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Abstract

The cross section for charm and beauty jets is measured in neutral current deep inelastic

scattering in e*p collisions at HERA II.

The data set used is based on an integrated luminosity of 189 pb™ and was recorded
using the H1 detector in 2006 and 2007. A method, based on the distance of closest
approach of the track to the primary vertex, is used to identify the fractions of events
associated with heavy-flavoured mesons. The charm and beauty jet cross sections are
measured in the visible ranges of the leading jet transverse momentum of P¢" >
6 GeV/c, and pseudorapidity [7/°¢| < 1.5. The measurements are made in the range of
inelasticity 0.07 <y < 0.63, Bjorken scaling variable 0.0002 < x < 0.032, and four
momentum transferred 5 < Q? < 1585 GeV? .The cross sections are presented as a
function of the transverse momentum and pseudo-rapidity of the leading jet. The

measurements are compared with NLO QCD predictions.



“One day Chuang Tzu fell asleep, and while he slept he
dreamed that he was a butterfly, flying happily about.
And this butterfly did not know that it was Chuang Tzu
dreaming. Then he awoke, to all appearances himself
again, but now he did not know whether he was a man
dreaming that he was a butterfly or a butterfly
dreaming that he was a man.”

-THE TEACHINGS OF CHUANG TZU

“Charm is deceptive and beauty is fleeting ” 1

(Proverbs 31:30, RSV) i
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Chapter 1. Introduction

Chapter 1

“ All science is either Physics or stamp collecting.”

Ernest Rutherford

Introduction

In particle physics the properties of the constituents of matter and their interactions are
investigated. To date the microscopic world is described very successfully by the
“Standard Model” (SM) of particle physics. In SM the fundamental building blocks of
matter are six quarks and six leptons. They interact via different forces, the electroweak
and strong interactions. The theory of the strong force is described by Quantum Chromo
Dynamics (QCD) which is central to this thesis and it describes the interaction between
quarks by the exchange of gluons.

Deep inelastic lepton-proton experiments have played an important role in the
understanding of the structure of the proton and in establishing QCD as the theory of the
strong interaction. Compared to earlier experiments with fixed proton targets the lepton-
proton collider HERA with its much larger lepton-proton centre-of-mass energy allows
the exploration of proton structure and hence the fundamental constituents of matter at a
significantly higher resolution.

The HERA electron'-proton collider in Hamburg, Germany was the only electron-proton
collider in the world. For over a decade until its decommissioning in late 2007 the
experiment H1 and its sister experiment ZEUS were recording and analysing data from
HERA and probing the structure of matter down to scales of ~107*® m and expanding
the existing knowledge of the structure of matter on the smallest accessible scales.

The topic of this thesis is the measurement of cross sections for the production of heavy-

flavoured, i.e. charm and beauty flavoured, hadron jets. The dominant production

! In this thesis, the term electron is used to refer to both electron (e ™) and positron (e*).

14



Chapter 1. Introduction

mechanism of heavy quarks at HERA is photon gluon fusion (PGF) in which a heavy
quark-antiquark pair is produced by the interaction between a photon from the incoming
electron and a gluon from the incoming proton. This process provides a good testing
ground of QCD.

Previous measurements of charm and beauty at HERA were mostly based on the explicit
reconstruction of e.g. a D* meson [1] in the case of charm, while for beauty the semi-
leptonic decay of a b hadron into electrons and mesons was used as a signature. In these
measurements the statistical accuracy of the data was limited by the branching fractions
and lepton identification requirements. In recent years, at H1 a new approach has been
developed which is solely based on hadronic information (i.e. jets) utilising lifetime
information. In this approach events containing heavy quarks are distinguished from the
light quark events by the long lifetime of charm and beauty flavoured hadrons, which
leads to displacement of the tracks from the primary vertex. This technique which is
based on the precise spatial information available from the HI silicon vertex detector
was introduced in the measufements of charm and beauty structure functions F£€ and
F? b in the deep inelastic scattering regime [67].

This analysis presents the first measurements of the cross sections of charm and beauty
jets in the Deep Inelastic Scattering (DIS) regime using a method based on the impact
parameter and reconstruction of the displacement of the tracks from the primary vertex,
using precise spatial information from the H1 vertex detector.

The thesis proceeds as follows; chapter 2 presents an overview of the H1 experiment
with emphasis placed on the components of the detector that are essential for this
analysis. Chapter 3 describes the Standard Model of particle physics, and the
phenomenology of heavy quark production at HERA. Chapter 4 is about the event
selection, outlining the criteria which have been used to select events containing heavy
flavour hadrons. Chapter 5 gives details of the event reconstruction procedures applied
to facilitate the extraction of information pertaining to heavy flavoured hadrons from the
collisions. Chapter 6 deals with the method used to determine the fraction of events
which contain charm and beauty jets. Chapter 7 presents the results: cross sections for
charm and beauty jet production. The thesis concludes with chapter 8, where a

summary, outlook and discussion of the results are given.
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A Note on Units

Throughout this thesis a system of natural units is used whereby h=c=1
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Chapter 2. The H1 Detector

Chapter 2

“Take interest in these sacred dwellings which we call laboratories.
There it is that humanity grows greater, stronger, better”.

Louis Pasteur

The H1 Experiment at HERA

2.1 Introduction

This chapter starts with a brief description of HERA accelerator and an overview of the
HI detector with emphasis on the components of the detector that are more relevant to

this analysis ,a full description of the detector may be found in [2] .

The H1 detector is located in the North Hall of HERA? at DESY?, in Hamburg,
Germany. HERA collides electrons or positrons with protons in order to probe the
structure of the proton and is the world’s first accelerator to collide different particle
species at high energy. HERA consists of two separate concentric storage rings located
in a single tunnel of about 6300 m length. A schematic overview of HERA, including the

injectors and a chain of pre-accelerators, is shown in figure 2.1

2 HERA is an acronym for Hadron Elektron Ring Anlage.
? DESY stands for Deutsches Elektronen Synchrotron.
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Figure 2.1: The HERA accelerator (left) and its pre-accelerator, PETRA (right).

Four experiments are located around the HERA ring: two multi-purpose detectors, H1
and ZEUS, and two fixed target experiment HERMES and HERA-B. The latter stopped

operation in 2003.

2.2 The HERA Accelerator

Construction of the HERA accelerator was completed in 1990 and the HERA
experiments began taking data in 1992. HERA accelerates protons to an energy of 920
GeV (820 GeV before 1998) and electrons (or positrons) to an energy of 27.5 GeV and
collides the two counter-rotating beams head on at the H1 and ZEUS interaction points.
The two fixed target experiments, HERMES and HERA-B, make use of only one of the
HERA beams. HERMES studies the collisions of the electron beam with polarised gas
targets to investigate the spin structure of the proton and HERA-B investigates the

production of b-quarks by bombarding a wire target with the proton beam.
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The centre-of-mass energy of the collisions that take place within the colliding beam
experiments is 319 GeV (301 GeV before 1998). The RF* buckets that transport the
electron and proton bunches are 96 ns apart, corresponding to a frequency of 10.4 MHz.
Electrons are injected at 12 GeV and are guided round their ring by a warm magnet
system, while protons are injected at 40 GeV into a ring with superconducting dipole

magnets.

