scattering process. Hyp
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variable computed as a sum of jet transverse energies is used as a signature

of heavy object created in the collision.

Hy =) Er,,. (4.4)
jet
with transverse energy

Er = Esin. (4.5)

It is used as a cut when studying for example top-quark properties. All
jets in the event are required to satisfy the jet quality criteria. Distribution
of Hr is shown in figure 4.4 together with the distribution of a number of
cone R = 0.7 jets.

Properties of all good jets in the sample are summarized in figure 4.5.

The angular plots show overall uniform distribution of jets. The unifor-
mity in ¢ confirms that there is not a preferred direction of jet production in
x-y plane. The 7 distribution shows the overall parton scattering properties.
This will be more studied in the dijet inclusive state.

Transverse momentum pr also informs about hardness of the process. It is
a module of the jet momentum transverse to the beam axis (pr = /p2 + p2).
The pr distributions for the leading and the second leading jets are shown
in figure 4.6.

4.3.2 Dijet properties

The dijet analysis is performed on first two pr leading jets. These jets are

needed to satisfy the jet quality criteria described in section 4.1.

Trigger Prescale factor
JT 25TT_NG 150
JT 45TT 4.7
JT_65TT 1.3
JT_95TT 1

Table 4.3: Prescale factors
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Figure 4.4: Distribution of number of jets in the final sample (left, without

trigger prescale factors) and sum of the jet transverse energie

The angular distribution of the jet momenta and distribution of dijets in
the detector is shown in figure 4.7.

Due to four-momentum conservation, the dijet mass,
M) = (Bient + Ejet2)” — (Biet1 + Piet2)” (4.6)

specifies the properties of the parton interaction. While single jet production
is usually studied using the pr distribution (do/dpr), the dijet production is
characterized with the invariant mass (do/dM;;). The dijet mass distribu-
tion is shown in figure 4.8.

Jet angles are given in the coordinate system defined by the detector.
However, when transformation to the center of mass of the interacting par-
tons is performed, one can study at which angles jets were produced. How-
ever it is a tricky task. While the general transformation to the center of
mass system of the two jets could be done, there is an arbitrary way, how
to choose the initial direction of the partons. One can accept an approxima-

tion. Considering the partons moving only in the z coordinate and perform
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Figure 4.5: Summary of good jet properties (jets satisfying jet quality crite-
ria). Plots show E7 (left) and pr of the jets. The difference between them is
given by the recombination scheme used in the ILCA cone algorithm in Run

II. The jets in Run I were massless causing Er = pr.

the transformation to the center of mass system as Lorentz boost in the z
direction only. This boost is a such one, where both jets have the same angle
with the z-axis.

The Lorentz boost in given direction can be written as:

E" = ~y(E-BpL) (4.7)
p;, = ~(pr — BE), (4.8)
pr = pr, (4.9)

with p; the module of the projection of momentum on the boost direction
and pr the orthogonal part to the pr. Also v = (1 — 3?)~'/2 and 8 given
from the requirement on the angles in the boosted frame. The condition on
angles can be formulated as (numerical labels mean the first and the second
jet)

—@ = @ (4.10)

/ -
Prm Pro
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Figure 4.6: Transverse momenta distribution. Plots show pr distribution of
the leading (on the left) and second leading jet. Most energetic jets have

transverse momentum of a few hundred GeV.

Using eq. (4.8) one gets

_ Pripr2 + Pripr2
Eipro +prmEs

(4.11)

Due to the factorization theorem, hadronical cross-section can be written
as
oPP= X = Z/fi(xl)fj(xg)dxld@aparton, (4.12)
i
where oPt" represents cross-section for process where partons ¢ and j form

final state X. For the cos 6* dependence, the eq. (4.12) can be formulated as

do_pﬁ—>X do_parton

dCOS 6* Z/fz T fJ ]32 dl’ldI'Q 6 (413)

Partonic cross-sections can be computed by QCD. Cross-section for 2 — 2

parton interaction is given by

do _ M’
dt  167s?’

(4.14)
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Dijet momenta angular distribution Dijet detector angular distribution

Figure 4.7: Dijet angular distributions. Plot on the left shows the angular
distribution of the jet momenta as 3-vectors. Plot on the right shows the
detector (calorimeter) angular distribution. The difference is given by the

vertex position.

Mandelstam variables t and u can be written in the center-of-mass system as

t = —g(l—COSH), (4.15)
u = —g(l—i-cose). (4.16)

At fixed center-of-mass total energy s, dt simplyfies to
dt = gdcos g, (4.17)
and thus

G | pif
dcosf |, - 327s’

(4.18)

Partonic angular dependence is nearly identical (up to multiplication factor)
for all quark and gluon processes. Therefore all these processes are approxi-

mated by the gg — gg interaction. Matrix element for this process is taken
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- !Dijet invariant mass distribution for |n|<0.8
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Figure 4.8: Dijet invariant mass distribution in the |npgr| < 0.8 region.

from reference [7] and reads (without coupling constant)
M| = 5(3 ————— —). (4.19)

Summing over all possible partons and integrating over parton distributions
is taken together with the coupling constant and the total energy as a mul-

tiplication factor. Therefore the angular distribution should behave as

dgPP—2ets 1 — cos? 6 1 — cos6* 1 + cos 6*
o  —Cix(3- T t
d cos 6~ 4 (1 4 cos 6*)? (1 — cos6*)?

