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ABSTRACT %
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v/S=1.96TeV in the D@ Experiment

Roman Otec
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Faculty of Nuclear Sciences and Physical Engineering

Supervisor: VladislaBimak

Abstract

A first study of single diffractive central higpr dijet events inpp collisions at
center-of-mass energy's = 1.96 TeV is presented, using data recorded by the DO
detector at the Tevatron during Runllain 2002-2004. Thé totiagrated luminosity
corresponding to the data sample is 388, A diffractive sample is selected using
a rapidity gap approach.

A precise definition of the rapidity gap constitutes the fiastt of the thesis. The
rapidity gap is defined by means of two parts of the DO detedtoninosity detec-
tors and calorimeter. Luminosity detectors serve as a ladicators of diffractive
candidates and the calorimeter is used to confirm the lowggraativity in the for-
ward region (a rapidity gap). Presented studies of energgsited in forward part
of calorimeter by various types of events yield two rapidjgp definitions. Both
of them use a fixed rapidity interval in calorimetgt € [2.6,5.2] and introduce an
upper limit on the energy deposited in this region. Firstrdidin, which corre-
sponds to the lowest systematical errors, uses a limit of @@ @&n energy limit in
the second definition is set to 3 GeV. This alternative dedinitorresponds to the
lowest contamination of diffractive sample by non-diffiiae events, on the other
hand it is accompanied with rejection of high percentageftadtive candidates.

Using the gap definition dijet diffractive data are then stdd and compared
to inclusive dijet events in various distributions. The mé&bcus is to measure
the difference in azimuthal angles between two leadingijeevents with at least
two high pr central jets. This variable is sensitive to the dynamicdefprocess.



Vi

Indeed, the results show the different behaviouA@fdistributions between the
inclusive and diffractive samples. It is also shown thas thifference is bigger for
lower pr jets.

Other distributions presented in the thesis show that nfasteoproperties are
the same for inclusive and diffractive events. The only ol difference is in the
transversal properties of the jets, which could be expthae that diffractive jets
are narrower than inclusive ones.

Results are compared to Monte Carlo Pomwig (for diffractivesia) and Her-
wig (for inclusive sample); both show a good agreement wighdata.
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Chapter 1
Introduction

Understanding of nature has interested mankind since Igng &he main atten-
tion was always focused on astronomical observations attigiions but since the
time of ancient Greece, philosophers have been trying tav@nalso basic ques-
tions about the structure of matter and forces acting betvadgects. Already at
that time, philosophers like Epicurus, Demaocritus or Lepais (5th to 3rd century
BC) proposed that the matter consistsatdms- the smallest, indivisible parts of
world, configurations and movements of which form everyghimthe world. This
idea is believed to be right up to the present day. Even ththeyle were other theo-
ries in the course of time, which dominated over the atomigéw!, the systematic
work of physicists (e.g. monumental woRhilosophiae Naturalis Principia Math-
ematicaby Isaac Newton, but many others as well) and mainly the dpweénts of
electromagnetism, radioactivity or atomic structure, ae@ experimental methods
and equipment during 20th century have allowed physiciséxtend the Democri-
tus picture of the world in terms of elementary particles.

Nowadays understanding of nature is that matter is made W afarks, 6
leptons (electron, muon, tau and corresponding neutriaod)their associated an-
tiparticles. There are three types of forces - electrowstitkng and gravitational,
each of which acts between different types of objects, demiht distances and
strengths, mediated by different particles. While grawtats described by a stan-
dalone theory of relativity, the strong force is describgdltomprehensive theory
of Quantum Chromodynamics (QCD), now the most accepted thafoparticle
physics. This theory has excellent results in predictidrabservations of high en-
ergy particle experiments. One area of interest physidiffractive physicvia the

IMainly the Aristotle’s idea (3rd century BC) that all matwnsists of four elements: earth,
water, air and fire. This was accepted until approximatety t&ntury AD.

11



12 CHAPTER 1. INTRODUCTION

strong interaction.

Diffractive processes were experimentally first obserweeXperiments at HERA
collider (e.g. [11,12]) and experiment UA8 at CERN (e.g. [18)1but they had
been studied already before. Diffractive physics intredutor example interac-
tions, in which two hadrons interact strongly with each otlyet one or both par-
ticles survive intact. It is possible to tag the diffracteeents by detecting of these
particles. At the DO experiment a new detector subsystemmwaid Proton Detec-
tor (FPD) - has been installed to perform measurements abpscor antiprotons
going out of the interaction under very small angles. Thymsotides a way to re-
construct the full kinematics of the diffractive events.th¢ time of writing of this
thesis the FPD was not fully operational.

The most widespread approach to tag diffractive eventsaicheng for a rapid-
ity gap, or a region of low particle activity. It is a featurkaodiffraction that comes
from the diffractive event topology (see Chapter 2), and eduso in this thesis.

The goal of the dissertation is to provide a precise defimitibsuch a rapidity
gap for Run Il data at the DO experiment by means of the caldeinaad luminosity
detectors. Using this definition dijet diffractive data #ren selected and compared
to inclusive dijet events in various distributions. The mi@cus was to measure the
difference in azimuthal angles between two leading jets/ants with at least two
high pr central jets.

The structure of the thesis is as follows. Chapter 2 contasisoat overview
of diffractive physics and kinematics, and of Regge theoryaldo introduces ex-
perimental methods of jet physics. In Chapter 3.1, the detsoni of the DO de-
tector subsystems with emphasis on the calorimeter is giéapter 4 shows the
data selection and efficiency studies of kinematic cuts. tidbapter presents the
derivation of the rapidity gap definition and Chapter 6 shdvesdomparison ohg
distributions of diffractive and inclusive samples. Ther®ag Monte Carlo Event
Generator is described and compared with diffractive dat@hapter 7. Several
other physical distributions are shown in Chapter 8 and aiggesescription of
luminosity measurement method at DO is presented as an Appen



Chapter 2

Theoretical Framework

Since first particle experiments started, there has beemganNay in searching for a
theory, which would explain the fundamental properties after and basic forces.
The current understanding of the particle world is combiimed compact form
known as the Standard Model. This theory explains many ésmdaneasured
properties for a lot of processes. While the precision of jgtexhs is amazing for a
big number of interactions, there are still areas that @®uaderstood. One of them
is diffractive physics in hadron-hadron interactions, eththis thesis is focused on.

2.1 Diffraction

Diffraction in hadron-hadron interactions is usually defiras a process in which an
object with the quantum numbers of the vacdiusexchanged. The exchanged ob-
jectis generally referred to as tpemeron Diffractive processes contribute around
40% of the total cross-section as observed at the Tevat@h [Bherefore it is
necessary to understand these types of processes to havpketeotheory.

A basic division of such processes isdtastic and diffractive scattering. A
diffractive dissociation can be subdivided irgimgle diffraction double diffraction
anddouble pomeron exchang€his is summarized in Fig. 2.1.

Elastic scattering: both incoming particles stay intact and no additional pbes
occur in the final state

at+tb—a+b

Ino charge, no colour, zero spin, isospin and baryon number

13



14 CHAPTER 2. THEORETICAL FRAMEWORK

Single diffraction: one of the incoming particles escapes from the collisiotrsca
tered under small angle, the other dissociates into a clasfaal state particles,

at+b—a+X

Double diffraction: pomeron is exchanged and both particles dissociate into two
particle clusters,
at+b—X+Y

Double pomeron exchange: a cluster of particles is produced in the center of the
interaction
at+tb—a+b+X

Another possible division of diffractive processes is adog to the final states of
the interaction int@oft(no jets or other hard objects in the final state) hadl (one
or more jets in the final state) diffraction.

2.1.1 Scattering and the Cross Section

A generic 2-2 patrticle interaction is schematically plotted in Fig..ZT&vo parti-
cles 1 and 2 collide and after the interaction two (geneuifferent) particles 3 and

4 are produced. There are several kinematical Lorentziamviavariables suitable
for a description of a general-22 physical process. Using the four-momenta of
the initial and final beam particles; - ps, we define the following Mandelstam
variables:

s = (pi+P2)? = (p3+ pa)?
t = (p1—p3)®=(p2— pa)?
2.1)

Variable s represents a center-of-mass energy squdredthe negative square of
the four-momentum transfer. The variabkandt are usually accompanied by a
third variableu = (p; — ps)? = (p2 — p3)?, which is dependent on the previous two
through equation

stt+u=3ny
where the sum goes over all four particles.

One of the most important properties of a process, is iteudfitial and to-
tal cross-section It is related to the probability that the interaction carucand
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Figure 2.1: lllustration of diffractive processes.
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1 3

Scattering
amplitude

Figure 2.2: Generic-22 scattering process.

can be typically measured experimentally as well as predittieoretically. While
the expression for the differential cross-section usingadtering amplitude can be
expressed as:
do
dt
the total cross-section and scattering amplitude of theqe® are related through
theoptical theorem

o LCUlS 2.2)

4
Otor = — M A(S,0) 2.3)

wherem A(s,0) means forward (momentum transfer 0) imaginary part of the
scattering amplitude.

Because the total cross-section corresponds to probalfilége must be ani-
tarity condition which guarantees that the individual probabilities suntaupnity.
The unitarity condition does not allow for the total crogst#on to rise freely with
increasings and there is an important upper bound, calegissart-Martin bound
[7.8]

Otot < %(In s)?, for s — oo (2.4)

wheremy is a pion mass.

All processes can be viewed in a different interaction togi@s. Thes-channel
and the-channelof an individual process are shown in Fig. 2.3. When we caleula
the scattering amplitude, and thus the cross-section, vst camsider all possible
Feynman diagrams, which contribute to the interaction \ilig same input and
output conditions. The advantage of the different intéoaictopologies view is
that once the amplitude A(s,t) is calculated for the s-clehprocess, the amplitude
corresponding to the t-channel process can be obtainedysbypnterchangings
andt in the final expression even though the actual processesugeedifferent.
This property is called arossing symmetry



2.1. DIFFRACTION 17

1 3
1 3
mediator mediator
2 Y 4
2 4
s-channel t-channel

Figure 2.3: An s- and t-channel topologies fora2 process.

2.1.2 Regge Theory

This theory of strong interactions, named after the Itapagsicist Tullio Eugeno
Regge, was found in the early 1960’s and thus predates quadklraod QCD by
many years. A basic Regge idea was an extension of integeéalahgular momen-
tum into the complex plane [1, 2]. With such angular momenttira generalized
scattering amplitude can have poles, where according tindwey all real particles
are seeded. The poles, callRegge polesiy(t), play a crucial role in the Regge
theory. A complex function that connects poles correspumth particles with the
same quantum numbers, is then calieRegge trajectory The concept of Regge
theory is that strong interactions proceed via the exchahgarticles falling along
the trajectoriesu(t). A trajectory of particles with appropriate quantum nunsber
is applied in a given process. Using these basic assumpiegge came to the
main result of the theory, which is an expression for the ddpace of scattering
amplitude at large values of

A(st) ~'0 fors>t. (2.5)

Reader should notice that the theory was constructed withoytknowledge or
assumption about the underlying mechanism of the strorog fand thus the results
are applicable t@ll processes. It means that it can be applied also for desuripti
of diffractive processes.

In early 1960’s Geoffrey Chew and his postdoctoral studeevest Frautschi
decided to test the Regge theory with scattering data. The Enautschi plot
[5, 6] is shown in Fig. 2.4 The plot shows the total angular reata J versus the
mass squareid= M? of particular sets of hadrons; in this case the meson resesan
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Figure 2.4: The Chew-Frautschi plot.

in T T© — pnscattering.

The surprising result was that the regge trajectories apgpéave a linear shape
a(t) = a(0)+a’t, wherea(0) is the intercept and’ is a slope of the trajectory. So
for hadrons with thesamegquantum numbers, J is proportionalNts. For example,
the pion trajectory in this scheme ds;(t) = 0.9t and for generic Reggeon it is
aR(t) = 0.5540.86.

Combining this result with Regge’s prediction Eq. 2.5 and aticaptheorem
Eq. 2.3, we find a very interesting relation between the wta$s-section and the
center-of-mass energy squared

Otot ~ Sa(o)_17 (2.6)

i.e. only the intercept of the trajectory plays an importaté for determining the
total cross-section of the interaction.

The total cross-sections were measured for many procesegnious center-
of-mass energies. Fig. 2.5 shows the results from seveparigments forpp and
pp interactions. A fall of the curve for low CMS energies can bd Vitteed with the
Reggeortrajectory, with intercept lower than 1, but the rise of tbit cross-section
with higher CMS energies is more complicated. |. Y. Pomerakgbroposed al-
ready in 1958 [4] that the cross sections of a particle anchéiparticle on a given
target are equal to each other at asymptotically high eegrdiccording to today’s
understanding of nature, every interaction is mediatedbgx@hange of some ob-
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ject. According to thePomeranchuk theorerthis object must couple equally to
particles and antiparticles at high energies for the totad< section to be the same.
Therefore this object (or maybe more objects) must have tlaetgm numbers of
the vacuum. The particle(s) and corresponding Regge tomjdes) was generally
namedpomeronafter Pomeranchuk and according to the Regge theory it must ha
an intercept greater than unity.

80‘\\\‘ T T T T T T

(mb) : i

70 [ pBARp: 21.70s°059%1 98 3950492 N

: PP 21.70s00898 1 56 08g 0-40%0
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Figure 2.5: The dependence of total cross-section on cefM@ass energy ipp
andpp collisions.

Donnachie and Landshoff [3] suggested a use of a fit
0)-1 0)-1
Opp(pp) = AP +Bpp(p5)SaR( - (2.7)

whereap(0) andagr(0) are intercepts of pomeron and reggeon respectively. Coeffi-
cient A does not depend on the type of interaction becausehtisame according
to the Pomeranchuk theorem. The fit to the data yields

ap(0) = 1.08 (2.8)
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The gradient of the trajectory is
ap = 0.25GeV 2, (2.9)

which was determined from a fit to differential cross sedi@md the resulting
Pomeron trajectory is thusp(t) = 1.08+ 0.25.

The rise of the total cross section for high CMS energies coioldte unitarity
condition. However this could be explained by exchange ofenpmmerons, be-
cause they contribute to the total cross section with atérg signs and increasing
magnitude as — oo.

The pomeron described above is caléesoft pomeronBut there appears to be
another -hard - pomeron. It was found at HERA experiment in 1997 in electron-
proton interaction [9, 10] that the pomeron intercept iases with the virtuality of
the emitted photon and the energy dependence of the totd sextion falls accord-
ingly. According to English physicists Sandy Donnachie Beder Landshoff [15]
such behaviour can be explained by introducing an additipomeron trajectory
with interceptop(0) ~ 1.4.

Despite the fact that the Regge theory appears to describbphysical results,
the real particles that would fall on the soft or hard pomerajectories were not
found. A promising candidate for the pomeron could be a cap@bject of two
or more gluons gluball [16]. Such object withl = 2 and a mass of about 2 GeV
was described in [17]. It could be a candidate for the lowégea on the soft
pomeron trajectory.