In operation, electron (or positron) and proton beams are stored in the HERA rings in up
to 220 bunches, every bunch consisting of approximately 10" particles. The particles

within these bunches are spread along the longitudinal direction with an approximately

Gaussian distribution of width o, =~ 1 cm for the electron bunches and ¢, = 10 cm for

the protons. As a direct result of this spread, the electron-proton interaction points are

approximately normally distributed around the nominal interaction point with

o, =~ 10 cm. Typically, only 175 of the 220 RF buckets in each beam are filled with

particles. Most of these bunches collide with,bunches from the opposing beam at the
interaction points, but some bunches coincide with empty RF buckets in the opposing
beam. These “pilot” bunches are used for the study of beam-related backgrounds(cf.
Appendix D, Figure D.2 and Figure D.3), caused, for example, by the collision of beam
particles with the residual gas atoms in the beam-pipe (beam-gas interactions) or
collisions of stray beam particles with the beam-pipe and adjacent material (beam-wall

interactions).

The performance of HERA accelerator, measured in terms of the produced luminosity,
improved steadily from its first collisions in 1992 until the end of the HERA-I running
period in the year 2000. HERA then underwent a luminosity upgrade, designed to
increase the luminosity by a factor of three, and operation restarted in 2002. The planned
luminosity increase was rapidly achieved, but severe backgrounds in the H1 and ZEUS

detectors plagued initial HERA-II running following the upgrade. These were

* In this scheme five PETRA fills are needed to produce a complete HERA luminosity filling. The beams
are synchronised in luminosity operation. This is achieved by making the revolution frequencies of the
protons and of the electrons equal and by phase-locking the two RF frequencies. In this way it is ensured
that the collision points are centred in the interaction regions.
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investigated and measures introduced to combat them and the operation of HERA and
the H1 and ZEUS detectors proceeded smoothly from 2004. The data discussed in this
thesis were taken in the years 2006 and 2007 corresponding to an integrated luminosity

of 189 pb™.

2.3 The H1 Detector

H1 detector [2], illustrated in figures (2.2a and 2.2b) is a general purpose detector
designed to measure the charge, momentum and direction of the particles emanating
from the electron-proton collisions that take place in its centre. Here, a right-handed
(RH) Cartesian coordinate system is used to aid the description of the detector and the
paths of particles it measures. The origin of this system is at the nominal interaction
point, the x direction is towards the centre of the ring, the y direction is vertically
upwards and the z, or forwarci, direction comp}etes the RH system and points along the
direction of the proton beam. The corresponding spherical coordinate system is defined
such that @ = 0° is in the proton beam direction and consequently 8 = 180° is in the
electron, or backward, direction. The azimuthal angle ¢ is measured with respect to the

x axis and the » coordinate gives the distance of points from the z axis.

The H1 detector is asymmetric in the z direction, being bulkier in the forward direction:
due to the asymmetry in the energy of the incoming electron and proton beams, the
centre-of-mass of the ep collisions is strongly boosted along the proton direction hence
most of the high energy particles are detected in the forward region. The backward
detectors are dedicated mainly to the identification and measurement of the scattered
electron. In total, the H1 detector measures approximately 12iength X 10width X 13neight m’

and weighs about 2 800 metric tonnes.

20



Chapter 2. The H1 Detector
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Figure 2.2a: The HI detector.
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Surrounding the beam-pipe in a cylindrical arrangement are the tracking detectors which
are subdivided into forward (number 3,fig2.2a), central (number 2,fig 2.2a) and
backward (number 12, fig 2.2a) regions. Outside the trackers are the calorimeters. The
Liquid Argon Calorimeter (LAr — numbers 4 and 5, fig 2.2a) covers the forward and
central regions (4° < 8 < 154°) and the Spaghetti Calorimeter (SpaCal — number 12,fig
2.2a) covers the backward region (153° < 6 < 177°). The LAr calorimeter consists of
an electromagnetic section (number 4,fig 2.2a), which is built out of lead plates, and a
hadronic section (number 5, fig 2.2a) which is constructed of steel plates. These plates
form the passive material of the calorimeters in which the electromagnetic and hadronic
showers develop, respectively. Both sets of plates are interspersed with liquid argon
which allows the measurement of the charged particles produced in the electromagnetic
and hadronic showers. The passive material in the SpaCal is lead, with the readout being
performed using scintillating fibres. An additional Plug calorimeter (number 13, fig2.2a)
is installed around the beam-pipe in the very forward region in order to increase the
detector acceptance for particlés produced at very small polar angles. The main body of
the H1 detector is encased in layers of instrlimented iron (number 10, fig2.2a) which
provide the return yoke for the experiment’s magnetic field, make possible the
measurement of penetrating muon tracks and also provide a crude calorimetric

measurement of any energy leaking out of the central calorimeters.

In the negative z-direction the luminosity system is placed close to the beam pipe

(number 1, fig 2.2a).

In the forward direction, the Forward Proton Spectrometer (FPS) and Forward Neutron
Calorimeter (FNC) are installed to allow studies of interactions containing a leading

baryon.

In figure (2.2b) a r-z-section of the H1 tracking chambers and calorimeters is displayed,

where a few important detector polar acceptance borders are indicated as lines.
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Figure 2.2b: rz-view of the tracking system and calorimeters of the H1I detector. The layout of
the central silicon tracker (CST) is shown separately below in a larger scale. The dashed and
full lines indicate the polar angle acceptance borders for tracks measured with high quality in
the CST and the central drift chambers (CJC), respectively. The dotted lines indicate the typical

minimal and maximal polar angles for selected jets which are reconstructed in the LAr

calorimeter.

The two main methods of particle detection employed by HI1 are fracking and
calorimetry. A track is the reconstructed trajectory of a charged particle, from which the
particle’s momentum can be determined and by using a calorimeter to measure the
development of the electromagnetic or hadronic shower initiated by the particle,
information about its energy can be obtained. These two detection methods are discussed

in more detail in the following.
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2.3.1 Gaseous Tracking Detectors

H1 uses two types of detectors for tracking: gaseous detectors such as drift chambers
and multi wire proportional chambers, and silicon detectors. The operating principle of
the gaseous detectors and the layout of these in H1 are described here and the silicon

detectors are discussed in the following section.

pa gastiied chambor The produced charges are

£ \ forced fo the anode or cathod
where they are detected as a
drop of voltage

i g\\,. out

Front View
? with E-fieldlines

Figure 2.3: Schematic drawing of a single cell of a gaseous tracking detector: the upper
picture shows a cross section along the electric field direction in the detector and the

lower picture cross sections transverse to the electric field.