(4.20)
However the total fourmomentum s is not fixed. This variable is at the parton
level represented by the dijet mass. To correct this effect, three different
energy bins are used corresponding to dijet mass intervals of (0-300 GeV,
300-600 GeV, 600- GeV). This changes the differential cross-section to double
differential. Also the eq. (4.20) corresponds to ideal case (or high-energy

limit), therefore it is corrected for background. This background is taken
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isotropic in cos #*. The final fit is performed as

d2 O.pﬁ—>2jets

dM;;d cos 0*

:CO+CI*(3_1—COS2¢9* 2 — 2cos 6* 2+20080*)

4 i (1 4 cos 6*)? i (1 — cos 0*)?
(4.21)

The angular distribution of |cos8*| given by the jet momentum and the

z-axis in the boosted frame for the different dijet mass regions is shown in
figures 4.9, 4.10 and 4.11.

Angular dependence for dijets with mass < 300 GeV
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Figure 4.9: Distribution of cos 6* for dijet invariant mass lower than 300 GeV

in the frame where the angle between jet and z axis is identical for both jets.

4.4 Cross-sections and Measured Quantities

It is a fundamental property of quantum theories that only probabilities that
something can happen can be given. On the opposite side, experiments also
give statistical results. Large number of events is collected and the results

are the mean numbers of the statistics. Usual quantities of nuclear and high-
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. Angular dependence for dijets with mass 300-600 GeV
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Figure 4.10: Distribution of cos#* for dijet invariant mass in the interval
from 300 to 600 GeV in the frame where the angle between jet and z axis is
identical for both jets.

energy physics are the cross-sections. They are computed from the observed

distributions using the following formula:

do N, evt 1 1
- - Cunsmear N 4.22
< > bin Az ( )

a £ Ceoff

where Ny, L, €, Az represent the number of events in the bin, luminosity
(characterizing the total number of events), the jet and event cut efficiencies,
the unsmearing (that only finite size bin are used instead of infinitesimally
small ones) and the width of the bin, respectively. None of these factors are

studied in this thesis. Therefore only normalized distributions of the type

Tav1 e
N dz’ N dzidzy’

(4.23)

are shown.
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. —l Angular dependence for dijets with mass > 600 GeV
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Figure 4.11: Distribution of cos 6* for dijet invariant mass greater than 600
GeV in the frame where the angle between jet and z axis is identical for both

jets.

The results must be complemented with errors. There are two kinds of
errors. The first one is a statistical error given by the size of the sample, the
second one is a systematic error given by different assumptions made during
the analysis (including errors given by cuts, jet energy scale corrections and
luminosity).

Another problem is that the theoretical prediction of divergences in the
cross-sections. This is solved by showing differential cross-sections instead of
absolute ones. When trying to get the integrated cross-sections, one has to
introduce cut-offs again. For example, energy spectra cannot be integrated
over. One has to apply some minimal energy cut on lower bound, the upper
bound is of course given by the experimental possibilities. The same applies
to the angular distributions, where boundaries are given by the detector
geometry.

At last, it is also important to compare them with the predictions of
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Monte-Carlo (MC) simulations. MC simulations are unavoidable in high-
energy physics, because they offer comparison between theory and experi-

ment.

4.5 Associated Lepton Production

Jet studies are important for QCD. QCD processes with multijet produc-
tion are usual background for other processes. Therefore the search for new
particles is done via their leptonic final states where the background is not
so large. Consider for example the top quark discovered at the Tevatron in
1995. The top quark is created at the Tevatron mostly in pairs with the
anti-top quark via the quark-antiquark annihilation (~ 85 %) or gluon-gluon
fusion (~ 15 %). It decays before it can hadronize (t — Wb(~ 100%)). The
W boson can than decay in several ways. It can decay hadronically into two
jets or leptonically into a lepton and its neutrino. Altogether both W’s can
decay into four jets, to two jets with one lepton and one neutrino or into two
leptons and two neutrinos. The b-quarks hadronize and form another two

jets. The final state can thus be:
- Alljets channel - six jet in the final state (~ 44 %).

- Single lepton channel - one lepton, one neutrino and four jets (~ 44

%).

- Dilepton channel - two leptons (e or ) and two neutrinos with two
b-quark jets (~ 12 %).

The branching ratios are shown in figure 4.12, showing also different lepton

channels.