2.2 Rapidity Gaps

2.2.1 Rapidity

The angle description of the final states is not always sk@taibhadron collision
experiments. Instead, thapidity yis often used to describe the longitudinal prop-
erties of final state. The particle longitudinal rapiditydisfined as

_ 1 _ 1 E+pz\ E+p;
y = tanh Bz_zln Sy =In ) (2.10)

wheref3,(= v, /c = p; /E) is the relativistic longitudinal velocityp; is the longi-
tudinal momentum, anohy is the transverse mass# = n? + p2); pr denotes the
transverse momentum. When the system is boosted along thgudimal direction
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with velocity 3, the rapidity is transformed as

y - In(E/-l_p/Z)=|n<y/(E—B/zpz)+V/(pz—B'zE))
mr mr

= y+In(y'(1-B)) =y 2|n<1lg,>
= y—tanh'p, (2.11)

so it is an additive variable under longitudinal LorentzygsBrmations. This is the
reason why rapidity is used in high energy hadron-hadroemx@nts, because here
the center-of-mass system is generally boosted along tigitlaminal direction.

In the low energy (non-relativistic) limit, whey, < 1, p, ~ mvy andE ~ m,
the rapidity reduces to the standard longitudinal velocity

2.2.2 Kinematics of Single Diffractive Scattering

The kinematics of a single diffraction procegs- p — p+ X is described in this
section. The variables assigned to the initial and finaéstate as follows:

Po = (Ep,Pp) = (Eveam 0,0, Poeam
Ps = (EpPp) = (Ebeam 0,0, —Ppeanm
px = (Exvﬁx) (Ex. PX. Px: PX)

Py = (Ey.Py)=(Ep.Py. Py P5)

There are several other kinematical variables used to itbesarphysical pro-
cess and which are useful for single diffraction processesedl. Using the four-
momenta of the initial beam particlgg and py and the final systemgy and px,
we rewrite the Mandelstam variables (Eq. 2.1):

s = (pp+Pp)°= (P +Px)°
t = (py—Pp)° = (Px — Pp)?
M§ = Pk =(Pp+Po—Py)°
Variablesrepresents a center-of-mass energy squaisdhe negative square of the

four-momentum transfer, arMy is an invariant mass of the final diffractive system
X.

Variables can be modified as

s = (py+Px)?=(2px + Py — Px)(Py + Px) =
= 2px(pp + Px) + (P — Px)(Pp + Px) =
= 2Exy/S+mp—Mg,
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wheremy is the proton massEx and My are energy and mass of the system X
respectively. In previous derivation, we use a propépy + px) = (Pp + Pp) =
(2Epeam 0,0,0). This leads to the expression of the energy of the system X
s+Mg—m3
Ex=—-""—. 2.12

NG (2.12)
An absolute value of the 3-momentum of the leading antiprqig can be ex-
pressed using Equation 2.12

P> = IPxIP=EX-M§ =
(s+Mg —md)?

P 2
= —M$ . 2.13
IS X (2.13)

In the high energy limit, wherg M > m2, equation 2.13 implies

s—MZ
2\/s
We now introduce two frequently used variables, the Feynvaaiablexr and
variableg

Pl = IPx| ~ (2.14)

P Py

a p% - Ebeam’
X means a fractional longitudinal momentum carried out bygouty antiprotong

is an antiproton longitudinal momentum loss, carried oyptmeron. If we assume
the transverse momentum of the outgoing antiproton smadl,reeglect antiproton
mass, we can write

XF E:]_—XF . (2.15)

1
Py ~|Ppl, Ph~Ep= E\/é (2.16)
Using 2.14 - 2.16, we arrive at

Pyl _ 2Py Mg
= ~1-—=2 2.17
YT B s 2.17)

MZ

¢ =~ ?X (2.18)

The generated particles in genepgd collisions can be produced only in some
interval of rapidity. The maximum and minimum rapiditiexdze calculated from
(mis the particle mass)

2 2
LnEtpe L (Exp)” 1 (E+p) , i.e.
2 E-p, 2 E?-pZ2 2 m4p3

1, (2Epeam? s
Ymax ~ Eln%:m% (2.19)
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where in the second equation we assumedphat 0 and that maximum rapidity is
achieved whem; ~ Epeam | p7| &~ 0. Similarly, we find (withp; ~ —Epeam< 0)

S
Ymin = —|n% . (2.20)

The rapidity of the recoip can be calculated in the same way as above by using
Ey = (1—&)Epeam ﬁp_’ ~(1-&)pp

1 Ey+py 1 Ee—lpgl 1 Es—|psl

ys = -In L (2.21)
"2 Ey-py 2 Ey+lphl 2 Es+|pd

7
Py
and thus

S
Vg & Ymin = _|n£. (2.22)
Mp

The rapidity of the center of the system X can be obtainedlaityj using

Equations 2.12 and 2.14, and figg small

lnEX+pX 1| EX+‘§X‘
2 Ex—px 2 Ex—|[Px|

1 (Ex+|px|)? }In(l 4% — 4sng+m4)

Yx =

= ZIn =2
M 2 M2 4s
S

Mg

In (2.23)

Q

NI = I\)I

2
X
1 1

2 E ’
Using Equations 2.18, 2.19 and 2.23, we can calculate widtieosystem X

: s 1. 1

p
o S Mx
= In(Wp'E>N2In<mp) )

And from the last two equations, the size of the rapidity gapween cluster and
the recoilpis obtained,

Ay _ Lwiaen L1 oM GVS_

— —Ink. (2.25)



24 CHAPTER 2. THEORETICAL FRAMEWORK

2.3 Jets

Even the most sophisticated detectors are not able to eratiniectly the primary

partons leaving the high-energy interaction. Thereforeigegetsas a tool for prob-

ing the properties of the partons. Jets are described innpative QCD and thus
we can characterize parton final states back from the jetsepties. The concept
of QCD description, where there are hadrons coming from timegsy parton, can

be extended to the particles, detected by the DO detect@reldre we can define
several levels of the jet propagation. Fig.2.6.

L
-~

Q
Jus]

ou1]

Figure 2.6: Jet propagation through different definitiorels.

1. parton jets- jets formed from partons after parton showering as desdrib
perturbative QCD

2. patrticle jets- physical jets, which are formed from particles made of dasi
partons

3. detector jets jets, which are formed from the particles as detected and re
constructed by the detector.
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Parton showering can be described with theory and we carcticslate cross
sections to some order of perturbative Quantum Chromodysarvhen we pro-
ceed from parton to particle level, we have to usadronization modelThere are
many models, which describe hadronization. All of them nsasisfy basic feature
that they preserve the original properties of the partoellgt (like momentum and
energy) and thus of the original partons. This makes thegetept a useful tool
for examining the physical processes. Hadronization nsodél not be described
here, we will concentrate on how jets are defined in pracbodlte detector level).

2.3.1 Jet algorithms

Jets are not fundamental objects, so we can use various wdg$ime them. A pre-
scription, how to make a jet from detected particles, isechdl jet algorithm Each
jet algorithm should obey some basic rules. Similarly torbatzation models an
algorithm should preserve the properties of fundamentabps, it should be inde-
pendent on the detector and it should be insensitive to salinear emission of
partons. There are two considerable types of the jet algust thecone algorithms
andkr-algorithms

Cone algorithms are based on geometrical interpretation. We assume the-show
ering particles to propagate within a cone with fixed radiu$iie radius of the cone
is defined as a radius of the circleqgn- 8 plane, wherep and0 are azimuthal and
polar angles respectively. This definition has disadvantagrause it is based on
polar angled, which is not Lorentz invariant. Therefore it is suitable &xample
for ete interactions but not for hadron-hadron interactions, whee center of
mass system of the incident partons is moving along the bed@sn I this case,
the polar angle is replaced with pseudorapidijty- —In tan(6/2). A jet radius R
is then defined as

AR= /(D)% + (An)?

and this definition assures that R is an invariant under Ltateansformations along
the beam. Jets in the DO experiment use radius R=0.5 or R=0j&tsalised in this

analysis are defined with cone radius 0.7. These values armaalst common used
in data analyses and are based both on theoretical and edg@aperties of jets.

Particles detected within this distance from the centeheitbne are combined
together to calculate properties of the finaf jeRarticles within a cone are combined

20nly a general overview of cone algorithms is given in thistiee. The detailed description,
how the cone centers are found, how particles are combingdian problems with jet definition



26 CHAPTER 2. THEORETICAL FRAMEWORK

according to certain rules, which are calladecombination schemeThe most
widespread scheme used by experimentsSs@vmass schemer(fcheme([28]),
where

Elet IZEiT’ niet — Z;]_;Eli%’ et — zzll(ﬂEi'T (2.26)
By definition, jets in this scheme are massless. This schermesea for jets during
Run I in the DO experiment. The way of particle combination whaanged in Run
Il to E-schemgwhere not transverse energies, but the momenta of thaclesrt
(calorimeter towers) are directly summed up. The mass gkttie thus relevant in
the E-scheme.

Cone algorithms usually use a concepstdrting seedsi.e. the points where
the procedure of jet reconstruction starts. They are useetiiace the time spent to
find all jets in an event. On the other hand, they bring othebl@ms described in
the next paragraph.

The cone algorithms generally suffer from sensitivity tét sadiation, which is
introduced in NNLO QCD calculations ([27]). An example of Buzad behaviour
is shown in Fig. 2.7. Consider two separated partons whichagate on the op-
posite sides of a single cone. If these two partons form tte siarting seeds for
algorithm, there will be two reconstructed jets, correspog correctly to the par-
tons. But at NNLO, there can be a soft gluon radiating betwkeriwo separated
partons, which can serve as another seed. In this case cthdebe only one jet in
the end because of merging/splitting procedure, with battops inside. Thus the
outcome of a cone algorithm with seeds is apparently seadii infrared parton
emission. Similar examples can be used to show the sehsitivcollinear parton
emission. The sensitivity to soft radiation was a problegso &br Run | cone algo-
rithm and therefore additional starting seeds in the middlleverlapping jets were
introduced in a new Run Il algorithm. This algorithm is calletproved Legacy
Cone Algorithm (ILCApr amidpoint algorithm

A solution, which could solve the problem, is not to use tlaetsig seeds at all.
We could do the procedure using all calorimeter towers (nbttmwers with energy
above some threshold), but this is not possible in praclibere are approximately
5 000 towers in DO detector. Reconstructing jets using aletswvould lead to such
a computation time per event, which would not be usable inratyais. The in-
troduction of starting seeds significantly speeds up therdhlgn and the concept is
essential to be able to reconstruct the jets in the event ace@ptable time. While,

are avoided in the DO Run Il cone algorithm, is given in theptbaon data selection
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parton

reconstructed

jet
Figure 2.7: The picture illustrates the influence of the sadiation to the jet recon-
struction. The clustering begins in the starting seed partshown here as arrows,
which lengths are proportional to the partons energy. Thegnce of the soft gluon
causes (in this example) a merging of the jets (on the rigtitjch would not be
present in the case without the gluon (on the left).

as pointed out, the algorithm scheme used in Run | broughttaadifition sensi-
tivity, studies of ILCA showed that the IR sensitivity is cahesrably reduced. This
algorithm produces very similar results as seedless dhgosi [27] and simultane-
ously does not significantly slow down the reconstructiometi

kr-algorithms are inspired by the perturbative development of parton show
Partons radiated in the direction far from the original seuare usually soft and
most of the partons in the shower goes along the originattiine. Thekr-algorithm

is an iterative procedure, which combines together the twosest particles dur-
ing each iteration step. The distance between particlesfinatl so that soft and
collinear particles are close to each other. The procedwts when the closest par-
ticles are further than some given distance, which is a pat@nof the algorithm.
All remaining particles, recombined from the original a$, are callegets Such
jets are hard to imagine as they do not have a fixed geomesheple.

These algorithms are not used in the DO experiment and irathasysis. Al-
though they have big advantages to cone algorithms bechegaite, by construc-
tion, infrared and collinear safe, they are not wide-spiadthdron-hadron experi-
ments (a good review on cone as welkasalgorithms can be found in [27]).
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Chapter 3
The DO Experiment at the Tevatron

The Tevatron, about 40 miles west of Chicago, is a synchradicmelerator that
collides protons |f) and antiprotons). At \/s= 1.96 TeV, it has the highest
centre-of-mass energy of any accelerator currently opeyan the world, and it

generates collisions at an average rate of 1.7 million tipggssecond. The Teva-
tron accelerator components are housed in a tunnel withcaraference of about
6 km underneath the restored prairie lands at the Fermi Naltidccelerator Lab-

oratory (Fermilab) in Batavia, lllinois. Two collider experents, CDF (Collider

Detector at Fermilab) and DO (named after the location akhegTevatron ring)

study the products of interactions of the colliding beanmsaddition, Fermilab is

the home to several accelerator-based neutrino expeisment

3.1 The Tevatron Accelerator

The Tevatron at Fermilab started operations in 1983 withzaG&V proton beam.
In 1984, it first attained 800 GeV beams. The fipgt collisions were observed at
CDF with ay/s= 1.6 TeV center-of-energy in 1985. Collisions wi{fs = 1.8 TeV
were first attained in 1986. Collider Run I, which included the d®tector, began
in 1992 and in its 4 years of collisions delivered lumin@stof approximately 130
pb~! to each collider detector. The accelerator and detectatsrurent upgrades
after the end of Run | and in March 2001, Collider Run Il began \aittenter-of-
mass energy of/s= 1.96 TeV

The accelerator compléxs a chain of particle accelerators at increasing ener-
gies and is shown in Fig. 3.1. It is made up of 8 individual€hn and circular)

1The following information are primarily drawn from referess [19] [20] [23].

29



30 CHAPTER 3. THE DO EXPERIMENT AT THE TEVATRON

accelerators with a total length in excess of 9000 metersansuming energy at a
rate of 30 MW.

FERMILAB'S ACCELERATOR CHAIN

— MAIN INJECTOR

TEVATRON :

||'| —_SOURCE
)N
’ 4 j.g ] Q0s

" COCKCROFT-WALTON

_ TARGET HALL

Antiproten  Froton
Direction Direction

Figure 3.1: Fermilab chain of accelerators

Tevatron chain starts insideGockcroft-Walton pre-acceleratowhere a small
amount (several liters) of hydrogen gas is placed. Hydragenis ionized here by
adding an extra electron to the hydrogen atom BEindions are then accelerated
through a series of electrical potential differences toahergy of 750 keV. After
this they are sent to Linac, an approximately 130m long liheadio frequency
(RF) cavities. Here the ions go through tubes separated I8y gad are accelerated
with an alternating low frequency electric field. The elaxtreld gives a positive
gradient in the gaps and forces the accelerated particliesrtodiscrete groups of
so called bunches. The bunched ions are accelerated byrthe td 400 MeV, and
at the end they are passed through a carbon foil which stogs ddectrons from
the ions leaving bunches of bare protons. These are thestadj@to the Booster,
which is a small synchrotron accelerator that acceleragprotons to 9 GeV.