The gaseous chambers consist of gas-filled cells across which an electric field is
established by anode wires and cathode plates of wires, as is shown schematically in
Figure 2.3. A charged particle passing through the chamber causes ionization in the gas.
The resulting electrons move at an approximately constant velocity, the drift velocity,
toward the anode wires as a result of the constant electric field which permeates the
majority of the chamber. When the drifting electrons get close to the anode, they
experience an increasing electric field strength. They are accelerated by this field to an
extent which causes them to ionize further gas molecules as they collide with these. This
gas amplification process leads to an increase in the number of electrons and ions close

to the anode and eventually to a measurable electronic pulse on the anode wire. In drift
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Figure 2.4: Drawings of an MWPC: the sketch on the left depicts a single MWPC,
whereas that on the right shows a multi-layered MWPC in which each dot represents a
wire, viewed end on. A particle, deflected by a magnetic field, “hits” a series of wires and

from these hits the measured trajectory shown as the curved arrow can be reconstructed.

chambers, the time taken for the electrons to drift to the wire and the known drift
velocity are used to determine the position at which the original fast particle traversed
the chamber. Multi-wire proportional chambers (MWPCs), as illustrated in Figure 2.4,
have a much closer anode spacing than drift chambers, so the signal appears very
quickly. In the MWPCs of the H1 experiment; the particle’s position is deduced purely
from that of the anode on which the signal appears. The short time difference between
the particle passing through the chamber and the electronic signal makes MWPCs
particularly useful for triggering purposes.

The layout of the HI1 tracking system is illustrated in Figure 2.5. The various

components of this system are discussed below.

2.3.2 Central Track Detector

The Central Track Detector (CTD) consists of six chambers in total which are housed in
an aluminium tank. It is the principal tracking device of H1 and provides track
reconstruction and triggering in the polar angle range 15° <6 < 165°. The six
chambers of the CTD, from the inside out, are: the Central Inner Proportional Chamber

(CIP), the Central Inner z Chamber (CIZ), the inner Central Jet Chamber (CJC1), the



Chapter 2. The H1 Detector

Central Outer z Chamber (COZ), the Central Outer Proportional Chamber (COP), and
the outer Central Jet Chamber (CJC2).

The main tracking components of the CTD are the two cylindrical concentric drift
chambers, CJC1 and CJC2, illustrated in Figure 2.6. CJC1 has 30 cells with 24 sense
wires each, whilst CJC2 has 60 cells each containing 32 sense wires. The sense wires

run parallel to the beam and allow precise measurement of tracks in the (r — ¢) plane

[3]. Each cell is inclined by 30° to the radial direction.

cable distri-
 Forward Track _ Central Track Detector _ y, |y ion ’lirea
“Detector (FTD) (CTD) a (CD;\)
radials MWPCs Silicon Tracker
1 Yl \\ Central Jet Chamber (CJC) CST BST
I\

/[ /
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R - B J | |
- E { A Iy T 7 E
2] E \ f
1 > %\‘ \\ / et /gg_ =
- \
tran'éﬁf(;; planars / - COZ COP CIZ CIP cables BDC elm (L\adr
radiators electronics SpaCal
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3 2 1 0 -1 2m

Figure 2.5: A vertical cross section through the HI tracking system, showing the central,

forward, and silicon trackers and the backward drift chamber (BDC).

This value is chosen to ensure that the direction of the electrons drifting towards the
anode wires under the influence of the electric field in the CJC and the solenoidal
magnetic field is roughly perpendicular to the anode wire plane. This minimises the
influence of the drift velocity changes close to the anode wires on the measured hit
positions. A further advantage of the tilted cell structures is that each high momentum
track then crosses a sense wire plane at least once in CJC1 and CJC2. Ensuring that the

tracks match at the crossing point allows the time at which the particle crossed the wire
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plane to be determined to an accuracy of approximately 0.5 ns. This allows easy
separation of the tracks coming from different bunch crossings and also allows
determination of the time, t,, at which the interactions producing the tracks occurred at
the interaction-point (IP). From the drift time, single hits are reconstructed with a spatial
resolution of g,_y =~ 170um [2] in the (r —¢) plane. Along the anode wires, a
resolution of g, ~ 30mm, of the order of 1 % of the wire length, is obtained by charge
division, that is comparing the magnitudes of the charge signals measured at each end of
the sense wire. Combining the measurements of all anodes wires hit by a track allows
the determination of the energy loss of an ionizing particle with a relative uncertainty of

about 10% [2].

Track identification, or pattern recognition, in the CJC is based on the precise (r — ¢)
information. Triplets of close hits are identified, then linked to form tracks. A helical fit
is used to determine the track parameters, for example the curvature from which the
transverse momentum is calculated. For tracks that are consistent with having originated
from the IP, a constrained fit is used, imposing the condition that the tracks pass through
a common interaction vertex. This results in improved precision. Tracks which do not
pass through the IP are assigned either to secondary vertices (restricted to decays of
neutral particles into pairs of oppositely charged particles) or to non-vertex fitted tracks.
These latter may result from cosmic muons sources (cf. Appendix D) or other sources
of background, for example. The z information of the tracks is greatly improved by the
procedure of fitting all tracks to a common vertex and the resulting precision of the
vertex determination in the z plane is around 1 cm. The z resolution is improved by two
orders of magnitude by including hits from the CIZ and the COZ [4] in the track

reconstruction, as their signal wires are perpendicular to the z-axis.
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Figure 2.6: Radial view of the CTD, showing the cells of the CJC1 and CJC2.

The CTD contains two MWPCs for triggering on tracks pointing to the nominal vertex
region in the z plane. These are the CIP and COP chambers, respectively [5]. They have
little impact on the final track measurement, but provide fast space-point information
with a timing resolution of better than 96 ns. The information from the CIP and COP
chambers is combined with that from MWPCs in the forward tracker to produce the z-
vertex trigger: demanding a vertex within the interaction region along the z-axis allows

the rejection of backgrounds due to cosmic rays and beam gas interactions, for example.

2.3.3 Central Silicon Tracker

The innermost tracking detector at H1 is the Central Silicon Tracker (CST). It consists of
two cylindrical layers of double sided silicon strip sensors arranged concentrically
around the beam axis at radii of 5.7 cm and 9.7 cm. Figure 2.7 shows a schematic 7¢
view of the CST . The active length of the CST is 35.6 cm, so it covers the polar angle
range 30° < 8 < 150°. The inner CST layer contains 12 and the outer CST 20 identical
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and slightly overlapping ladders, each composed of two half ladders of 22.1 cm length
and 3.4 cm width. Each half ladder, as is illustrated in Figure 2.8(a), consists of three
silicon sensors and a hybrid structure carrying the readout electronics.

On the outer face (p-side) of each sensor, there are 1280 p' strip implants running
parallel to the z-axis with a pitch of 25 um. Every second strip is read out, leading to a
single hit resolution in the r¢p projection of 12 pm [6]. The opposite side (n-side) is used
to determine the z-position of the incident particles. Here the n" strip implants of 88 um
pitch are oriented perpendicular to the z-axis. Every n-side strip is read out via an
additional metal layer. The intrinsic hit resolution in z is significantly worse than the r¢

resolution due to the larger pitch. The z resolution depends on the incident angle of a

track and has a minimum of 22 pm for 6~90° [7].