4.5.1 Lepton Identification

This section will cover only the identification of electrons. Muons are found
using muon detectors outside of the calorimeter. The 7 lepton identification

is more difficult.
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Figure 4.12: Top-antitop quark pair decay channels

Electromagnetical objects are objects with energy deposited mostly in EM
layers of the calorimeter. These can be leptons, photons, or jets. EM objects
are reconstructed using algorithms which are similar to the algorithms used
in the case of jets. Other cuts are used to properly identify electrons from
photons or jets.

Following cuts are used in this thesis for electron identification:

- Transverse momentum of an EM object is required to be greater than 15
GeV. Calorimeter can detect a larger number of objects (for example
photons or electrons from later decaying particles). The important
ones are those ones from initial interaction and will thus carry a large

transverse momenta. pr > 15 GeV.

- During the reconstruction, objects are assigned different ID values when

they pass identification criteria. EM objects passing cluster algorithm
will have ID = 10, +11.

- EM objects should have most of their energy deposited in the EM
layers of the calorimeter. Therefore their EM fraction should be high.
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EMF > 0.9. This cut can be set even higher to reduce the number of

fake electrons.

- Electrons originating from W and Z boson decays are isolated since
these electrons are not produced together with other particles. Isolation
variable is used to separate electron from these decays. This electrons

are required to have Iso < 0.15.

- From studying properties of showers produced by electrons, a variable
measuring of how “electron-like” a shower is computed. It is computed
from eight parameters (the four EM layers energy fractions, the total
EM energy, vertex z-position and transverse shower width in ¢ and
z, which then form a covariance matrix to see how these parameters
are correlated. To find how an eventual shape of shower is consistent
with an typical electron shower, x? method of the H-matrix is used
(H-matrix is the inverse of the covariance matrix). The result is that a
cut on HMXS variable is used HMXS8 < 20.

- Electrons can be distinguished from photons by the fact that they have
tracks associated with the cluster. Therefore EM object is required to

have a track.

The plot 4.13 shows invariant mass distribution in events containing at
least two EM objects satisfying the explained criteria. The plot has a peak
slightly above 90 GeV, which represents Z — e*e™ production. The peak is
fitted with double Gaussian, obtaining My _,.. = 91.37 GeV.
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Figure 4.13: Invariant mass of events containing two well defined EM objects,
peak is fitted with double Gaussian, obtaining M, = 91.37 GeV.
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5 Conclusion

Tevatron is currently the largest hadron collider in the world. Since its
upgrade and start of Run II, it is collecting a large statistics of unique data.
The analysis of this data will enhance current knowledge about high-energy
(or particle) physics. Before the start of the Large Hadron Collider (LHC)
at CERN probably in 2008, Tevatron is the only machine, where top quark
is produced. Also Higgs boson and some non-Standard Model physics might
be discovered there.

Tevatron is performing well just now, the collected luminosity already
exceeded the luminosity collected in whole Run I. Data collected between
August 2002 and September 2003 is analyzed in this thesis. The work was
mainly oriented on the study of jet production and jet energy and angular
distribution.

At first some theoretical background of QCD was presented. Then jet
definition was described from the experimental point of view. Two main
classes of jet algorithms were shown. The class of K7 algorithms have some
theoretical advantages compared to cone algorithms, but still is not much
used in hadron-hadron collision analysis. For example in Run II at DO
advanced type of cone algorithm is preferred, while K7 is missing Jet Energy
Scale correction which prevents comparison of measured quantities to the
theoretical predictions.

Next, accelerator complex and detectors were briefly described. The DO
detector’s most important part is the calorimeter. In the calorimeter nearly
all particles deposite their energies. It is also the part where jets are visible
as showers of particles. Other important part of the detector is the inner
tracking system, which shows the tracks left by particles and thus enables

identification of some of them. The outer part of the detector is the muon sys-
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tem which detect the muons that are usually not detected by the calorimeter.
Neutrinos as weakly interacting particles are not detected. Their presence is
usually deduced from the energy disbalance.

The main chapter was devoted to the jet studies. At first, properties of
good jets were defined and described. Corresponding cuts were applied to
the available p14 data sample. Properties of all good jets such as transverse
energy, transverse momentum and angular distribution were then shown. Fi-
nally, inclusive dijet production was studied. In this study only two pr jets
are considered. Again all important distributions were shown. Special part
was devoted to the angular distribution. The angular distribution was com-
puted at leading-order of the QCD. Reasonable agreement was found between
the data and theory. Further work can improve the results by examining cut
efficiencies and luminosity to get cross-section instead of data distribution.
Finally, it can be compared with MC prediction.

At last lepton production was discussed. Jet production studies are useful
for comparison with QCD, but are very difficult to separate the right signal
when decay products of special processes (such as top quark production and
others) are investigated. In these cases, lepton final states are easier to study
even that the statistics is much lower. Distribution of invariant mass for
events containing two well defined electrons was shown with a clear peak

fitted at 91.37 GeV corresponding to qq — Z — ete™.
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