The proton bunches then enter the Main Injector, a largectsytron, 3 kilo-
meters in circumference, with several modes:

e atfirst, it accelerates protons to 120 GeV and sends thene {pgburce, and
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the fixed target and neutrino experiments

e in the second, protons are accelerated to 150 GeV and idjetdtethe Teva-
tron ring

¢ in the third, it receives antiproton bunches from the Acclatar or the Recy-
cler, accelerates them to 150 GeV and prepares for injettiorihe Tevatron

Antiprotons are created by firing protons onto a Nickel tgrgsing tens of
thousands of protons to produce each single antiproton.aftiprotons are accu-
mulated and stored at 9 GeV until they are needed for a peficdligsions, known
as a store, for which they are sent to the Main Injector foebration to 150 GeV
and injection into the Tevatron ring. Inside the Tevatrort&o RF cavities accel-
erates thg and p beams to 980 GeV by boosting the particles when they pass; the
field frequency is matched to the increasing rotationalfesgry of the beam. The
Tevatron magnets are superconducting. Dipole magnetstheldeam in a circu-
lar orbit by exerting a horizontal Lorentz forée= qv x B, whereq is the charge
andv x B is the vector cross product between the beam velocity anahetadield.
The magnetic field is increased to match the increasingg@ginergy. Quadrupole
magnets focus the beam by deflecting stray particles baokiet correct path in
either the vertical or horizontal planes. There are alstupete magnets for higher
order corrections. Each beam has a 36 bunch structure. Triehés are divided
into three groups of 12 bunches and each group is referresldswgperbunch

3.1.1 Beam Structure

Tevatron beam is divided into 13Rks (reader should assume ticks more ltkee
units thanspaceunits). Ticks are evenly spaced along the beam and protahs an
anti-protons are located in these ticks. Tevatron revatutiequency is 47713 Hz,
which gives a length of 132 ns for each tick. Within a supedbuthere is always

a gap of twoemptyticks between two subsequent bunches, i.e. the space lretwee
two bunches within a superbunéis 3x 132= 396 ns, spacing between two super-
bunches is about 2us

The basic beam properties, like number of protons and aateps in the
bunch, vary between different bunches (different ticks)l depends on time as
well. Consequently, the instantaneous luminosity cornedpy to the crossing

2Because of the increased energy, the time space was detsiase Run |, where it was 3u5.
This decrease had consequent demands on electronics apgradfor calorimeter, as described in
next chapters.
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of two bunches depends on the tick number. Therefore thenlsity in the DO
experiment is measured on tick-by-tick basis. The typiedl® for number of pro-
tons in a bunch is 2 10! particles while a typical antiproton bunch carries about
2 x 100 particles. A typical instantaneous luminosity at the baiig of the store
during Runlla was about ¢ 103%cm2s 1.

Proton and anti-proton beams dad apartin helical orbits everywhere except
the two interaction regions. These are nhamed by their loeaton the ring; DO,
where there is a detector of the same name, and BO, where $ttaeeCDF detector.

3.2 The DO Detector

The DO detector is nearly four storeys high and surroundsma 2€ction of the beam
on the east side of the Tevatron ring (3.3). Surrounding iberaction point are
several concentric detector layers, including a trackyggesn (with two detectors)
and a solenoidal magnet; luminosity monitors; a calorimeted a muon detector
system with a toroidal magnet. There is a forward protonalet¢o detect outgoing
intact beam particles located several meters off the maiect along the beam
line in either direction. DO uses a right-handed coordirsgtgem in which the-
axis points along the proton beam direction, toward thetseatl of the detector.
North and south are used to denote the outgpiagdp directions respectively. The
x-axis is in the horizontal plane, pointing out of the Tevatring (east) and thg
axis points upwards. The azimuthal anglanges from O - #radians. The detector
coordinate system is centered on (X, y, z) = (0, 0, 0), and Hysips coordinate
system is centered on the measured interaction vertex. dtieetdr subsystems are
described in the following sections. More details on allestp of the DO detector
can be found in [18].

3.2.1 Tracking System

The tracking system is typically the first system encourmtéseparticles that emerge
from the interaction point, measuring the trajectoriest@rged particles in a mag-
netic field. There is an inner detector, the silicon miciipgtacker (SMT), an outer
detector, the central fiber tracker (CFT) and a superconuyiaolenoid magnet
which encloses them (Fig. 3.3). The SMT is a high resolutetector surrounding
the interaction region. It is constructed in two parts: bkrwhich are cylinders
around the beam pipe, and discs, which are transverse t@tm (Fig. 3.2). The
six barrels are arranged longitudinally along the inteoactegion. Each has four
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concentric detector layers, of which some are single-sawisome double-sided.
There are 12 small discs with double-sided detector wedgksdcF-disks in the
central region and four large discs with back-to-back srgtied wedges, H-disks,
in the forward region. The outer radius of the barrel sestiand F-disks is about
10 cm, and for H-disks it is 26 cm. The pseudorapidity coveragn| < 2.5. Each
detector layer is a thin wafer of silicon with parallel stigcross its surface. Single
sided layers have only an n-side, a surface with a posititage bias and n-type
doping to increase the number of mobile electrons. Doublledsiayers also have a
p-side, which are doped to increase the number of posite&rein holes and have
a negative voltage applied. When a charged particle passasggythnthe silicon it
creates electron-hole pairs: the electrons collect on tkide and the holes on the
p-side. The charge is sampled by SVXIlle chips mounted dyrext the central
fiber tracker. The SMT is cooled to less than abd\@ % reduce radiation damage.

Figure 3.2: DO tracking system.

The CFT spans the region 20 - 50 cm radially outwards from ttzrbpipe
and|n| < 1.7. It has scintillating fibers arranged in doublet layerso tayers
of fibers, where one is offset from the other so as to leave mps.gd8 here are
eight concentric cylinders in the CFT, each of which has aalaoublet layer and
a stereo doublet layer at either3°or— 3°. The scintillating fibers are made of
polystyrene and double clad in acrylic and fluoro-acrylighwmirrored coating at
one end. The cladding materials have lower refractive ggltban the polystyrene.
Excited atoms in the fibers emit yellow-green light, whictrégpped and reflected to
the read out ends and taken by clear waveguides to the vigjhteohoton counters
(VLPCs). These are avalanche photodiodes that convert th@mphinto a charge
signal, which is read out with SV Xlle chips. The supercoriohgcsolenoid is nearly
three meters long, with an inner diameter of about a metee fihd is about 2T,
axial and uniform over most of the tracking volume. The ditesignals (hits)
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Figure 3.3: Layout of DO inner systems.

in the tracking system are used to reconstruct the pathsarfjed particles, for
calculation of particle momenta, particle identificatiomdareconstruction of the
position of the interaction vertex or vertices. The tragksiystem can measure the z
position of the primary vertex with a resolution of aboup8b The momentum of
a particle with charge in a magnetic field can be determined from the radius of
curvature of its trajectory R by equating the Lorentz fornd the centripetal force
mV?/R. This yields the relationship = eBR

High momentum charged particles have almost straight $rasd it is more
difficult to determineR and the momentum uncertainty is greater.

3.2.2 Central and Forward Preshowers

The central and forward preshower detectors measure thigyeand position of
particles before they enter the calorimeter, improvingehergy resolution and de-
tecting low pt electromagnetic showers. The central preshower is mowntede
outside of the solenoidrf| < 1.3), and the forward preshower on the calorimeter
end caps (b < |n| < 2.5), as shown in Fig. 3.3. The detectors are made of scin-
tillating strips read out by VLPCs (Visible Light Photon Coers), which provide
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higher quantum efficiency and higher rate performance inpaosison to standard
photomultipliers. The preshower detectors are not usethiig;manalysis and are
described elsewhere [25] [26].

3.2.3 Calorimeter

The DO calorimeter system measures particle energies lcimgl showering in
its dense material layers. The three main parts are theaterdiorimeter (CC),
which encircles the interaction region up|tg < 1, and the two end calorimeters,
End Cap North (ECN) and End Cap South (ECS), extending|te: 5 at the north
and south ends. Each is enclosed in a separate cryostate iEBhe@ome detector
coverage between the main calorimeters provided by thelesssgap detectors
and intercryostat detector (ICD). All of the calorimeteretdbr systems are from
Run | except the ICD.

Calorimeter geometry

The fine segmentation of the calorimeter allows shower jposéind shape measure-
ment. Radially, it is several layers deep: starting from tisede these are the elec-
tromagnetic section (EM) which has 4 layers; fime hadronicsection (FH) with 2

- 4 layers; and the coarse hadronic section (CH) which has aye&ds$. Each layer
is divided into small units called cells. Most cells have ege#\n x A@=0.1x0.1.
This geometry, with towers of cells radiating from the cemtethe detector, is ref-
fered to as pseudo-projective because the cells lie aloeg bf pseudorapidity but
their boundaries do not (Fig. 3.5). Each cell has uniquecti@teoordinates (layer,
ieta, iphi), where ieta and iphi are integers correspontbrigcation inn and@. In
general, each ieta value corresponds to a detectadth of An = 0.1. The range
is from -37 to 37 (with no null value). Similarly, iphi rangé®m 1 - 64 and each
integer corresponds to a deteciowidth A@ = 211/64~ 0.1. There are two regions
where the cells have different sizes. In the forward regign> 3.2 the cells are
larger inAn because of the diminishing physical size of pseudorapiditis (Table
3.2.3), and their azimuthal width doublest@= 0.2. In the central regiom| < 2.6
the third EM layer is divided more finely with@ x An = 0.05x 0.05. This is to
define the EM showers more precisely at the depth of their maxi energy de-
position. Figure 3.6 illustrates the calorimeter geomeiirgwers are drawn as an
ieta-layer projection, demonstrating the correspondéeteeen ieta and detector
n and the coverage of the various layers. The CCCH is the centiairoater
coarse hadronic region. The end calorimeter hadronic melgis three concentric
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lietgd | n|interval

1 0.0-0.1

2 0.1-0.2

3 0.2-0.3
32 | 31-3.2
33 | 3.2-342
34 | 3.45-3.7
35 | 37-41
36 | 41-445
37 | 445-5.2

Table 3.1: Conversion between calorimeter towers ieta anggponding pseudo-
rapidity interval.

cylinders around the beam pipe: the inner module (End Cap Hadronic Mod-
ule) at highest pseudorapidity, which has up to four hadrtayers and one coarse
hadronic layer, the middle module (End Cap Middle Hadronialile) which has
four fine hadronic layers and one coarse hadronic layer,t@duter module (End
Cap Outer Hadronic Module) which has up to three coarse lay&ssshown in
Figure 3.6, the calorimeter EM layers extendrip= 4.1, the first two FH layers to
In| = 4.45, and the last two FH layers and one CH layer exterjg|te- 5.2.

Calorimeter Cells

A typical calorimeter cell is shown in Figure 3.7. The celfiled with liquid Ar-
gon, with an absorber plate connected to ground and a regtket at +2.0 kV.
A charged patrticle passing through the cell leaves a trabmation in the liquid
Argon, and the free electrons then drift to the readout plEite dense absorber in-
duces showering so all the energy of the incident partiakedasured. The absorber
in EM cells is uranium, for FH cells it is uranium-niobium@yl and in the central
and end CH cells copper and stainless steel are used. The éicgon gaps are 2.3
mm wide, with an electron drift time of 450 ns. The absorbaitgd are 3-6 mm
wide in the EM and FH layers and about 47 mm wide in the CH so asdore all
the energy is sampled within the calorimeter. For the regdlift electrons induce
a charge on copper pads etched onto a G10 fiberglass board vefiistive coat of
epoxy.
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Electronics

Each calorimeter cell is a capacitor. The charge is sent teeanpplifier which

amplifies and shapes the signal so that all channels havdlarssimape: the charge
rises during the drift time 450 ns and decays over a periodofial5us which is

about three quarters of the Tevatron cycle. The drift timenger than the bunch
spacing (396 ns). All of the calorimeter electronics are f@Run Il to meet the

demands of the increased crossing rate. The preamplifipubistsent to a baseline
subtractor (BLS) board, which performs several functionssh@per circuit takes
the first two thirds (260 ns) of the signal and produces a sheignal that peaks 320
ns after the interaction and decays over three bunch cipggnods. The shaper
signal is sampled every tick (132 ns) with every third sangaeurring at the peak.
The samples are used for baseline subtraction. Baselineastibh compensates
for remaining calorimeter pile-up signals from previoutenactions. The baseline
is the stored sample from the previous bunch crossing, tluleebefore the current
signal. The subtraction can result in negative energy $dioa the channel. The
BLS board sends the signal to be digitized for readout. Cedisabjected to zero
suppression to reduce the amount of information recordegbith interaction. Each
cell is monitored during beam collision time, and the sigisabnly stored if it

is at least 150 from the mean of the noise. During off-line data processhwg t
T42 algorithm performs a more sophisticated level of sugpgiomn [24]. In this
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algorithm, most of isolated cells are considenmisyand as such discarded. Also
all cells with negative energies are discarded. Cells aredy in two cases:

- the signal is higher thanodfrom the mean

- the signal is between 2 and4rom the mean and there is a direct neighbour
cell (in 3D space) with signal abover4

Mean values and@’s for each calorimeter cell are measured during pedestal
runs, taken usually after each store, in the time betweerstares when there are
no (anti-)protons in the beam-pipe.

3.2.4 Massless Gaps and Intercryostat Detector

The massless gaps are individual calorimeter cells positianside the cryostats
before the first absorber layers. They cover the regi80|n| < 1.4. The inter-
cryostat detector (ICD) is mounted on the calorimeter end ¢ape Fig. 3.3) in
the region 11 < |n| < 1.4. It is made of scintillating tiles, which are read out by
wavelength shifting fibers connected to photomultiplidres (PMTs). The mass-
less gaps and ICD provide information on shower energy ingg®ns between the
central and end calorimeters.

3.2.5 Luminosity Monitor

The Luminosity Monitor (LM) is used to detect charged paescin the forward
region and to determine the luminosity of the experimenis ihade up of two de-
tectors and a logic system. Each of the detectors is an ar@d/mastic scintillator
wedges and photomultiplier tubes (Fig. 3.8) situated reabeam pipe at approx-
imately+140 cm from the center of DO. One detector is mounted on thi snd
one on the north calorimeter end caps (Fig. 3.3). Each cdkerpseudorapidity
region 27 < |n| < 4.4.

The LM makes use of the time difference between hits in théhnamd south
disks to distinguish real collisions from the halo interacs. When proton halo
interacts with north disk, a muon is produced which passesith the interaction
region and hits the south disk about 9 ns later. Similarlyaiati-proton halo. The
outgoing particles from regular interactions arrive atbdisks at roughly the same
time. The time difference between the hits is also used &rdehe thez-coordinate
of the interaction vertex.
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Figure 3.8: Simple layout of one part of the Luminosity Monit There are 24
detector wedges, red circles correspond to photomultipliges.