Signals from neighbouring strip on both the p- and n-sides are combined into clusters by
a hit-finding algorithm. The association of p- and n-side clusters to hits results in three-
dimensional space points which are then attached to tracks identified in the CIC,

allowing more precise determination of the traj‘ectories of these tracks close to the IP [7].

o (50 W), e e

e

|—-——|um
Figure 2.7: A radial view of the CST.
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Figure 2.8: a) Two views of the half ladders from which the CST is constructed: left p
side; right n side. b) Side view of the interaction region of the HI detector. The three

The upgrade for HERA 1I is consisted of the new H1 Forward Silicon Tracker (FST)
which extends the central silicon tracker (CST), into the forward direction (see figure
2.8b). The FST consists of five layers of two silicon strip planes and it covers a range of
polar angles between 8° and 16°. The additional angular acceptance of the FST leads to

an increase of the reach for charm physics in Bjorken-x. In 2004 data, the FST was
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shown to have a signal hit efficiency of close to 100% and a track efficiency of larger

than 95% [82].

2.3.4 Hit Finding

The hit finding algorithm is described in [7]. Charged particles crossing the CST
produce pairs of positive and negative charge carriers leading to signals which are read
out by the silicon strips. In a first step neighbouring strips with a signal above noise
threshold define a cluster. The center-of-gravity of the cluster then determines the hit
position. This is done independently for the p- and n-side. In a second step the
association of p- and n-side clusters results in three dimensional space points.

The total signal-to-noise ratio of a cluster must exceed five (four) on the p-side (n-side).
On the n-side an additional metal layer is needed for the readout which deteriorates the

signal-to-noise ratio by a factor of two compared to the p-side.

2.3.5 The Forward Tracker

The Forward Tracker Detector (FTD) is shown in Figure 2.2a (number 3). It consists of
three supermodules arranged along the z-axis. Prior to the year 2000, each supermodule
consisted of three planar drift chambers, a MWPC, a transition radiator and a radial drift

chamber, in increasing z. The FTD covers the polar angle range5° < 6 < 25° [2].

2.3.6 Backward Drift Chamber
The Backward Drift Chamber (BDC), the position of which is shown in Figure 2.5, is

designed to provide an accurate measurement of the angle of the scattered electron in
DIS processes with Q* < 100 GeV?. It is mounted in front of the SpaCal calorimeter,

which is described below, and has a similar angular acceptance: 153° < 8 < 177.5° [8].
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2.4 Calorimetry

Calorimeters provide information on the energy of the particles which enter them. The
incident particles are stopped in the calorimeter volume by interactions with the atoms of
the calorimeter material, in which they lose energy and produce daughter particles. The
number of these daughter particles is proportional to the energy of the incoming particle,
so detecting and counting them allows the energy of the incident particle to be
determined. The nature of the interactions that produce the daughter particles depends on
the type of the incoming particle. Hadrons undergo primarily strong interactions with the
nuclei of the atoms, while electrons and photons interact electromagnetically in the

electric field of the nucleus.

When an electron or a photon traverses the absorber, it rapidly loses energy through a
combination of bremsstrahlung (e — ey) and pair production (y— e'e). The
characteristic length scale for these processes’is the radiation length, Xo, which is the
mean distance over which 1/e of the incident particle’s initial energy is lost. For lead,

Xo=0.56 cm.

Strongly interacting particles (i.e. hadrons), undergo both elastic and inelastic scattering
with the nuclei of the absorber material. Consequently, a shower of secondary (daughter)
particles develops, which propagate through the material interacting further until the
energy of the particles are sufficiently low that progression can be brought to a halt by
either ionisation or nuclear capture. The characteristic length scale for this process is the
interaction length, A, which is much larger than Xo, e.g. A =17 cm for lead. In order to
ensure that all the energy of an incident particle is absorbed, hadronic calorimeters are

therefore considerably larger than electromagnetic ones.

The different shower development mechanisms for electromagnetic and hadronic
particles usually result in different numbers of daughter particles being produced for a
given incident energy. Typically, the response to hadronic particles is around 30% lower

than that of electrons or photons. The calorimeter is then said to be non-compensating.
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In addition, a hadronic shower typically contains both hadronic and electromagnetic
components, because any neutral pions produced in the shower decay into photons and
initiate an electromagnetic shower. Therefore a correction for this effect has to be

applied in the reconstruction of hadronic energy.

2.4.1 The H1 calorimeters

The H1 calorimeters are constructed of alternating passive and active layers. The
interactions described above take place largely in the passive layers, and the resulting
daughter particles are detected in the active layers. Figure 2.9 shows the layout of the H1
calorimeters.

In the electromagnetic section of the LAr calorimeter (EMC), the passive or absorber
material is lead, while the active material is LAr. The charged daughter particles
traversing the LAr ionise the argon atoms. The resulting ions drift to electrodes in an
applied electric field resulting in a measurable electronic signal which is proportional to
the number of daughter particles and hence to the energy of the incident particle. In the
hadronic section of the LAr (HAC), the active material is again LAr, but the absorber is
stainless steel. In the electromagnetic SpaCAL, the absorber is lead and the active
material scintillating fibres which are embedded in the lead. The signal here is the
scintillation light produced by the daughter particles in the fibres. The same materials
are used in the hadronic SPaCAL, which sits behind the electromagnetic SpaCAL. The
instrumented iron consists of iron layers interspersed with streamer tubes and the Plug is

a coppet/silicon calorimeter.

The combined coverage offered by the LAr and SPaCal amounts to a laboratory pseudo-

rapidity range of —3.8 < 77 <3.6. The Plug calorimeter extends the acceptance in the

forward region and the instrumented iron or the tail catcher measures energy leakage

from the main calorimeters.




Chapter 2. The H1 Detector

bhacking culorimeter (instrumented iron)

] gt eoil l

4
electromagnetic calorimeter VEMC)

L spugheit o p
culorimeter
{SpaCal)

plug
calorimeter
hudronic calorimeter (HAC) ]

Liitiitl — |

Figure 2.9: The layout of the H1 calorimeters shown in the r-z plane: the LAr calorimeter
consists of an electromagnetic (EMC) and hadronic (HAC) part; to the rear of the detector
is the SpaCal, which also has electromagnetic and hadronic sections; surrounding the
entire detector is the tail catcher or backing calorimeter which also serves as a muon

detector.

2.4.2 Liquid Argon Calorimeter

The Liquid Argon calorimeter [9] is used for the measurement of scattered electrons in
high Q? events (i.e. Q° > 100 GeV?) and is the main detector for the reconstruction of
energies in the hadronic final state. The LAr provides a polar angle coverage of 4° <

6 < 154°, corresponding to a laboratory pseudo-rapidity range of —1.43 < <3.35.

As is shown in Figure 2.10, the EMC and HAD section of the LAr both use a single
liquid argon cryostat. The LAr is located within the solenoid to reduce the amount of
dead material encountered by particles before they reach the calorimeter. The LAr is
subdivided into eight wheels, the Backward Barrel (BBE), three Central Barrels (CB1,
CB2 and CB3), two forward Barrels (FB1 and FB2) and the Inner and Outer Forward
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(IF and OF) wheels. Each of the wheels is divided into eight ¢ octants. The BBE is
purely electromagnetic, all the other wheels have both hadronic and electromagnetic
sections. Furthermore, due to the asymmetric beam energies, both the EMC and HAC
sections are deeper in the forward region, where the energy of the incident particles is

generally higher.

The electromagnetic (EMC) part of the LAr is constructed from 2.4 mm thick lead plates
as absorber, interspersed by gaps of width 2.35 mm filled with liquid argon as sampling
medium. The hadronic section (HAC) of LAr is constructed from 16 mm thick stainless
steel plates which functions as absorber layer, with alternating layers of liquid argon
filled gaps of twice 2.4 mm width. The total depth of the absorber material varies
between 20..30 X, in the electromagnetic section and 4.5..8 A for the combined
electromagnetic and hadronic sections. The LAr consists of 45 000 individual readout
channels, which provide a fine granularity that is almost uniform in 7 and ¢. Analysing
the measured shower shapes with the resolution provided at this granularity provides
electron-pion discrimination down to 1 part per 1000. The LAr is a non-compensating
calorimeter. However, the fine granularity of the readout allows the electromagnetic
components of hadronic showers to be identified and weighting factors to be applied to

achieve compensation.

The energy resolution of the LAr calorimeter, as obtained in test beam measurements, is

for charged pions

em . . had 50
% — %15 £ electrons detected in the EMC and ZE— = 2

E  \JE(GeV) E ~ JE(GeV)
detected in the EMC and HAC [9].
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Figure 2.10: Side view of LAr in the r-¢ plane, showing (in the upper half) the orientation

of the absorber layers and (in the lower half) the segmentation of the read-out cells.

2.4.3 The Spaghetti Calorimeter

The “Spaghetti” Calorimeter (SpaCal) [10] takes its name from the long thin
scintillating fibres that are used in its construction. The SpaCal is situated in the

backward region of H1 and is illustrated in Figure 2.11.

The SpaCal covers the angular range 153°<6<177.5°, which corresponds
approximately to Q? values in the range 1 < Q*< 100 GeV?. It provides efficient electron
identification in this region (the probability of misidentifying an electron as a pion is less
than 1 in 100 at energies of 5 GeV and is much smaller than this at higher energies) and
good measurement of both the electron energy and the angle through which it is
scattered, the latter requiring information on the primary vertex position. The SpaCal

also provides some information on the hadronic energy in the backward direction.
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Figure 2.11: Cross section of the backward region of the HI Detector showing the
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electromagnetic and hadronic sections of the SpaCal.

A further feature is the precise time-of-flight information it provides, which makes
possible rejection of background from some sources, such as proton beam-gas and
proton beam-wall interactions occurring to the rear of the H1 detector. The Q? region
covered by the SpaCal implies that it is also the detector in which the electron is

identified and measured in studies of DIS interactions at the lowest Bjorken-x (x < 107.

The SpaCal is a non-compensating calorimeter and, like the LAr, consists of an
electromagnetic and a hadronic section. Both sections are constructed of long thin
scintillating fibres, aligned parallel to the beam direction and embedded in a lead matrix.
The incident particles shower in the lead and the charged particles produced in these
showers cause the fibres to scintillate. The light is collected at one end of the fibres by
photomultiplier tubes. The system has a time resolution of better than 1 ns. Due to this

fast response, the SpaCal is used to provide time-of-flight information and is used for

trigger purposes.

The electromagnetic section of the SpaCal consists of 1992 cells which contain fibres of
length 250 mm and diameter 0.5 mm embedded in lead blocks. The lead to fibre ratio is
2.3:1. The depth of the electromagnetic section of the SpaCal corresponds to 28 X,. The
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energy resolution of the EM section of the SpaCal the is 0.07/NE(GeV), determined in

test beam measurements [10].

The hadronic section of the SpaCal consists of 136 cells with fibres of length 246 mm
and diameter 1.0 mm in a lead matrix. The lead to fibre ratio for the hadronic part of the
SpaCal is 3.4:1 and its depth corresponds to 1 A. The total depth of the SpaCal thus
corresponds to 2 A. The hadronic energy resolution of the combined HAC and EM
SpaCal is 0.5/VE(GeV). The acceptance of the hadronic SpaCal is increased to

0<178.7° by a backward plug section (consisting of 12 cells) located immediately

around the beam-pipe.

2.5 The Luminosity System

A precise determination of the electron-proton luminosity is crucial for the accurate
measurement of cross sections at H1. The luminosity measurement is based on the
detection of the photon produced in the Bethe-Heitler process (ep — epy) [11]. This
process has a large cross section and is theoretically well understood. The main
background is bremsstrahlung from the electron in the electromagnetic fields of any
residual gas molecules in the beam-pipe. The rate of this background is about 10% of the
rate for the Bethe-Heitler process. This background can be subtracted using information
from the electron pilot bunches. The pilot bunches have no partner proton bunches with
which to collide, so electrons in these bunches interact only with the residual gas. The
luminosity is calculated as: L = [Ret — (Itot/Io) % Rol/Ovis, where Ry is the total rate of
the events registered in the luminosity detector, L and Iy are the currents in the colliding
and pilot bunches, Ry is the rate caused by the pilot bunches and oy;s is the visible part of
the Bethe-Heitler cross section, corrected for trigger efficiency and the acceptance of the
luminosity detector. The precision of the luminosity measurement was 1.5% in the years

when the data for this analysis were taken.

The luminosity system is situated in the accelerator tunnel in the backward or electron
direction. In addition to providing luminosity measurement, the system detects and

triggers on scattered electrons at very low Q* (Q*<1 GeV?), which corresponds to very
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be considered to be photoproduction.
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in these interactions are essentially real, so they can

An overview of the luminosity system is shown in Figure 2.12.
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Figure 2.12: The HI Luminosity System

The two main components of the luminosity system are the Electron Tagger (ET), which

is located adjacent to the electron beam-pipe at z=-33.4 m and the Photon Detector

(PD) which is adjacent to the proton beam-pipe at z=—102.9 m. Both the ET and the PD

are Cerenkov crystal calorimeters a

[11].

detailed description of these can be found in [2],

After the upgrade of the detector the instantanenous luminosity was increased for HERA

II by a factor of ~3. This factor of three increase in luminosity was achieved by

installing new focusing magnets near the interaction points. Thus the new accumulated

statistic from HERA 1I data taking period is approximately a factor of five higher

compared to HERA 1.
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2.6 Trigger System and Data Acquisition

This section is divided into two subsections; first a general overview of the HI Trigger
System and Data Acquisition is presented and later on at the end of this section

Triggers of Special Interest to this analysis are discussed.

The beam collision rate at HERA is 10.4 MHz. The rate of electron-proton collisions at
low Q? is of the order of 10 Hz, whereas the combined rate of background processes’ is

about three orders of magnitude higher than the electron-proton event rate.

In order to sieve the true electron-proton events from the background, to account for the
limited bandwidth for the data logging (data transfer to mass storage devices) and to
avoid a high experimental dead-time (which occurs during the time the data are read out
and new events cannot be recorded) a set of triggers are used, which function as a fast

selector of interesting events.

The H1 trigger, shown schematically in Figure 2.13, consists of a pipelined four level
system. The levels 1 (L1 for short) to 4 (L4) are designed to progressively reduce the
event rate from a maximum of the beam collision rate of 10.4 MHz (the bunch crossing

frequency at its input) to about 10 Hz, the rate at which data can be recorded.