3.2.6 Muon Detector

The muon system was upgraded for Run Il and now has full coeearnd triggering
out to|n| = 2.0. It is divided into the wide angle muon system (WAMUS) which
covers the regiofn| < 1.0 and the forward angle muon system (FAMUS) which
covers the region.0 < |n| < 2.0. A toroid magnet with a field of 1.9 T bends
muons in the r-z plane and either proportional or mini dufigs are used to identify
muon trajectories. In addition, scintillator countersiaittiggering and in reducing
backgrounds such as cosmic rays.

The WAMUS system consists of three layers of proportiondt tibes (PDTSs),
one of which is inside (A-layer) and two of which are outsiBeajnd C layers) the
central toroid. The PDT layers are typically 2:78.59 n? and made of rectangular
extrude aluminium tubes. Each drift chamber is subdivigethost cases into 24
cells with each cel«10.1 cm across with a gold clad, tungsten anode wire down the
centre, The gas used (mixture of argon(84%), methan (8%L&a(8%)) provides
a velocity of 10 cmyis and a maximum drift time of 500 ns.

The FAMUS system consists of three layers of mini drift tugd®Ts) simi-
larly arranged to the PDT layers, with the A-layer inside tiw®id (four decks of
cells) and the B and C layers outside the toroid (three detkelts). They are
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aligned along the magnetic field lines. Since the maximurft time is shorter
than the bunch crossing time, scintillators are not needeakttch drift tube hits to
events. However, the scintillators can reduce backgroaadls as cosmic rays and
aid in triggering.

3.2.7 Forward Proton Detectors

The Forward Proton Detector (FPD) is used to detect intaxtbps and antiprotons
from elastic and diffractive scattering processes. Schier@yout of FPD is shown
in Fig. 3.9.

Scattered antiprotons Scattered protons
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Figure 3.9: The Forward Proton Detector layout.

It is a series of momentum spectrometers that make use dkaator magnets
in conjunction with position detectors along the beam lihe total the FPD has
nine spectrometers, each comprising two scintillatingrftbecking detectors, that
can be moved to within a few millimeters of the beam. Reconstdiparticle hits
are used to calculate the fractional momentum Iggsafd the four-momentum
transfer squared) of the scattered protons and antiprotons at the interagioont.

3.3 DO Trigger System

Triggers serve for quick decision about a type of event. Ty hardware and
software tools to read basic event attributes. They sereetasl for reducing the
number of interactions written to disks. DO trigger systeamngists of three levels,
which are successively used to decrease the rate of intaradtom~ 2.5 MHz to
~ 50 Hz.

Level one (L1) is a fast hardware trigger that makes decésmmnevery possi-
ble beam crossing, i.e. with frequency of 7.586 MHz, and Egte=d to reduce the
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event rate up to 10 kHz. There are 256 binary channels indbéd,Iwhich use basic
information from the detector (such as energy from part efdalorimeter, track-
ing hits, luminosity monitor information, ...) to be sethest to zero or one, when
given conditions are satisfied or not; therefore the chanaed named L1 And/Or
terms. Different triggers use different combinations ofesal And/Or terms in L1.
Discrimination based only on physical conditions of thergwegould still lead to a
very high rate of interactions passed to level two. Theestbere is another control
of the L1 trigger rate by applying prescale The prescale drives the L1 to keep
every N-th event, where N is a number depending on the phirgicger. The more
common interactions the trigger chooses, the higher thecple is. N ranges from
1 to tens of thousands (hundreds of thousands for zero arichomimbias triggers).

Level two (L2) reduces the L1 rate by factor of 10 (o 850Hz). It is made
up of a combination of hardware and firmware tools. Physi¢gsat® from the sub-
detectors are reconstructed here and the information #hese objects is collected
and passed to the global processor which makes the finaialecis

If the event passes L2, the detector signal is digitized hediill detector is read
out by Level three (L3). L3 trigger is software trigger thatrunning on dedicated
PC cluster. The output rate of L3 during Runlla was set at gjyi&0 Hz. Events
selected with L3 are stored on tapes.
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Chapter 4

Event Selection

4.1 Data Selection

Data used in this analysis were taken by the DO detector gluhie period from
August 15, 2002 to August 23, 2004 (run numbers 161973-1969%e definition

of physics triggers changed from version GLOBAIMT 8.10 to version 13.21.
All data were reconstructed using the DO reconstructiotwso®. This software
contains many packages to reconstruct various physicacesfprimary vertices,
tracks, jets, missingr,..) and is still under development. The version used in the
thesis was p14.fixtmb2. This version was very stable andstwsad to reconstruct
most of the data recorded during Runlla.

All runs were required to satisfy several conditions on dpiality as stored
in the DO Run Database. Each run had to be marked as 'good’ idatadase for
calorimeter, SMT and CFT.

Other quality cuts were applied on each event to remove tedard operating
conditions (e.g. electronics faults, calorimeter hotxedind background processes
(cosmic rays, beam halo interactions, ...). The selecwguirements, including
triggers used, geometrical and kinematical conditione, described in detail in
next subsections.

4.1.1 Hot Cell Killing

Each calorimeter cell is a complicated electronic systemd, & such it can mal-
function from time to time. As there are about 50 000 cells #nodisands of events
per second, the probability that some of them will not worklak the time is very

45
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high. The number of suchad cells is measured electronically during the data tak-
ing and if this number at the end of the run is too high, the whiah is marked as
badand is usually not used for a physical analysis.

In principle, there are two possibilities when a cell is netlas bad - the fre-
guency (multiplicity) and/or energy with which the cell ig,hs either too low or
too high. The latter option may be caused when the cell dispdahit each and
every event. Such behaviour can be dangerous in data a)dlgsiause those cells
can influence reconstruction of tracks and jets - they mayesas starting seeds
in jet algorithm, or may change the direction or energy ofjtte These cells are
calledhot

The uncorrect behaviour is handled by offline software leefoe data are writ-
ten to the disks. There are two steps in hot cell killing inEreexperiment [29]. A
pedestal calibration is running usually after each stordlsGatisfying the criteria
to be hot (cells with a pedestal value 400 or> 800) are tagged straight on the
calibration taking and are automatically suppressed ferinigmext store. After the
pedestal run ends, the calorimeter is analyzed and cells paitiestals> 1 GeV,
sigma> 1 GeV and an occupancy 30% for energies greater than 500MeV, are
tagged and then suppressed usingitiecell killer software.

In case of diffractive analysis using gap approach, we laskrégions 'with
no energy’ and thus any extra energy disrupts our measutemdimerefore for
the purpose of this thesis, we reanalyzed the general hatitet used in the DO
experiment.

In Figures 4.1 to 4.3, an example of one run measurement afaloeimeter
tower multiplicity and of the deposited tower energy is shovAll runs, marked
asbad for calorimeter problems (e.g. because of high number otthii$), were
removed and all runs are reconstructed with the pl14 releztsase. Towersof
cells' are used separately for electromagnetic (EM) and fine had(e#) parts
of calorimeter, instead of using the individual cells or \hoalorimeter towers
(EM+FH). An analysis of the multiplicity and energy disuiiions of each cell
showed that the occupancy of whole towers is not uniformiseag within the
tower, but individual layers of cells have the same propsrtiithin EM and FH
respectively. This observation rapidly decreases the atenpime during the anal-
ysis by a factor of- 7.

It is clear that some towers are 'out of average’, the coordmg bins are

LA tower is a group of cells with the same pseudorapidity arichathal angle with respect to
the center of the calorimeter.
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many times higher than their neighbors. These towers sHmitémoved, because
they are hot. Zoomed picture on the right side of Fig. 4.1 a@dshows that there
are even more bins that seem to be out of average. The precefiiinding all hot
towers, used in the analysis is as follows:

1. Overall energy deposited in cells is computed for eaclsggparately.

2. Energy of cells with the same ieta and azimuthal angleiwiM (FH) part
of calorimeter is summed.

3. For each ieta (which corresponds to some pseudorapgtjipm - see Table
3.2.3), the mean value and the dispersion is computed oeeazimuthal
angle.

4. Towers which are more tharm3rom mean value for corresponding ieta are
marked a$ot These towers (cells) are removed from our analysis.

zb_energy176571
Entries 278696 | | Tower energy, EM layers, run 176571 h_energy176571
Mean x -0.2258 Entries 278696
""""" Meany 32,05

| Tower energy, EM layers, run 176571 |

Mean x 0.8072
Meany 3354

e Tl T RMS x 29.5

----- RMS x 14.77
RMSy  18.26

el RMsy  17.84

Figure 4.1: Sum of the energy for fine hadronic calorimetevers during run
176571. A zoomed cut of the central part is shown on the riglat s

4.2 DO Run Il Cone Algorithm

During Run I, the DO collaboration used a recombination saetmich was called
Etr —schemeThe important property of this scheme is that jets wererassumass-
less. For Run I, the jet physics group and the Jet DefinitioougrLes Houches
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Figure 4.2: Sum of the energy for electromagnetic calomm&iwers during run
176571. A zoomed cut of the central part is shown on the riglet s
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Figure 4.3: Multiplicity of electromagnetic and fine hadimealorimeter towers

during run 176571.
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recommended to change the jet definition. Changes are sna#fimtion but im-
portant in resulting properties of the jet. Comparing to tllescheme, there are
additional starting seeds where jets are looked for, angetseare no longer mass-
less. The detailed description of the DO Run II algorithm igegifurther in this
chapter.

Jets are generated from calorimeter towers only and there isack informa-
tion used anymore. Each calorimeter tower is assigned a miimeand energy as
a 4-momentum sum of momentum and energy of cells containgaeitower. Cell
4-momentum is defined as

P cell = E cell(]-, ﬁcell)a |ﬁcell| =1 (4-1)

whereE.g is energy measured by the cell, amg is a unit directional 3-vector
pointing from the primary vertex of the interaction to thél p@sition. The energy
of tower is thus defined as

I:)tower: (Etower, ﬁtower) = ; F)cell (4-2)
cells

and energy (momentum) of the jet is

Pjet = (Ejeta ﬁjet) = Z Ptower (4-3)
towers

Whereas|Pcel|| = 0O, for tower 4-momentum it is no longer validP;ower|| # O
and mainly for jet 4-momentum generally holﬁlé’jetH = szet # 0. This forms
the basic difference between DO Run | and DO Run Il cone algusthets in Run
Il E-scheme are in general massive. The main reason for goriddm change
was the simplicity of the definition. We directly sum up 4-memta of detected
'particles’ within a cone and thus obtain energy and momandfithe jet. On the
other handEr-scheme used during Run | defined jets as massless and jettpspe
were computed as a sum of céf and a weighted sum @ andn, as described
earlier in the text (Eq. 2.26).

The new recombination scheme introduces massive jets,arapalityy and
pseudorapidity) are no longer equél

1 _E+p,
Y=3"Ep,

= — Intang
n= 2

where® is a polar angle. The jet angle characteristics in the DO raxgait are
completed with detector pseudorapidifys:, which is computed as a pseudorapidity

2For massless jets (particles), it hols= || and thusZ = % = cos 0, which means that=rn.
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using the angle of a calorimeter cell with respect to the gednal center of the
detector.

The DO Run Il jet algorithm iterates in the following steps:

1. As a starting seed, calorimeter towers with the trangvengrgy higher than
Eseed— 0.5GeV are used.

2. A cone of radius R=0.3 is used to define a seed protojet. Setojgis are
formed from calorimeter towers within a radius Rgx y plane as described
by Eq. 4.3.

3. A 4-momentum for the protojet is obtained and a cone is éafraround
this direction together with the sum of the towers includethin this cone.
Again, a new direction is obtained, a new cone is formed aadtm of the
tower energies is calculated. This is repeated until thectlon is stable.

4. There can be more protojets that result in the same direciihese protojets
are treated as one.

5. The resulting directions of protojets with this smallicedare used as starting
points for searching for the jets with the given radius R &lisu0.5 or 0.7).
Steps 3 and 4 are repeated to get the new (proto)jets.

6. Resulting protojets can overlap and so we introduce additistarting seeds
in the middle of two (three or more) protojets. Only combioas of jets
which are within a separation 2R are used. The direction dpwint is de-

fined as
Nprotojets

Prmid point = Z R
i=

7. Stable positions for midpoint seeds are found in the sameas in steps 2
(with new R), 3 and 4.

8. All found protojets are ordered according to transversenentum. If two
neighbouring protojets share more than 50% of transvergaentum of the
softer one, they are merged. Otherwise they are split ansidered as two
distinct objects. Calorimeter towers from both protojets assigned to the
new merged protojet and so it does not keep a cone shape amymbren
protojets are split, towers contained in intersection airegd to the closer (in
n x @ space) protojet. 4-momenta of new protojets in both casesegom-
puted according to Eg. 4.3 and reordered. This step is regeatil there are
no overlapping jets remaining.
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9. Protojets with transverse momentum smaller than 8 GeVYeam®ved from
the list of protojets.

10. The protojets in the final list are then called jets.

4.2.1 Jet Energy Scale

Although jet algorithms preserve the properties of the pryrparton as good as
possible, the resulting jet energy must be corrected todhtecie level. The correc-
tions come from the detector influence of the measurementrandthe topology
of the algorithm itself. The procedure is callaget energy scal€JES). Its determi-
nation is a complicated process, but each jet analysis nsesthe JES corrections
and also in this thesis they are used with every jet.

The jet energ\Eqet, as reconstructed by the cone algorithm, is corrected to the
particle levelEp according to the formula
Edet_ Q(R7 n, L)

- Eyeu R L) — 4.4
ptd( det; 1l ) Rjet(Ede'[?r]vR)S(RanvEdet) ( )

wheren, R, and L are the jet pseudorapidity, the cone radius, and#taritaneous
luminosity respectively. The correction is managed by &paaters Q, Rjet andS)
that are discussed bellow.

Offset Q(Rn,L) changes the jet energy by energy, which was deposited in the
cone and was not directly associated with geinteraction itself (uranium noise,
pile-up from the previous beam crossings or additional murm bias interaction

in the current beam crossing). In general, it depends on ldee pvhere the jet
hits the calorimete(n), the cone size R, and the instantaneous luminosity L. It is
determined from the measured average transverse energifydeeposited in the
calorimeter during a special minimum bias run. This corogcis important mainly

for low-pr jets while it is small for jets above 100 GeV.

Respons&Rjet(Edet; N, R)  Rjet corrects the jet energy for the response of the calorime-
ter to particles that constitute the jet. Although the DGoaheter is nearly com-
pensated, the response to jets is smaller than one, due tbnean calorimeter
response to particles with low energy and dead materiabint fof the calorimeter.

The correction is determined from the transverse energyalamge in pho-
ton+jet events using the so called missigg projection fraction method. It re-
quires the calorimeter to be calibrated for electromagratjects. This EM scale
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is obtained independently of the jet energy scale. DO cothation uses the known
masses of resonances like 2PJbr 1 for this purpose.