L1 and L2 are online hardware triggers, while L4 is an online software trigger. Off line

event classification is performed by L35.

’ The background processes are; mainly beam-gas and beam-wall interactions (i.e. collision of the beam
particles with residual gas atoms and collision of the particles with the beam pipe respectively) and
background due to halo muons (generated by proton losses around the ring which interact producing pions
which subsequently decay) and muons originated from cosmic rays (cf. Appendix D) .
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Figure 2.13: An overview of the event rates in the HI Trigger System.

Level 1: The level one (L1) central trigger currently consists of 207 trigger elements
(TE) from different detector subsystems. The trigger subsystems typically each provide
8 different trigger elements which are sent to the Central Trigger. The decision whether
to accept or reject an event is made within 2.3 ps, the time taken for approximately 24
bunch crossings. Therefore, in order to avoid losing the subsequent information from
other bunch crossings, the information is kept in a pipeline, ensuring new data is
constantly taken. This process of pipelining the information and storing new events leads

to no deadtime on LL1.

The trigger elements from the different subsystems are combined by the Central Trigger
logic [12] into 128 logical conditions, which referred to as L1 subtriggers s0...s127. If
the conditions for one of these subtriggers are fulfilled, then the event is passed along
the pipeline to be processed further and the decision to keep the event at this level is
known as L1-Keep. If a subtrigger has a high rate, it can be scaled down (manually
and/or automatically) by a factor of N, the prescale factor. This means that only every
N*®" positive decision of this subtrigger is taken into account, effectively reducing the
integrated luminosity seen by this subtrigger by 1/N. A pictorial view of the logic of the
L1 and L4 systems is shown in Figure 2.14.
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Figure 2.14: A schematic overview of the L1 and L4 trigger systems.

Level 2: The L2 trigger comprises a topological trigger (L2TT) [13] and a neural
network trigger (L2NN) [14]. The time requirezi to reach a decision at Level 2 is 20 ps.
The L2TT decision is based upon the topological features of an event whereas L2ZNN
facilitates the separation of distinctive physics channels from the background.

Level 2 sends a L.2-Keep signal if it determines the event is of interest and causes the
entire event to be read out to the Central Event Builder (CEB) and subsequently to L4.
On average this process causes a deadtime of about 10%. At this stage, the event rate is

reduced to approximately 50Hz (the input rate for L4).

Level 3: This level was not implemented during the HERA-I running period. It is a
software trigger that includes a Fast Track Trigger (FTT) [83] and jet trigger. The FTT
was commissioned as part of the HI upgrade programme, FTT performs a fast
reconstruction of CJC tracks. The FTT provides some trigger elements for L1 and L2

and designed to perform particle identification at L3. These upgrades are further

discussed at the end of this section.
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Level 4: The level four trigger performs a complete reconstruction and classification of
the event. It is an asynchronous trigger, implemented as software algorithms running on
a farm of about 30 personal computers. The L4 farm can process events at a rate of 50
Hz. Once the information has reached this level, most of the unwanted background is
removed and, if accepted by L4, the raw data of an event is written to a Production
Output Tape (POT) tape. This happens at an event rate of about 10Hz, with a typical
decision time of 100 ms for the whole process. Data that are written to the tape at this
level consist of the complete raw event information, about 100 kilo-bytes of data per

event.

The information on the POT is then passed to a further dedicated computer farm, Level
5 (L5), which is an offline system. The reconstructed event information from this level,

about 10 kilo-bytes per event, is permanently stored on a Data Summary Tape (DST).

After the detector upgrade, thé trigger electronics described above were improved. The
aim of the upgrade was to be able to improve the signal to background ratio and to
collect useful physics events while suppressing the triggering of events that are not of
interest or are beam-related background. The H1 Fast Track Trigger (FTT) [83]
implements charged track finder and mass reconstruction algorithms in the first three
levels of the H1 trigger scheme. For the charged particle track reconstruction at the first
trigger level L1 (2.3um) and second trigger level L2 (23um), the FTT makes use of
Field Programmable Gate Array (FPGA) and their embedded Count Addressable
Memories (CAM). The track parameters are determined by comparing hit-patterns with
predefined masks implemented in digital signal processor (DSP). The FTT can

reconstruct up to 48 tracks which is sufficient for about 98% of the events of interest.

The FTT functionality is based on hit information in the central jet chambers CJC. In
Figure 2.15 the geometrical cell structure of the both chambers is sketched.
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Figure 2.15: The r¢ view of a charged particle track from the interaction point traversing the
central drift chambers of the HI detector. The sense and cathode wires of the chambers are

indicated.

In the first step track segments are formed separately in four groups of three layers of

wires each. A fast track segment linking, based on matches of track segments in

K (o< 1/ PT) and ¢ is completed within 2 us to provide level 1 trigger decisions based on

charged track multiplicities and charged particle topologies for coarse Pr cuts. The result
is used by the second level FTT where the track segments are linked and re-fitted to
better precision within 20 us including the determination of event quantities like a
refined track multiplicity, momentum sums and invariant masses for low multiplicity
events.

The track parameters of the fitted tracks are sent to FTT level 3 where a farm of
commercial processors boards is used to perform a full search for particle resonances
within 100 us. The L3 track information is either used directly or in combination with

information from other trigger subsystems to generate a final L3 decision.

In addition to upgrading the drift chamber triggers, the H1 experiment has improved the

robustness against severe background conditions by replacing its double layer central
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inner multi-wire proportional chamber by a chamber with five layers of pads with
geometry projective to the z-position of the ep interaction. The new upgraded detector
has ten times more channels and, like the old proportional chamber, provides trigger
decisions, based on a z-vertex histogramming technique, at level 1, within a latency of

2.3 us.

Triggers of Special Interest

In this section, general overviews of the subsystems which produce the trigger elements

used in this analysis are given.

2.6.1 The SpaCal Trigger

Two main functions are performed by the SpaCal trigger system: providing a trigger for
electron candidates from DIS events, and Vetoi;g events originating from beam-induced
background. The trigger system consists of an Inclusive Electron Trigger (IET) for the
electromagnetic section, ToF (Time of Flight) vetos for background rejection and total
energy sums for both the electromagnetic and hadronic sections of the calorimeter.

The difference in the path length of particles originated from the interaction region and
those that are originated from the background (beam-gas, and beam-wall) are exploited
by the time-of-flight system in the SpaCal. The path length to SpaCal is shorter for the
particles originated from proton beam related to the background than for particles from
the ep interactions, such that two distinct peaks are visible in the time distribution of the
ToF system. Figure 2.16 shows a typical time distribution as measured by the ToF
system of the SpaCal. The separation of the two peaks is around 10 ns, which
correspond to the time taken for the particles to travel the 1.5 m from the SpaCal to the
interaction point and back again. The position of the interaction window is typically +5
ns around the central timing value of 15 ns for ep interactions.

The Inclusive Electron Trigger of the electromagnetic SpaCal is segmented into 320

arrays of 4x4 neighbouring SpaCal cells (IET windows). The IET windows overlap in
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order to avoid efficiency gaps at the borders of the windows. In each window, an
analogue sum of in-time energies of the 16 cells is formed [16]. Each sum is compared

to three programmable thresholds adjustable in the range 100 MeV to 20 GeV.

These provide three trigger elements SpaCaler > 0, SpaCalgr > 1, and SpaCalsr > 2.
Typical thresholds are 0.5, 2 and 6 GeV, respectively. Additionally, each IET threshold
can be further divided into 2 regions; the inner and outer regions. The inner region is
contained in a 24 cm by 24 cm box close to the beam-pipe in the approximate range -
17<x<-9cm and -9 <y <17 cm. The outer region encompasses the remainder of
SpaCal. The two regions are distinguished from each other because the inner region of
the SpaCal suffers from a large counting rate. This “hot spot” spot, is probably due to

off-momentum electrons which are bent into the calorimeter by the beam magnets.

Figure 2.16: Typical time distribution of signals in the SpaCal as shown by the online
histogram system. The left peak corresponds to proton beam related background, while the

right peak shows the position in time of ep interactions.
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2.7 The Detector Simulation

The sample of events generated for uds (up, down and strange quarks respectively), ¢
(charm quark), and b (beauty quark) production are passed through a detailed
simulation of the detector response using the H1SIM package, which models the H1
detector using  GEANT3 [17] program, and through the reconstruction software as is

used for the data.

Figure 2.17 shows an example of low Q? DIS event in the H1 detector with deposit of
energy in the SpaCal (from the detected positron) visible.

_m=—nt &)
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Figure 2.17: Side view (lefi figure) and radial view (right figure) of low O’ DIS event in HI

detector. The scattered positron is detected in the SpaCal.
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Chapter 3

“It is the theory that decides what we can observe.”

Albert Einstein

Theoretical Overview

It is an impressive demonstration of the unifying power of physics to realise that all
the phenomena observed in the natural world can be attributed to the effects of just
four fundamental forces; gravity, electromagnetism, weak, and strong force

In terms of their range (from the very small to the very large) and magnitude (from

very large to very small), the forces can be summarise as follow;

g

o The strong interaction is very strong, but very short-ranged. It acts only over
ranges of order 10" metres and is responsible for holding the nuclei of atoms
together. It is basically attractive, but can be effectively repulsive in some
circumstances.

e The electromagnetic force causes electric and magnetic effects such as the
repulsion between like electrical charges or the interaction of bar magnets. It is
long-ranged, but much weaker than the strong force. It can be attractive or
repulsive, and acts only between pieces of matter carrying electrical charge.

« The weak force is responsible for radioactive decay and neutrino interactions.
It has a very short range and, as its name indicates, it is very weak.

e The gravitational force is even weaker, but very long ranged. Furthermore, it
is always attractive, and acts between any two pieces of matter in the Universe

since mass is its source.

It was found that at the very high energies the electromagnetism and weak forces are

the same manifestation of a unified force called the electroweak force.
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This forms a central pillar to the physics and to the endeavours of physicists to unify

all the known forces and show that all are different manifestations of the same

primordial force upon which the edifice of our universe is formed.

This chapter deals with the theoretical frameworks that govern the world of particle
physics in particular those relevant to this analysis. In explaining, predicting and
modelling the behaviour of particles and their interactions at the subatomic level there
have been resounding successes, models have been developed that can predict with

astounding accuracy the outcome of an experiment.

The current theoretical frame work which successfully explains the forces involved in
and the consequences of such interactions is the Standard Model (SM) of particle
physics which describes three of the fundamental forces, not including gravity (as yet

we await a theory that encompasses all four forces).

The Standard Model [19]- [21]is a Quantum Field Theory describing the elementary
particles and the forces between them. According to this model the fundamental
constituents of matter are 12 spin a half (1/2) fermions. The fermions are further
subdivided into those which experience the strong force (quarks), and those which do

not (leptons).

Furthermore the SM describes the interaction between particles via the exchange of
spin one particles (gauge bosons): photon for electromagnetic interaction, the weak

W= and Z° bosons for weak interactions, and gluons, g, for the strong interactions.

A complete description of the Standard Model is beyond the scope of this thesis; see
[22]- [23]for a more in-depth discussion.

In order to probe small distances within the nucleus of an atom different techniques
have been developed through the years to peer inside the minutiae of the subatomic

realm and glean information about this majestic world within the building blocks of

matter that make up our universe.
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The quest to glimpse and unfold the secret held within an atom started with

Rutherford’s scattering experiment and continues today in the form of particle

accelerators, which collide particles in order to study their constituents.

With each new generations of particle accelerators, as the realm of the experiments
has been extended to higher and higher energies, a more precise map of the subatomic
landscape has emerged. One type of experiment involving the collision of electrons
and protons (lepton-proton scattering) has been instrumental in obtaining high-
resolution images of the proton and has given fundamental insights into the nature of

the forces binding the constituents of proton, the quarks, to one another.

At high energies, the wavelength associated with the electrons is smaller than the size
of proton. Therefore one can use the electrons as probes to look at structure that is
small compared with the proton, that is “deep” within the proton. However this high
energy collision causes disruption to the structure of proton and culminates in
production of several new particles (i.e. hadrons). This means that the scattering is
inelastic as the target (i.e. proton) has been changed in the process and part of the
kinetic energy of the incident particle is lost inside the target giving rise to some

internal processes.

Deep Inelastic Scattering (DIS) processes, in which electrons are collided with
protons, are used in HERA to study the structure of the protons. In this chapter the
underlying theoretical aspects, crucial for the analysis, are discussed. The kinematic
variables used to describe lepton-proton scattering are introduced in the next section,
followed by a description of DIS and the production mechanism of heavy quarks in

DIS.

3.1 The kinematics of ep Scattering
Deep Inelastic Scattering interactions are mediated by exchange of virtual bosons.

Depending on the charge of this exchanged boson, the DIS events in HERA can be
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classified as Neutral Current (NC) process (ep—eX') or Charged Current (CC)

process (ep—VeX) , as illustrated in figure 3.1. The incident electron (e) and

proton (p) have four-momenta k* = (E¢, k) and p* = (E,, p) respectively, whereas

the four-momentum of the scattered electron(electron neutrinos,Ve) is K'¥ .

p (" X p(p") X

Figure 3.1: Virtual boson exchange in ep scattering via NC (left) and CC (right) interactions.

Neutral Current processes are mediated by the exchange of either a photon (y) or a z°
boson, whereas in the charged current processes a W* boson is exchanged. In the
following the Neutral Current reaction is discussed. At lowest order (QPM?) it is
described by the Feynman diagram shown in Fig. 3.2, in which the four-momentum of

the scattered lepton (proton) is denoted by k'(P").

e (k) o s = (p+k)
o= ¢ =—(k-Fky
e 0°
T = ;
# 2p-q)
_ Pq
¥y o= P'k
W2 = (p+q)°
PEY  Pp)

Figure 3.2: Kinematics of ep scattering.

! In here “X” includes all hadronic final states.