Showering S(R;n,Eqet) corrects the energy that dissipates from the cone during
the shower development in the detector. The correctionterehened from the jet
profiles in the photon+jet sample. Itis larger for smallenes. It also increases with
jet pseudorapidity because the forward cones have smbbele sizes (expressed
in units of length - meters). The correction is small for thee of central jets (used

in this analysis).

4.3 Triggers

A trigger system at DO, as described in general in chaptercditains a lot of
individual triggers, each of which is suitable in differgitysical analysis. Those
used in this thesis are described in following sections.

4.3.1 Zero Bias Trigger

A basic trigger that ensures data to be taken only when ther@raton and an-
tiproton bunches crossed within the DO detector. There iegairement on beam
collision, so this trigger is especially suitable for deteaoise studies. In addition
to the basic zero bias trigger there is another one, whiclahaslditional condition
on the type of calorimeter read-out and which is used in thedyesis.

zero_bias trigger at Level 1 requires a Live Beam Crossing. There are stoice
tions at Level 2 and 3.

zero_bias.NCU trigger at Level 1 requires a Live Beam Crossing and not unsup-
pressed calorimeter read out. No conditions at Level 2 and 3.

The prescale for zero bias trigger~s3 400 000.

4.3.2 Inclusive Jet Triggers

There are several main triggers usually used in jet analyBlsir names as used
in the DO experiment are JISTT, JT25TT_NG, JT45TT, JT65TT, JTO95TT and
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JT_125TT. Their basic purpose is to trigger out events, whiaht&@io at least one
jet with a givenpr (15, 25, ...).

Level 1 of jet triggers use directly an analog signal from Bls&Bodmeter
boards. This differentiate L1 calorimeter readout fromribgular one. The cover-
age of this trigger i$n| < 3.2. In L1 stage, the & 2 towers are grouped together,
and thus the size of L1 calorimeter towenis ¢ = 0.2 x 0.2. On the first level, jet
triggers vary in requirements on several towers with somestiold ory.

When L1 trigger is set on, the event is passed to Level 2. Tloenrdtion about
the towers which made the L1 trigger to fire is also propagated very simple
jets are constructed around these seeds. These ’jets’ mmedoof 3x 3 or 5x 5
towers(according to time, when data were taken),Bhis of which are summed
up. For most common jet triggers, there is no Level 2 requéreimfor JT65TT
and JT95TT at least one of these simple jets must pass some traesgaergy
threshold.

At Level 3, the calorimeter is already precisely read out afast simple cone
algorithm is processed. It follows the cone procedure withdius R=0.7. There
are starting seeds identified by L1, but there is no splitbingnerging in this simple
algorithm.

An example of conditions for all trigger levels for most commjet triggers
are shown in Tab. 4.3.2. The definitions changed throughitie period of data
taking. Starting with trigger list globaCMT version 11 all level one conditions are
accompanied with a requirement of not calorimeter unsiggae readout. Also the
number of level one towers and the thresholds were changedasémes. Before
global CMT version 10, there were no level 2 conditions. Since verdi0, the
level 2 requirements were applied for triggers@8TT and JT95TT, since version
13 for trigger JT125TT as well.

4.3.3 Diffractive Jet Triggers

In addition to inclusive jet triggers, there are severakoffet triggers, which are
suitable for diffractive analysis. They differ from the lnsive ones in level 1 con-
ditions and in prescale values.

The diffractive trigger names are IHTT_GapS, JTI5TT GapN, JT15TT_GapSN,
JT 25TT_GAPS, JT25TT_GAPN, JT25TT_GAPSN, JT45TT_GAPS, JT4A5TT_GAPN
and JT45TT_GAPSN. Triggers JR25TT_GAPS/N were used in older trigger list
versions, later they were replaced with - 15TT_GapS/N and JA5TT_GAPS/N.
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Trigger name | Level 1 Level 2 Level 3 Prescale
JTA5TT 2 towers with| none 1 jet with 1.6k-240k
Er > 3 GeV Er > 15 GeV

JT 25TT.NG | 2 towers with| none 1 jet with 200-22k
Er > 5 GeV Er > 25 GeV

JTA5TT 2 towers with| none 1 jet with 14-3 000
Etr > 5 GeV Et >45 GeV

JT65TT 3 towers with| 1 jet candidate 1 jet with 2-400
Er > 5 GeV | with Ef >20 GeV | Et >65 GeV

JTO5TT 3 towers with| 1 jet candidate 1 jet with 1-20
Er > 5GeV | with Er >50 GeV | Er >95 GeV

JT 125TT 3 towers with| 1 jet candidate 1 jet with 1
Er >5GeV | with Ef >70 GeV | Et >125 GeV

Table 4.1: Jet triggers used in inclusive jets analyseggeérn definitions on Level
1 and Level 2 were modified a little bit during the time and pedss are shown
only approximately, because they change strongly with hasity changes. Jet
candidate in L2 is computed as a sum of 3 or 5x 5 towers (the size was changed
during the time period when the data sample was taken). 3et defined using
simple cone algorithm, where no splitting/merging is used.

As mentioned, the conditions on these triggers are the sarfar the correspond-
ing inclusive triggers except the condition on level 1. Bifitive level 1 trigger is
extended by the requirement on the luminosity counter orctineesponding side
of the detector (on both sides for GapSN triggers), whichtrbaswitched off.

The prescales for all diffractive triggers are usually Ir, hagher luminosity
they can rise up to few tens. The prescales for south diflattiggers are higher
than for north diffractive triggers.

4.3.4 Trigger Turn-On Points

Triggers are not 100% efficient directly above the threslgoldn in their definition.
The inefficiency comes from level one or two, where 'goods jedin be rejected even
when they could be reconstructed on level 3 withabove the given threshold. The
pr values, above which we consider the trigger sufficientlyceffit, are called
trigger turn-on points Only jets which pass the trigger wittr above its turn-on
point, are used in this analyses.
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The idea of finding the turn-on point for a given trigger is tompare thept
spectrum of jets, which passed the trigger, wethspectrum of jets, which passed
the lowerpr trigger. The higher is the jgtr, the higher is the probability that the
jet turns on one of the triggers. In principle, all eventst thass a given trigger,
should also pass a trigger with lowet cut (if there was no prescale).

The pr spectrum of the leading jet for various jet triggers is shanwhRig. 4.4.
The jets after JES corrections are used. Each spectrumlezidmathe luminosity
for a given trigger, which takes into account the triggersgeale; the luminosities
are shown in Table 4.2. Itis clear that from some pointghepectra of all triggers
are the same. Thpr point where the trigger starts to behave similarly to other
triggers is the searched turn-on point.

Trigger Luminosity
JTA5TT 118.2 nbt
JT25TT.NG | 2077nb?
JTA5TT 33868 nb*

JT65TT 171 884 nb?
JTO5TT 387 402 nb?
JT125TT 398 087 nb?!

Table 4.2: Measured luminosity for jet triggers.

The ratio of two subsequent triggers is shown in Fig. 4.5. &wéis made using
the error function:

f(pr) = %[1+erf(aoIOT +ay)]

erf(x) — :;E[jdﬁezz (4.5)

The turn-on points are defined so that the triggers were garitly efficient.
But the number of events in the diffractive sample is low, sis ihecessary that
the pr cut keeps as many of them as possible. This was taken intaatcitothe
diffractive turn-on point definition. The diffractiver spectra are shown in Fig. 4.6.
The luminosity for diffractive triggers was not measuredinly the data taking
for the period used in this analysis. Therefore the lumiryosan not be used to
scale the spectra as in the case of inclusive jets and it neustéled artificially.
As in the inclusive case, it is assumed thatpiy area much higher than ther
threshold, the trigger is fully efficient. The parametgeused in the plot, is set so
that the consequent trigger spectra correspond to onearaiibve gt value much
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P, distribution of the leading jet for various triggers
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Figure 4.4: The inclusive leading jet spectra for various jet triggers.
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Figure 4.5: The ratio opt spectra for two subsequent triggers.
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higher than the threshold of the higher one. The ratio of assquent triggers for
diffractive events is shown in Fig. 4.7.
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Figure 4.6: The diffractive leading jgir spectra for various jet triggersx is a
normalization constant to fit the spectra for differentdecs.

To compare the physical results for inclusive and diffrecgamples, the same
leading jetpr cuts should be used.

1. The turn-on point for trigger J25TT (diffractive or inclusive) is set to 61
GeV, which corresponds to 99% efficiency.

2. Analyzing the plots for trigger JA5TT, we find a reasonable turn-on point
at ~ 85 GeV. However, thipr cut rejects most of the diffractive events that
pass the trigger. Therefore a lower turn-on point of 75 Ge¢ wsed. The
Fig. 4.8 shows thég distributions for events above a threshold of 75 GeV
and 85 GeV. The difference is negligible and the change ircthéncreases
the number of diffractive events which pass the trigger,ertban twice.

3. Trigger JT15TT (diffractive as well as inclusive) brings the biggestre
plications. For the inclusive sample, there is a triggei8JT, which could
be used as a comparative trigger, but the efficiency of it iy y@or. The
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Figure 4.7: The ratio of two subsequent diffractive triggspectra.

problem is that the threshold of this trigger is the same ascth on the jet
acceptance in the DO jet reconstruction software. Theedtas usually not
used in QCD analyses in the DO experiment. For diffractivggirs there is
no JT8TT trigger at all. Therefore the turn-on point for triggdr I5TT is
artificially set to 25 GeV in relation to trigger A5TT (where the cut is set
to 75 GeV).

All inclusive and diffractive triggers turn-on points usedthis analysis are
shown in Table 4.3.

Trigger Turn-on point
JT_15TT(GapS/N) 25 GeV
JT 25TT(NG, _GapS/N) 61 GeV
JT A5TT(GapS/N) 75 GeV

Table 4.3: Trigger turn-on points for triggers used in thesik.

4.4 Event Selection Criteria

Every event must pass the basic selection criteria. It hdwd teecorded during the
good runs (according to DO Run Database) and must be incladéé Luminosity
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Comparison of Agbetween jets above threshold 75 GeV and 85 GeV, trigger JT_45TT_GapS
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Figure 4.8: The comparison Afpspectra for jets passing the triggerd5TT_GapS
with two different cuts orpr.
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Block (LBN) marked as good, i.e. time interval where the lunsitypowas correctly
measured. Although the luminosity was not measured foratdifive jet triggers
during the time period of data taking used in this analysignes coming from
these triggers are always associated to an LBN. We requiexatits, diffractive as
well as inclusive, to come from good LBNs.

These basic criteria do not ensure yet, that the data areatlyrreconstructed
and that they come from hangp collision. They only select events, which were
taken with properly working detector. Therefore there nnesadditional selection
criteria, which take into account the physical aspects efdbllision and the re-
constructed decay products. In this analysis, we followptevious inclusive jet
dataA@ studies done by the DO collaboration ([33]) and the DO Jeti@ug rec-
ommendations on jet quality cuts ([31]) to ensure that je¢scarrectly found and
reconstructed.

The event cuts used are:

- At least two jets withinn| < 0.8 must be reconstructed.
- Missing Er must obeyEt < 0.7pr

- Primary vertex must be found within 50 cm from the centerhaf tletector,
|zvtx| < 50, and number of tracks associated with this vertex is at [@a

The jet ID cuts recommended by Jet ID group:

Electromagnetic fraction:.05 < EMF < 0.95

Coarse hadronic fraction: CHE 0.4

Hot cell fraction: HotF< 10

n90 variable: n90> 1

. st 5 04 for EC and CC regions
Level 1 confirmation: Pr *(1-CHF)
> 0.2 for ICD region

EC region is defined as |detector rapidity > 1.5
CC region as |detector rapidity < 0.8
ICD region as B < |detector rapidity < 1.5

All criteria are described in detail in next chapters.
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Missing Er  Missing Er (Ef) is a transverse energy which was not measured by
the detector. This can be caused by neutrinos or other lesrtoming from hard
interaction that escape from the detector without leavirgyrtenergy in it. In this
caseEr is usually small compared to the overall energy of the imtéoa. But
missingEr can also be used as an indication of non-hard processesasaosmic
rays, hot cells or other electronics malfunctions, whefecan be very large. Cut
on Efr is introduced to remove such events from the analyzed sample

Missing Et is measured using calorimeter cells; it is computed as a Sum o
their energy, taken as a vector with direction from the c¢aleter center to the cell
position:

Er =

E_Ic_ell

|3 E6
(EX EXyyp) = Ecenl SiNBcell (COSGell, SiNGeelt)

(4.6)

Ecell, Bcell and e are energy deposited in the cell, polar and azimuthal arajles
the cell, respectively. All cells with positive energy werged in the sum.

The cut is quite loose, it requires the misskgin the event to be less than 70%
of the leading jetpr. The distribution of missinder for inclusive and diffractive
samples is shown in Fig.4.9 - 4.11. The green area is for sueat passed all
selection criteria, black line shows events that pass idiréa except the cut oBf .
The number of events which do not pass the cut is very low. iBmsainly caused
by the fact that other selection criteria (e.g. demand of g pt central jets)
already remove most of the background. The efficienciessored as the ratio of
number of events that pass all cuts and number of eventsadkatghl criteria but the
Ef cut are shown in Table 4.4. All of them are almost 1 and so,nbisnecessary
to consider them in the analysis.

pt > 25 GeV| pt > 61 GeV| pt > 75 GeV
inclusive 0.9953 0.9989 0.9991
diffractive south 0.9995 0.9998 0.9997
diffractive north 0.9994 0.9995 0.9990

Table 4.4: Efficiencies for cut on missirkgy for different pt regions in inclusive
and diffractive samples.

Primary vertex selection The DO tracking system allows to distinguisimary
as well assecondaryvertices in an event. Primary vertices comes directly froben t
pp interaction, secondary vertices are connected to decapsigfliving particles.
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Figure 4.9: Distribution of missing+ for inclusive sample.
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side of the calorimeter.



4.4. EVENT SELECTION CRITERIA 63

lead jet
N

| Diffractive sample, north side, p >25 GeV | | Diffractive sample, north side, pITead 561 Gev |

£s00fF S160F
= 5 z 2
- 140
400 E

F 120F

100f

300f-
[ 80
200k wf

40

100
[ 20F

0 20 % 5

25
P/

I

Diffractive sample, north side, p':ad 575 GeV

Figure 4.11: Distribution of missinB for events with gap on the north side of the
calorimeter.

Requirement of presence of a good primary vertex enhancesém selection by
better detector read-out and computing correct jet pragse(tapidity, transverse
momentum).

Two independent cuts are applied on the primary vertex. Teedne removes
events, the primary vertex of which occurs at the end of e¢&titicon Microstrip
Tracker, by cutting all events further than 50 cm from theteeof the detector.
This also helps to improve projection of calorimeter towtrshe primary vertex.
The second cut ensures a good quality of found primary vertesequires some
number of tracks reconstructed by the DO tracker associaitbdthe vertex. For
data, reconstructed with p14 PASS 2 release used in thigsasahe cuts are set to
|zx| < S0cmandniracks > 3.

Figures 4.12 - 4.14 shows the distribution of primary venpesition. The
influence of the cut o@ distribution is shown in Fig. 4.15-4.17. The plots show
that the cut does not change the distribution.

EMF Jets are propagated through calorimeter and, in geneeglate spreaded
in both electromagnetic and hadronic parts. Electromagfrection variable gives
a ratio of jet transverse energy, which was deposited intrele@agnetic part of
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Figure 4.12: Distribution ofz-coordinate of primary vertex. Green area shows
events after both primary vertex cuts (number of verticekzaut) for events from
inclusive sample. Black curve shows the distribution folustve events without
any primary vertex cut.
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Figure 4.13: Distribution ofz-coordinate of primary vertex. Green area shows
events after both primary vertex cuts (hnumber of verticeszazut) for events with
gap on the south side of the calorimeter. Black curve showsli$tebution for
south diffractive events without any primary vertex cut.
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Figure 4.14: Distribution of-coordinate of primary vertex. Green area shows
events after both primary vertex cuts (number of verticekzaout) for events with
gap on the north side of the calorimeter. Black curve showdiskeibution for
north diffractive events without any primary vertex cut.
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calorimeter. From theory and from known properties of D@dateter, EMF for a
typical jet is~ 0.5 (50%). But even very far values from this mean are not uncom-
mon. The distribution of EMF for leading jet is shown in Figl&. The cutis setto
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Figure 4.18: Distribution of EMF for leading jet in inclughsample.

0.05< EMF < 0.95. The lower cut removes jets with no detected electromagne
particles (this cut removes very small number of eventsegas & figures), while
the upper cut is introduced to reject jets made almost in@lysof EM particles
(mainly when only one electron or photon makes the ’jet’).

pr > 25GeV| pr > 61 GeV| pr > 75GeV
inclusive 0.9837 0.9873 0.9871
diffractive south 0.9728 0.9843 0.9879
diffractive north 0.9733 0.9788 0.9834

Table 4.5: Efficiencies for cut on electromagnetic fractiondifferent pt regions
in inclusive and diffractive samples.

CHF Similarly to EMF variable, coarse hadronic fraction meanfsaation of
jet transverse energy deposited in the coarse hadronioptre calorimeter. The
distribution of the variable is shown in Fig.4.21. Coarserbadt calorimeter width
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Figure 4.21: Distribution of coarse hadronic fraction feadling jet in inclusive
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Figure 4.22: Distribution of coarse hadronic fraction feadling jet in diffractive
sample for events with gap on south side.
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Figure 4.23: Distribution of coarse hadronic fraction feadling jet in diffractive
sample for events with gap on north side.

is 4\, so using the theory we can assume that a typical jet shoplolsiteabout 2%
of its energy in this part of calorimeter, which is in a goodesgnent with the plots.
The reason why this behaviour is different from previousl&si [22] is probably in
a new read-out algorithm of the calorimeter (see Calorimgtepter), where T42
algorithm was used.

pr > 25 GeV| pr > 61 GeV | pr > 75 GeV
inclusive 0.9934 0.9916 0.9921
diffractive south 0.9927 0.9903 0.9853
diffractive north 0.9927 0.9895 0.9891

Table 4.6: Efficiencies for cut on coarse hadronic fractiondifferent pt regions
in inclusive and diffractive samples.

HotF Hot cell fraction is defined as a ratio of the transverse gnefghe most
energetic calorimeter cell in the jet to the second mostgaier cell transverse
energy. This cut removes jets, energy of which is dominatedry one hot cell,
which was not removed by a calorimeter hot cell killer. Thetilbution of HotF is



4.4. EVENT SELECTION CRITERIA 71

lead jet.

-

lead jet
T

| Inclusive sample, p >25 GeV | | Inclusive sample, p >61 GeV |

— events without HotF fraction cut
I events after all cuts

— events without HotF fraction cut
I events after all cuts

14 16 18 20 16 18 20
HotF fraction HotF fraction

lead jet.

_

Inclusive sample, p >75 GeV

Ne\lems

— events without HotF fraction cut
[ events after all cuts

L 1 L L
8 10 12 14 16 18 20
HotF fraction

Figure 4.24: Distribution of hot cell fraction for leadingtjin inclusive sample.
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Figure 4.25: Distribution of hot cell fraction for leadingtjin diffractive sample for
events with gap on south side.
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Figure 4.26: Distribution of hot cell fraction for leadingtjin diffractive sample for
events with gap on north side.

shown in Fig. 4.24. A cutis quite loose and assumes the hbfraetion less than
10.

pr > 25 GeV/| pt > 61 GeV| pt > 75 GeV
inclusive 0.9986 0.9983 0.9982
diffractive south 0.9986 0.9983 0.9980
diffractive north 0.9983 0.8874 0.9982

Table 4.7: Efficiencies for cut on hot cell fraction for diféat pr regions in inclu-
sive and diffractive samples.

n90 Variable n90 is used to describe transversal behavioureofeh It counts

a number of calorimeter towers, which hold 90% of the jetskanse energy. To
do this, towers are ordered by transverse energy and summeutilithe required
energy is achieved. A distribution of this variable is shawrkig. 4.27. A cut is

very loose, it requires a jet to be built-up of more than onleraaeter tower (it

would be probably a hot tower) n991.



4.4. EVENT SELECTION CRITERIA 73

lead jet.
T

lead jet
T

| Inclusive sample, p >25 GeV | | Inclusive sample, p >61 GeV |

—— events without n90 cut
I events after all cuts

3 — events without n90 cut
10 I events after all cuts

80 90 100
n90 n90

lead jet,

Inclusive sample, p_~ >75 GeV |

— events without n90 cut
I events after all cuts

n90

Figure 4.27: Distribution of n90 variable for leading jetintlusive sample.
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Figure 4.28: Distribution of n90 variable for leading jetdiffractive sample for
events with gap on south side.
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Figure 4.29: Distribution of n90 variable for leading jetdiffractive sample for
events with gap on north side.

pr > 25 GeV| pt > 61 GeV| pt > 75 GeV
inclusive 0.9999 0.9999 0.9999
diffractive south 1 1 1
diffractive north 1 1 1

Table 4.8: Efficiencies for cut on hot cell fraction for diféat pr regions in inclu-
sive and diffractive samples.
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L1 confirmation Level 1 confirmation cut was introduced for p14 release of DO
reconstruction software. The L1 jets are reconstructem talorimeter towers en-
ergy, measured on first trigger level, using a cone algoriththe direction of jet
with R = 0.5. L1SET - Level 1 scalar transverse energy - is agegb from these
jets. Energy of coarse hadronic part of calorimeter is ndtited in the reconstruc-
tion, because CH is not read out in L1 calorimeter trigg¢sof the L1 jets is not
corrected with Jet Energy Scale for the purpose of this due dut depends opr,
coarse hadronic fraction and also on the direction of thétjet different for ICD
and other calorimeter regions) as described earlier.

The distribution of variable LISET# (1-CHF)] is shown in Fig. 4.30 - 4.32.
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Figure 4.30: Distribution of L1 confirmation variable foralding jet in inclusive
sample.

The inclusive sample does not show any strange behaviowr tinel cut for lowpt
events, but there is a small increase in low values of thebkaifor highempr’s.

In Fig. 4.33- 4.35, we can see how this cut, together with thiépjet ID cuts,
influences thé\@ distribution. While none of the other cuts changes the shape o
the Ag distribution, the L1 confirmation cut alters the inclusivistdbution con-
siderably. There is no such change for diffractive triggeBsth these properties
correspond well with previous study in [33]. This study skeovthat jets rejected
by L1 cut are fake jets and thus the cut does not influence flogesicy.
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Figure 4.31: Distribution of L1 confirmation variable foralging jet in diffractive

sample for events with gap on south side.
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Figure 4.33: Ratios ol distributions for various jet ID cuts for inclusive data
sample. Each plot is a ratio &fp distribution with to without the given jet ID cut.
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Figure 4.34: Ratios ol distributions for various jet ID cuts for south diffractive
data sample. Each plot is a ratio&d distribution with to without the given jet ID
cut.
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Chapter 5
Gap Definition

A method of arapidity gapwas used to select the diffractive events from the full
sample recorded by the DO experiment. This approach is basede fact, that
particle production near the direction of intact proton ofigroton is highly sup-
pressed by the dynamics of diffractive interactions (sesptdr 2). This method is
not as precise as a direct proton measurements performdteiyorward Proton
Detector, yet it is commonly used in a high energy physiceergents.

A rapidity gap is not uniquely determined and there are maossibilities to
define it. As described in chapter 2, the size of the gap difésent by event ac-
cording to the value of pomerdn The lowerg, the bigger the gap. It means that
for higherg events, the gap can be too small to be measured by the detector

The idea, how to define a rapidity gap, used in this analysi$o ichoose a
fixedregion in the calorimeter and search for an upper limit orethergy deposited
in this region. As written above, the gap size changes witth event, so using
the fixed part of the calorimeter is not directly a searchimgd rapidity gap as a
region devoid of all particles, but looking for a rapiditytenval witha low energy
activity. The low energy activity region in the calorimeter will bdfeged to as a
gapthroughout the thesis. The energy limit then serves as aitigfirof the low
activity.

The energy measured in the calorimeter can also originate fine electronics
noise. This extra energy could disable to locate the rapgip, if we were looking
for a rapidity interval withzero energyeven though there were no particles in the
region. The electronics noise cannot be completely suppdesso it introduces
another reason to set up some upper limit on the energy trdgpssited in the
region and which is considered to originate from the noise.

1At the time of writing of this thesis, the FPD data were notgealyzed.

79



80 CHAPTER 5. GAP DEFINITION

Two parts of the DO detector are used in order to define a gap luthinosity
monitor (LM) and the calorimeter. When LM is not fired.e. does not detect the
proton remnants or any other particles going out of the auison under a small
angle, it is a first indication for the diffractive candidatd the LM condition is
satisfied, the energy deposited in the given forward regionhe corresponding
side of the calorimeter is measured and if it is lower thanlitimé, the event is
considerd to come out of the diffractive interaction.

5.1 Cell Energy

Only cells that correctly measure energy can be used in thlysia. A distribution
of cell energy of several million events is shown in Figures&nd 5.2. It is clear
that under a certain value, the distribution suddenly deopbdoes not correspond
to a correct behaviour of cell measurement. The exact valuet sure from the
plots. A further analysis showed that the dependence ofighlysieasurements on
the exact value (around the maximum) is small, so the limg g&t to 0.1 GeV for
cells in EM region and 0.2 GeV for FH region. Cells with lowereeyy are not
included in the analysis.

5.2 Event Selection

Three types of data are used in the gap definition analysis:

1. A noise sample the data taken by the detector in the time, when there is no
interaction. It measures the noise that appears in theicedtar.

2. An inclusive sample the data with at least two well reconstructed jets and
satisfying the event selection criteria described in chiat

3. A diffractive sample similar tothe inclusive samplewith additional condi-
tion on LM detector, which must be off at least on one side.

The noise sample shows a typical behaviour of the energysitegoin the
calorimeter, during the time when there is a proton bunckgsing but there is no

2|f south disk of the luminosity monitor is fired, the level igger And/Or termimsis set on, if
north side is fired, the And/Or tertmnis set on. If both Ims and Imn are set on, the level 1 And/Or
term FastZ is set on.
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Figure 5.1: Energy distribution of cells from forward EM paf calorimeter.

Cell energy for FH part of calorimeter

-
o
w

1200

1000

800

600

400

200

I\\‘\\\‘\\\‘I\\‘\\\‘\\\‘\X

llllllll\\‘\\\‘\\\ Ll
0 02 04 06 038 1 12 14 16 1.8 2

E [GeV]

o

Figure 5.2: Energy distribution of cells from forward FH paf calorimeter.



82 CHAPTER 5. GAP DEFINITION

deep inelastic interaction. Deep inelastic scattering{id accompanied by an ori-
gin of many particles coming from the collision, forminggetnd captured mainly
in the calorimeter. The interaction point can be reconsddifrom particle tracks
and using the tracks it is also possible to find other vertisdsch come from the
decays of primary particles. The noise sample should aJvbttiese indicators of
DIS, therefore the conditions for the noise sample are: h@E®trigger on, all LM
and/or terms off, no reconstructed primary vertex and nonstructed jets.

On the contrary, the inclusive sample serves to show thevibmiraof the calorime-
ter, when there is gal physical collision The conditions for this are: one of the
inclusive jet triggers (see chapter 4) is fired, at least ameagry vertex with 3 or
more tracks is reconstructed and the LM and/or terms Ims dnthfastZ are on.

The conditions on the diffractive sample differ from thelusive one in the
trigger selection. The diffractive jet triggers are usedtfos sample, i.e. the LM
and/or terms fastZ and either Ims or Imn are off.

5.3 Energy Sum

In order to find the suitable rapidity interval and the uppsergy limit for the gap

definition, it is necessary to examine the energies depbsitgarious calorimeter
regions by the three samples described above. As it is nat aleether the south
and north sides of the calorimeter behave in the same wagnatgy distributions
are examined separately for both sides. Energy is summedb\ezlls in an area
with energy above the threshold (0.1 GeV for EM, 0.2 GeV foi).FFhe common

logarithm of the energy sum is used on x-axis in all plots fettdr distinctness and
all plots are normalized to 1.

First two plots (Fig. 5.3-5.4) show the sum of the energy tocalledeta rings
i.e. cells with a given iefaand arbitrary azimuthal angle. Only south side of the
calorimeter is shown. There are several aspects of the plbtsh should be noticed
and which are valid for all energy sum plots in this section:

1. Sharp edge of all distributions at -1 corresponds to tlee tfzat there is a
minimum cut on cell energy 0.1 and a common logarithm of thergysum
is used on the x-axis.

2. There are events in the inclusive sample with very lowgndeposited in the
forward region. This is not surprising for eta rings, as thenaithal angle of

SFor ieta definition see Table 3.2.3
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one unit of calorimeter rapidity (ieta) is very low, but tipioperty is generally
valid for all regions (see plots below).

3. There are events in the noise sample with high energydpdaa the forward
region. Even in this small rapidity region, the energy sum &ehieve tens of
GeV (hot cells are removed from the sample!). This legitesithe idea of
looking for a fixed rapidity region with some fixed limit on teaergy instead
of looking for a region with no energy. The reason is in elagits noise,
cosmic rays or pile-up events.

4. The shapes of all three distributions are roughly the stmmall ieta rings,
except the last two, ieta = 36 and ieta = 37.

The fourth property corresponds to the fact that proton eersican spread
to the cells closest to the beam tube and thus to change thibuli®n of energy
deposited in the region.

The gap definition, which we are looking for, is to find a fordaegion with
low energy activity. Because of the strange behaviour osadise to the beam
pipe, it seems to be a good idea to investigate also regi@ieitiudes the very
forward cells, i.e. regions which ends with cells ieta = 3@ aggions which ends
with cells ieta = 35. Thus throughout this chapter all comabons of rapidity inter-
vals ietac [x,y], wherex € [26,37] andy € [35,37], x <y, are examined. As already
mentioned all these combinations are further separateddidth and south side of
the calorimeter.

There is also possibility that there is a difference betweeergy deposited
in electromagnetic and fine hadronic parts of calorimeten. ekample of this is
displayed in Fig. 5.5 - Fig. 5.6. Plots show only the soutle sidd rapidity intervals
which end at the end of calorimeter (ieta = 37). The othemrvais are not shown
because their distribution is similar to these. From théses pve can conclude:

1. Thereis no big difference between activity in electronetg and fine hadronic
parts.

2. As mentioned above, there is still non-negligible nundievents in jet sam-
ple with very low activity in any rapidity interval.

3. The separation of noise and inclusive samples is smalar in the case of
EM+FH sum in respective regions (compare to Fig. 5.7). Irecd#sEM or
FH sums, the two distributions are 'closer’ to each othernctvimeans that
overlap of the two graphs is larger.
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A good separation of inclusive and noise samples is the Idesicto define the
gap in the manner described above. The principle is thate¢heition should be set
so that the number of inclusive events falling below the gpndéimit is as small as
possible and vice versa with the noise events. When the sepabatween the two
samples is the highest possible, the contamination bettheesamples mutually is
the lowest possible. Therefore only the whole sum of EM anccEl$ is assumed

in further analysis.

The energy sum plots are presented in Fig. 5.7 - Fig. 5.12.ink#stigated
regions for south and north sides of the calorimeter are show
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Figure 5.6: Sum of cell energies for various ieta intervalscells in fine hadronic
part of calorimeter. Events with Ims off.
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Figure 5.7: Sum of cell energies for various ieta intervalsdells within whole
calorimeter except the coarse hadronic part. Events withsbith turned off.
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Figure 5.8: Sum of cell energies for various ieta intervalsdells within whole

calorimeter except the coarse hadronic part. Events withsbith turned off.
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Figure 5.9: Sum of cell energies for various ieta intervalsdells within whole
calorimeter except the coarse hadronic part. Events withsbith turned off.
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Figure 5.10: Sum of cell energies for various ieta intervatscells within whole
calorimeter except the coarse hadronic part. Events witibkth turned off.
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Figure 5.11: Sum of cell energies for various ieta intervatscells within whole
calorimeter except the coarse hadronic part. Events witibkih turned off.
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Figure 5.12: Sum of cell energies for various ieta intervaiscells within whole
calorimeter except the coarse hadronic part. Events withnbkth turned off.
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To find the best region and the best cut, we must examine ais pliod all
possible cuts in each of them, and look for the lowest mutoiadaonination between
the noise and the inclusive samples. The procedure is asvill

1. One rapidity interval is picked and the lowest cut is cimose

2. The ratio of noise events that aabovethe cut to the total number of noise
events is measured for this plot. Similarly, the ratio of tn@mof inclusive
events which areelowthe cut to the total number of inclusive events is com-
puted.

3. This procedure is repeated for all possible cuts (witkeif0.05) and all plots.

4. The resulted ratios are displayed in one graph. Pointegponding to one
sample and one rapidity region are connected with a line.

Figures 5.13 - 5.18 show the described ratios for all inhegyions and energy
cuts. One color corresponds to one rapidity interval.

The differences of the distributions in the individual @ipy intervals are small
and it is difficult to determine the best combination of regand the energy cut.
Generally, both ratios of the noise and the inclusive sasijgleone rapidity region
should be as small as possible. To compare the particulmnggmong each other,
it is useful to combine together results of noise and ingkisamples. This is done
using an auxiliary function of the two plots.

First, the noise sample plots are transformegas- 100— p, wherep is the
original value of the noise ratios. After the transformatiae look for such a com-
bination of rapidity interval and the energy limit, for whithe new noise sample
ratios are the highest possible while the inclusive sangiles are the smallest. So
we think of the noise ratios asstgnal (S)sample, and of the inclusive ratios as a
background (Bsample and we use the best significance function for a cosgrari
(F2). One more function is used to compare the results. Usirgrtbiation, we
examine two functions:

FF - S-B (5.1)
S
2 = 58 -2

Plots of these functions are shown in Fig. 5.19-5.30.

First function is a simple subtraction for which a maximuntuescan be less or
equal to 100. The second one is an expression for the bastistdtsignificance of
signal to background ratio, where the maximum value is 10.
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Figure 5.13: The percentage of number of events under/adowe (which is rep-
resented by-axis) to the total number of events for inclusive (on thétigide)

and zero bias (on the left side) sample. The ratio is showemadut for inclusive
sample and above the cut for the noise sample. The plots steentergy sum of
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Figure 5.14: The percentage of number of events under/adoue (which is rep-
resented by-axis) to the total number of events for inclusive (on thentigide)
and zero bias (on the left side) sample. The ratio is showemuadut for inclusive
sample and above the cut for zero bias sample. The plots steenergy sum of
calorimeter cells in ieta intervals up to 36 with LM gap on soeith side.
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and zero bias (on the left side) sample. The ratio is showemadut for inclusive
sample and above the cut for zero bias sample. The plots steentergy sum of

calorimeter cells in ieta intervals up to 35 with LM gap on #oaith side.
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Figure 5.16: The percentage of number of events under/adoue (which is rep-
resented by-axis) to the total number of events for inclusive (on thentigide)
and zero bias (on the left side) sample. The ratio is showemuadut for inclusive
sample and above the cut for zero bias sample. The plots steenergy sum of
calorimeter cells in ieta intervals up to 37 with LM gap on tieeth side.
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Figure 5.17: The percentage of number of events under/adowe (which is rep-
resented by-axis) to the total number of events for inclusive (on thétigide)

and zero bias (on the left side) sample. The ratio is showemadut for inclusive
sample and above the cut for zero bias sample. The plots steentergy sum of
calorimeter cells in ieta intervals up to 36 with LM gap on tieeth side.
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Figure 5.18: The percentage of number of events under/adaoue (which is rep-
resented by-axis) to the total number of events for inclusive (on thentigide)
and zero bias (on the left side) sample. The ratio is showemuadut for inclusive
sample and above the cut for zero bias sample. The plots steenergy sum of
calorimeter cells in ieta intervals up to 35 with LM gap on tieeth side.
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Figure 5.19:F; distribution for cell sums within ieta intervals up to 37udoside.

Difference of zero bias and jet samples, south side

100

80

60

40

20

Legend:
— ieta 26-36
—ieta 27-36
— ieta 28-36
— ieta 29-36
ieta 30-36
— ieta 31-36
ieta 32-36
ieta 33-36
— ieta 34-36
ieta 35-36

Difference - cut

_emih_n25_36_log

Entries 632153

o8-+

T|Mean 08755

T {RMS 03017

0.8 i a2 1.4

-1 -05

0.5 1

2.5

3.5

IoglOZ(ceII energy )

Figure 5.20:F; distribution for cell sums within ieta intervals up to 36ugoside.
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Figure 5.21:F; distribution for cell sums within ieta intervals up to 35 Hoside.
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Figure 5.22:F; distribution for cell sums within ieta intervals up to 37 rtioside.
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Figure 5.23:F; distribution for cell sums within ieta intervals up to 36 rtioside.
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Figure 5.24:F; distribution for cell sums within ieta intervals up to 35 rtioside.
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Figure 5.25:F, distribution for cell sums within ieta intervals up to 37usioside.
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Figure 5.26:F, distribution for cell sums within ieta intervals up to 36 usioside.
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Figure 5.27:F, distribution for cell sums within ieta intervals up to 35u#oside.
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Figure 5.28:F, distribution for cell sums within ieta intervals up to 37 rtioside.
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Figure 5.29:F distribution for cell sums within ieta intervals up to 36 rtioside.
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Figure 5.30:F distribution for cell sums within ieta intervals up to 35 rtioside.
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Both functions show the same results, which can be summaaized

e The plots roughly show that the wider region is considereel better are the
results.

e Atarapidity of approximately 2.9 (ieta=29), graphs corskeand differences
between the regions are very small. Therefore wider rapidiervals are no
more examined.

e The problem with strange behaviour of cells with ieta = 36 #&td = 37
disappeared in the energy sum over larger region; in fadi¢seresults shows
the region|ieta € [26,37].

e There is no difference between the distributions on northsouth sides of
the calorimeter.

e The maxima of both functions arelag;oEsum=1 .

According to the observed properties of energy sums, thedgislity gap definition
can be summarized as:

1. LM and/or term fastZ is off
2. either Ims or Imn is off

3. asum of calorimeter cells in the respective directiorsBat
ScelsEcel < 10 GeV , for cells with

lietacen] > 25
Ecen > 0.1 GeV for EM cells
> 0.2 GeV for FH cells

5.4 Alternative Definition

The definition given in the previous section has the lowestamination between
the samples, i.e. the lowest systematical errors, evemgthiere still remain events
coming from the non-diffractive interactions with energynsbelow the cut and
vice-versa. Increasing the energy limit decreases the suwidiffractive events
that are rejected, and increases the number of non-diffeaevents that are ac-
cepted. Decreasing the limit works opposite.
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In case ofA@ analysis, only the shape of the distribution is meastred it
IS not necessary to deal with the systematical errors coffnorg the rejection of
diffractive events. Instead, the purest possible difivectample is used to be com-
pared to inclusive data. This pure sample is selected usirajtarnative gap def-
inition, which rejects most of the inclusive contaminatiemd accepts reasonable
number of diffractive events.

In order to define a gap in the sense described above, thaatife and in-
clusive samples are used. A new cut should be lower than thmalrone to get
a cleaner sample, but this new definition can be done moreserdsbitrarily. It
is assumed that most of the diffractive events is includetiendiffractive sample,
while there are almost none in the inclusive one. The fraabiobevents that passed
all selection criteria of the opposite sample (diffractexents assigned to inclusive
sample and vice-versa) is assumed to be small and thess ewenteglected. With
these assumptions, a rough estimation of the percentage ef/ents, which pass a
limit, can thus be done using the same energy sum plots assh@fig. 5.3 - 5.12).
Similar ratios as in the previous case, but for diffractinel anclusive samples, are
shown in Fig. 5.31-5.32.

Partial fractions of diffractive sample fall more slowlytvidecreasing energy
sum than the inclusive sample. This is shown in Fig. 5.33 agd3=34, where the
ratio of the two distributions is displayed. The ratio incses with lowering en-
ergy cut, which means that diffractive candidates are tegeless than the inclusive
eventsS. It is also clear that the most increasing ratio is that offadigy interval
ietac [26,37].

Thus as the new gap definition, the same rapidity regtaec [26,37] is used.
The energy limit can be set arbitrarily, because the lowes, ithe better ratio sig-
nal/background we get.

We set the cut so that the inclusive sample contaminationésper thousand,
i.e. Esum~ 3GeV (logioEsum~ 0.5). This cut keeps about 18% of the diffractive
candidates.

4As written earlier, the luminosity is not recorded for difftive triggers, thus the cross-section

measurement is not possible.
5The behaviour of the plots at lower values is omitted, bee#ius fraction of the diffractive data

is too low in this region.
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Figure 5.31: The percentage of number of events under aguiggented by-axis)

to the total number of events for inclusive (in the lower partd south diffractive
(in the upper part) sample. The plots show the energy sumalofimeter cells in
ieta intervals up to 37.
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(in the upper part) sample. The plots show the energy sumalofimeter cells in
ieta intervals up to 37.
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Figure 5.33: A quotient of the south diffractive sample arausive sample fraction
plots from Fig. 5.31.
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Figure 5.34: A quotient of the north diffractive sample andusive sample fraction
plots from Fig. 5.32.



Chapter 6
A

6.1 A Distribution

A is a difference in azimuthal angle between two leading jetddred according
to pr)

Ap= |@1 — |
This quantity is an invariant under a boost along the beam axd is directly sen-
sitive to the higher order pQCD radiation, even when the tbirdigher jets are not
reconstructed. Thus it is a suitable variable to probe therinlynamics of a given
process.

A basic formula for plottingA@ between two jets is

_ 1 SinNpin
bin N Buidth
where N is a total number of events in all bilss;, is an unsmearing correction in
the bin (see belowBygth is @ bin width and\p;, is a weighted sum of events in the
bin.

The technical studies in the previous chapters were sehfat north and
south sides of the calorimeter. In general, no big diffeesngere found. In fact no
physical analysis should depend on the direction of the oredsquantities. The
Ag distributions are compared for north and south diffraciaenples in Fig. 6.1.
The difference is negligible, therefore in further anadyiese two samples are
combined together.

(6.1)

LdN
N dA@

Agdistributions for the three basic diffractive triggersedapter 4) are plotted
in Fig. 6.2-6.4. The events used in the plots are after aicdien criteria and all
jets are after the jet energy scale (JES) corrections. Bessiary fromr/128 rad

113
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Figure 6.1: Comparison of th&g distribution for diffractive events with gap on
south (red) and north (green) side of the calorimeter.
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in the higher bins tat/8 rad in the lower values to reflect the number of events in
the given intervals. The plots are shown only in the inte(vel2, 1) to avoid the
region where the two jets can overlap (jet radius is OR'<21.4).

| Difractive vs. inclusive sample, p'fadie‘ > 25 GeV | Ratio of diffractive to inclusive sample, p‘:a"‘e‘ > 25 GeV
g 1.4f
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Figure 6.2: Uncorrectedq distributions of inclusive and diffractive samples for
events with leading jepr > 25 GeV. On the right, the ratio of the two distributions
IS given.

As discussed in the chapter on gap definition, the rapidipyaga be defined in
various ways. The influence of different gap definitions igveh in Fig. 6.5.

The differences are quite small, so the distribution does not depend much
on the energy sum used in the definition. On the other hana,ahéition on lumi-
nosity monitor seems to be important, because all threalaisbns have similar
behaviour, which is clearly far from the inclusive sample.

6.2 Unsmearing Corrections

Any physical measurement is influenced by the finite deteetwlution. Measured
values of some quantity then differ from tiparticle levelvalues as they arose
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Figure 6.3: Uncorrectedg distributions of inclusive and diffractive samples for
events with leading jepr > 61 GeV. On the right, the ratio of the two distributions
is given.
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Figure 6.4: Uncorrected@ distributions of inclusive and diffractive samples for
events with leading jepr > 75 GeV. On the right, the ratio of the two distributions
is given.
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Figure 6.5: Uncorrecteflpdistributions of diffractive samples defined with various
gap definitions. The rapidity interval is [26,37], and thvagious energy sum limits
are used. Distribution of inclusive sample is shown for carigon.
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during the interaction. To measure the real physical ptaseof the interactions,
an unsmearing (or unfolding) procedueused to eliminate the detector influence.
The best possibility to find the unsmearing corrections isige the full Monte
Carlo simulations and to read the detector influence from tbafortunately, the
full diffractive MC simulations were not performed at thmé of writing this thesis,
so only the partial detector resolutions, as measured b@@ie group, were used.

Generally, the detector changes a distribution of a queaotitparticle level as a
convolution of the distribution function with the gauss&mor (smearing) function:

FsmearedX) = (Fpart ® G(X,0)) / dy Foart(Y)G(0,0(y))(X—y) (6.2)
6RO = oexp(—(xz_ X° ) (6.3)

It implies that the steeper the distribution is, the biggethie error coming from
smearing. It also implies that the unsmearing correctiasedd on the shape of
the distribution, so they must be determined for every ithigtion separately.

The smearing function is a property of the detector and resnanchanged
in any analysis. In principle, if the analytical distribori function was known, it
could be possible to find the unsmearing corrections acalyi But this function
is not generally known, moreover for most functions the cotapon would be too
complicated or would not be possible at all. Therefore a oetbf parton level
Monte Carlo simulation is used.

At first, the data are produced using the Monte Carlo geneRxanwig (see
chapter 7) and smeared with the measured detector resolfutiotion. The searched
guantity is then plotted using the smeared Monte Carlo dadlacampared to the
detector data distribution. If the resulting MC functiorregs with the measured
distribution, it can be assumed that the original Monte Cditribution (before
smearing) corresponds to the particle level distributibrthe measuremeht If
the smeared Monte Carlo does not describe the data distriputien the original
Monte Carlo is re-parametrized and the procedure is repedthd parametriza-
tion is performed event by event with the fitted ratio of theeaned MC to the data
distribution.

In the end, the unsmearing corrections are determined as laylin ratio of
original MC distribution to the smeared MC distribution.

1This approach is similar to the simpler case, when therelig@me variable that influence the
measurement. In this case a parametric ansatz distribfutiartion can be used instead of Monte
Carlo to describe the distribution. This function dependsne variable only, so it can be easily
smeared and then the function parameters can be fitted talueite searched distribution.
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The detector resolutions, which are assumed in this asatgsaffect theAg
measurements are of two types: geind jetpr resolution. The influence of jgthi
resolution omMA@ is clear, uncorrectly measurgg can change the ordering of the
jets (it can switch the™ and 3¢ leading jet) or it can cause the migration of events
because of thet cuts.

Detectorpresolution is determined from Monte Carlo simulation andstharched
function is [35]

, B
Og(Ejet) = | [A +E+ET (6.4)
jet

with parameters stated as A=0.007, B=0, C=1.441.

Jet pt resolution was measured directly from data, using cleaat @diyents.
From the imbalance in jgtr, therelative o function was measured [36]:

C
= A — = (6.5)
p?

Parameters depend on ieta region, where the jets are fouhararshown in Table
6.1.

n-region A B C
In| <0.5]0.057| 0.942| 3.03
05<|n| <10 0.059| 1.099, 2.58
1.0<|n| <1.5|0.085| 1.200| 0.001
15<|n| <2.0|0.091| 0.001| 4.91
2.0< |n| 0.045| 0.013| 4.49

Table 6.1: Parameters used for pgt resolution.

TheAgdistributions compared to Monte Carlo predictions are shiovAigures
6.6 - 6.11. The plots show the original Monte Carlo and MC se@arsing the
parameters described above. The ratio of the data and thereth®IC is shown
with the fit on the right side of the plots. The fit is then usedeweight the Monte
Carlo. The new MQ\g and the quotient of data to reweighted MC are shown in the
same plots. The reweighted MC determines the unsmearimgations, which are
shown in Fig. 6.12 and 6.13.

The final results of th&q distribution after all corrections, including unsmear-
ing, are shown in Figures 6.14 - 6.16.
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Figure 6.6: Herwig distribution ofA¢ compared to inclusive data sample. Distri-
butions before and after the smearing with the detectodutisn parameters are
shown, as well as a distribution after reweighting and smmgahe Monte Carlo.
Right side shows the ratios of data to Monte Carlo (before atedt edweighting).

A solid line shows the fit using the polynomial function.
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Figure 6.7: Herwig distribution ofA¢ compared to inclusive data sample. Distri-
butions before and after the smearing with the detectodutsn parameters are
shown, as well as a distribution after reweighting and singahe Monte Carlo.
Right side shows the ratios of data to Monte Carlo (before atett efweighting).

A solid line shows the fit using the polynomial function.
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Figure 6.8: Herwig distribution aA@ compared to inclusive data sample. Distri-
butions before and after the smearing with the detectodusn parameters are
shown, as well as a distribution after reweighting and smmgahe Monte Carlo.
Right side shows the ratios of data to Monte Carlo (before atedt edweighting).
A solid line shows the fit using the polynomial function.
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Figure 6.9: Pomwig distribution akg compared to diffractive data sample. Dis-
tributions before and after the smearing with the dete@solution parameters are
shown, as well as a distribution after reweighting and smgahe Monte Carlo.
Right side shows the ratios of data to Monte Carlo (before atett efweighting).
A solid line shows the fit using the polynomial function.
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Figure 6.10: Pomwig distribution df¢ compared to diffractive data sample. Dis-
tributions before and after the smearing with the dete@solution parameters are
shown, as well as a distribution after reweighting and smmgahe Monte Carlo.
Right side shows the ratios of data to Monte Carlo (before atadt egweighting).
A solid line shows the fit using the polynomial function.
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Figure 6.11: Pomwig distribution df¢ compared to diffractive data sample. Dis-
tributions before and after the smearing with the dete@solution parameters are
shown, as well as a distribution after reweighting and smngahe Monte Carlo.
Right side shows the ratios of data to Monte Carlo (before atett efweighting).
A solid line shows the fit using the polynomial function.
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Figure 6.13: Unsmearing corrections of diffractive sample
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Figure 6.14: FinalA@ distribution after all corrections for jets withr > 25GeV.
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Figure 6.15: FinalA@ distribution after all corrections for jets withr > 61GeV.
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Figure 6.16: Final\g distribution after all corrections for jets withr > 75GeV.



Chapter 7

Monte Carlo

Pomwig was used as a Monte Carlo generator to compare thareepal diffrac-
tive results with theoretical predictions. It is a generdtased on Herwig, which
is capable to describe most, but not diffractive, physicatpsses. The limitation
was solved in Pomwig in a way as simple as possible ([34]). Gdsc idea was
to realize the similarity between pomeron exchange in hadiwadron collisions
and the photoproduction in electron - proton collisions. M/lan electron emits a
photon according to a flux formula in &P interaction, which interacts with the
proton, single diffractive process can be treated as a pmmesnission from one of
the beam protons according to some flux formula. This pom#rem collides with
the second proton. Thus the only necessary change in Heowrgclude diffrac-
tive processes was to replace a photon flux ineRmode with some pomeron
flux and to change the photon structure function to the pomstcture function.
The diffractive processes included in Pomwig are shown ileld@.1. The beam
definitions are shown as they appear in Pomwig output. Tlevaat flux(es) and
structure function(s) of thE™ beam(s) are automatically substituted with pomeron
analogs. First row corresponds to a single diffractive pss¢second row to a dou-
ble pomeron exchange and the third row to a diffraction pgsade electron-proton
collision. Compared to Herwig, there are several new pararséh Pomwig de-

Process Beam 1| Beam 2
PP— PX | P ET
PP— PPX| E™ E*
eP— ePX | E- E*

Table 7.1: Possible processes in Pomwig generator
scribing properties of the pomeron. These are minimum andmman virtuality
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of the pomeron and minimum and maximum pomeron energy fnadivariable).
Default values are shown in Table 7.2.

Variable Variable name Default value
minimum virtuality Q2WWMN 106
maximum virtuality Q2WWMX 4.0
minimum energy fractionl YWWMIN 0.0001
maximum energy fraction YWWMAX 0.1

Table 7.2: Default values of the Pomeron parameters in Pgmwi

The single diffractive processes were simulated, and gée@revents were
passed through the standard DO jet cone algorithm with ffereince that outgoing
particles were used instead of calorimeter towers. Thdtregyets were smeared
with measuregr andgdetector resolutions to simulate the detector influéiteee
previous chapter for resolution definitions) and the samerkitical selection cri-
teria, as applied to the physical data, were used. Thellisiohs ofA@ and pr for
Pomwig and for the data are shown in Fig. 7.1 - 7.6.

It is clear from the presented plots that the default Pomvaigameters (max
& = 0.1) are ruled out by the diffractive data selected using thedginition and
restricted to highpr central dijet events. On the other hand, when the gyaaram-
eter is increased to 0.4, the agreement with the data is werg.g-urther increasing
of max ¢ to 0.6 does not change the results any more. This corresgonitie
definition of theg variable, which can be rewritten as:

E:\ifs,ZEiTem’ (7.1)

where the sum goes over all particles. This statement camgiby elerived from
Eqg. 2.15. According to this equation, the observed very lpgleentral dijets must
correspond tg higher than 0.1. On the other hand, according to [32, 37]tltke-

retical maximun, is believed to be smaller than 0.15. This introduces intgrgs
guestions for further studies, which are not solved in tigsettation.

LFull Monte Carlo, which simulates all aspects of the DO deteand propagates the generated
outgoing particles through it, was not available in the twhgriting this thesis.
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Dependence of diffractive MC on & variable, P > 25 GeV
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Figure 7.1: The dependence Afp distribution on smeared Pomwig generated
data with various maximun@ parameter. Comparison is made with diffractive
JT_15TT_GapS/N sample. For illustration, the inclusive sample liddsyellow

line) after JT15TT trigger is shown as well.
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Figure 7.2: The dependence Afp distribution on smeared Pomwig generated
data with various maximun@ parameter. Comparison is made with diffractive
JT 25TT_GapS/N sample. For illustration, the inclusive sample liddsyellow
line) after JT25TT_NG trigger is shown as well.
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I Dependence of diffractive MC on & variable, pfadi"g et 75 GeV I
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Figure 7.3: The dependence Afp distribution on smeared Pomwig generated
data with various maximung parameter. Comparison is made with diffractive
JT 4A5TT_GapS/N sample. For illustration, the inclusive sample liddsyellow
line) after JTA5TT trigger is shown as well.
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Figure 7.4: Thept distribution for smeared Pomwig data in comparison to adfr
tive sample. Pomwig data are generated with various maxigparameter. Trig-
ger JT15TT GapS/N is used for diffractive data. For illustration, tmelusive
sample (dashed yellow line) after IBTT trigger is shown as well.
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Figure 7.5: Thept distribution for smeared Pomwig data in comparison to adfr
tive sample. Pomwig data are generated with various maxigyparameter. Trig-
ger JT25TT_GapS/N is used for diffractive data. For illustration, tmelusive
sample (dashed yellow line) after PBTT_NG trigger is shown as well.
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Figure 7.6: Thept distribution for smeared Pomwig data in comparison to adfr
tive sample. Pomwig data are generated with various maxigyparameter. Trig-
ger JTA5TT_GapS/N is used for diffractive data. For illustration, timelusive
sample (dashed yellow line) after AIBTT trigger is shown as well.
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Chapter 8

Other Distributions

Some other distributions are shown in this chapter to complae properties of
diffractive and inclusive dijet data. All events are aftdirselection criteria, all jets
are after the JES corrections. Unsmearing correctionsaresed in the following

plots.

Dijet mass distribution is shown in Fig. 8.1.
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Figure 8.1: Comparison of the uncorrected dijet mass digtahs for inclusive and

diffractive samples.
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The sum ofpr’s of the two leading jets is computed as a transversal paat f
vector PBjet1 + Pjet2- The distribution is shown in Fig. 8.2.
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Figure 8.2: A sum ofpy’s of first two leading jets for inclusive and diffractive

samples.

The jet properties of leading and second leading jets anrsihoFigures 8.3-

8.10

The event selection variables are shown in Fig. 8.11-8.13

The pr, @ and rapidity distributions are shown in Figures 8.14-8.19
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Figure 8.3: EM fraction of the leading jet for inclusive anffractive samples.
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Figure 8.5: CH fraction of the leading jet for inclusive anffrdictive samples.
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Figure 8.6: CH fraction of the second leading jet for inclesand diffractive sam-

ples.
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Figure 8.7: n90 variable of the leading jet for inclusive alifttactive samples.
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Figure 8.9: Hot cell fraction of the leading jet for inclusignd diffractive samples.
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Figure 8.10: Hot cell fraction of the leading jet for inclusiand diffractive samples.
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Figure 8.11: Missindet in the inclusive and diffractive events.
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Figure 8.13: Z-position of the primary vertex in the incltesand diffractive events.
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Figure 8.18: The distribution of the pseudorapidity of thading jet in the inclusive

and diffractive sample.
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Figure 8.19: The distribution of the pseudorapidity of tee@d leading jet in the
inclusive and diffractive sample.
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Chapter 9
Conclusions

As the diffraction theory is still poorly understood, it isiportant to analyze as
many properties of diffractive processes as possible totfiaccorrect description
of diffraction. One such measurement was the main goal efttf@sis, in which a
first analysis of diffractive higlpt central dijet events was presented.

The diffractive processes in this thesis are searched tisengapidity gap ap-
proach. Definition of a rapidity gap (or a region of low pasi@ctivity) is not
uniquely determined, therefore we could have derived tWerdint definitions. Us-
ing a first definition, we get a diffractive sample with the Estvsystematical errors.
A diffractive sample selected by the second definition hasldwest contamina-
tion from non-diffractive processes, but there is also d hmegection of diffractive
events.

Using the gap definition, th&g distribution was precisely analyzed. This vari-
able is sensitive to the inner dynamics of a process and dhdiee main results as
seen in previous chapters showed the dependence of thibulisin on the type
of process. The DO Run Il results on inclusive difjgp measurement presented
in [33] were redone in this thesis using a bigger statistsaahple. Comparison
with diffractive distribution confirmed the different behaur in diffractive pro-
cesses. Our measurement is consistent with the previous €fiks on diffractive
A measurements [38], where Igey jets were used.

On top of theAp measurement, we have compared the diffractive and in@usiv
distributions of other variables - dijet mass, azimuthajlanmissingEr, pseudo-
rapidity, primary vertex properties and jet properties. 8&a conclude that most of
the event and jet properties seem to be similar within thergrior both samples.
But there is a remarkable difference in the distributions@@ mariable (number of
calorimeter towers which hold 90% of the jet energy) and neindb tracks associ-
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ated with the primary vertex. This can be understood as ligadliffractive jets are
narrower as compared to inclusive QCD jets.

It was also shown that distributions Afp and other variables depend on the
leading jetpr. Generally, the lower jegbr, the bigger difference between diffractive
and inclusive samples.

Monte Carlo generators Pomwig and Herwig with various inpatameters
were used to compare the theoretical predictions with thasored properties of
diffractive and inclusive data respectively. The resuisead well, but the neces-
sary change in the default Pomwig parameters needs futtes.
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