2 QPM is an acronym for Quark Parton Model. In around 1968, electron scattering experiments at
Stanford, California(SLAC), gave the first clear hints that pointlike particles existed inside the proton;
these were named “Partons”. Earlier, in 1964, Gell-Mann and Zweig had proposed that the proton and
other elementary particles known at the time were in fact built from a more basic entities named
“Quarks”. When the Stanford electron scattering data were combined with the subsequent neutrino data
from CERN, Geneva, it began to look as if the “partons” and “quarks” were the same entities [24].
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At fixed centre of mass energy the kinematics is completely given by two variables.
Usually these are selected from (the negative of) the four-momentum transfer, QZ, the

Bjorken® scaling variable x; ,the inelasticity variable y and the invariant mass squared

of the hadronic final state, W?2.
For convenience, the positive variable Q% = —q? which is a measure of the virtuality

of the exchanged boson, is used instead of the squared four momentum itself;

q* =(x" —x") =k’ +x°-2g, k"x" =2m} - 2E,E,(1-cos,) 3.1)

Ignoring the mass terms (this is appropriate in HERA as the mass of the colliding

particles are negligible compared to their momenta) then;

q? ~ =2E,E',(1 — cos6,) (3.2)

Hence;

Q*=-q*
~ 2E,E',(1 — cosb,) (3.3)

When the (¥ of the exchanged boson is large compared to the mass of the proton, the

proton is probed with high spatial resolution and the boson interacts with a constituent

of the proton rather than the whole.

Bjorken [25] demonstrated that DIS can be described by two dimensionless scaling

variables, the first of which, xp , is given by

xg = Q%/2p.q G4

3 After J.D. Bjorken
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In a coordinate system in which the longitudinal momentum of the proton is very

large compared with its mass ,xp represents the fraction of the proton momentum
carried by the struck quark. At HERA this so called infinite momentum frame can be
represented to a reasonable approximation by the laboratory-frame. This interpretation
can be extended to any other reference frame in which the proton has large
momentum if the partons are assumed to be massless and have no momentum
transverse to the proton direction. This is the basis of Quark Parton Model, where the
quarks are considered to be independent point-like entities (i.e. partons), travelling co-

linearly within the proton.

The second of these dimensionless Bjorken variables is the inelasticity, y, defined as
y=p.9/p.k (3.5)

this is equivalent to, in the proton rest frame, the fractional energy loss of the lepton.

The squared invariant mass of the hadronic final state, which is the same as the

squared mass of the photon-proton system, is given simply by
W? = (q+p)* (3.6)

This can be compared with the square of the centre of mass energy in the ep system.
Sep = (k + p)? 3.7

which, for the beam energies used in this analysis, has a value of 101761 GeV?.

If the masses of the colliding particles are neglected, then

er___ @ 2k.p=(k+p): =s, (3.8)
xy QZ/ Zp.qp'q/ k.p P
Therefore the two dimensionless entities, Bjorken scaling variables and the O are

related by
Q% = sepxy (3.9)
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Note that when q° S 0, the electron acts as a source of space-like* photons. For small

momentum transfers, Q° < 1 GeV?, the photon is ‘almost real’ and its behaviour
tends to that of a real photon. Such low Q interactions are referred to as
photoproduction processes. As Q? increases, the wavelength of the virtual photon
decreases until it becomes smaller than the size of the proton and then it is possible to
resolve the internal structure of proton. This type of interaction is called Deep

Inelastic Scattering (DIS).

The rate of an interaction is defined as the number of interactions in a fixed unit of

time, so the rate Ryin ep-scattering of interaction ,Iis given by
R = Lo T (3.10)

The cross section 07 is a measure of the probability of interaction I occurring. The

luminosity £ is given by

at

L =NN, £/ WW, 3.11)

where N, and N, are the number of particles in each colliding bunch. fis the frequency
at which these bunches cross one another in the interaction region and W and W, are
parameters defined from the 2D profiles of each beam. If the particle densities in each
beam are assumed to be Gaussian, along the same axis and the same in x and y then;
W, W, = 2n(V; + V) (3.12)

where V. and V), are the variance of the Gaussians of the electron and proton beams
respectively. The luminosity measurement at H1 is described in section 2.5.

In the following sections only the DIS regime is discussed for a detailed discussion on

photoproduction see [84] .

* Particles with q* > 0 are said to be time-like.
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3.2 DIS: Probing the structure of the Proton

In experiments at the HERA collider, the substructure of the proton is probed

in collisions with electrons down to length scales of the order of 10"* m and with

higher precision than any experiment before. For values of 0* = 1 GeV? the
“virtual® photon begins to be able to resolve the internal substructure of the proton.
This is the transition from photoproduction to DIS regime, where the constituent
partons are probed as depicted in figure 3.3. As Q° increases to the order of

M, M. ( the squared masses of Z’ and W* respectively), the heavier Z° and W*

ZO )
exchange bosons also contribute to the DIS, for the analysis in this thesis, photon

exchange dominates and Z° and W* exchange can be ignored.

7,.2°,W* (g")
5&( n = Proton Remnant
PP \\
Struck Quark

Figure 3.3:Deep Inelastic Scattering. The incident electron, scattered lepton, exchange boson

and proton have four-momenta x* ,k*,q* and p* respectively.

In the Q7 range of this analysis the proton substructure can be characterised by two
structure functions F; and F», that describe the distribution of the electric charge and
of the magnetic moment in the proton. These structure functions are generalisations of
the nuclear form factor [26] . At high O’ , where the exchange of the 7 is significant,
a third parity violating structure function namely xF3 is required to describe full
neutral current cross section.

The process of electron-proton scattering can be elastic(ep — epelectron-proton
scattering ) where proton remains intact, or inelastic when the virtual boson interacts

with a constituent of the proton and results in disintegration of the proton (ep — eX).

3 The virtual photon is ‘off-mass-shell’, meaning that E=pc is violated, and implying that it
temporarily has a non-zero mass [27].
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In low energy elastic scattering, the photon effectively perceives the nucleon as an

extended object and the structure function essentially describes the spatial distribution
of electrical charge on the proton. This leads to a dependence of the structure function
on the momentum of the photon. Whereas in the very high energy deep inelastic
scattering, the photon has resolved down to such an extent that the existence of the
complete nucleon is really irrelevant to the interaction, the photon interacts with only

a small part of the nucleon and does so independently of the rest of it.

The above phenomena can be expressed in terms of a cross-section for electron proton
scattering in which the cross section for elastic electron-proton scattering processes is
observed to be rapidly falling with increasing magnitude of the four-momentum
transfer Q® as depicted in figure 3.4. Simultaneously, the proportion of inelastic

scattering processes, increases.

HERA
P —rr g ———3
> # H1e"p NC 94-00 E
g 10 b A H1epNC =
o O ZEUS e"p NC 99-00 E
‘o s L o ZEUS e’p NC 98-99 ]
2 - SMe"p NC (CTEQSD)
© af _— SMep NC (CTEQSD) ]
10 F - E
2F ]
0 F = E
aF
10 F
E « H1e'p CC 94-00
10 L+ Hepce
E = ZEUSe'p CC 99-00
5F e ZEUS ep CC 98-99
19 E -~ SMe'pCC(CTEQ6D)
6F — SMep CC(CTEQ6D)
10 F q
E <09 E
7F y B
10 ) R A | 1 Lol

10° 10"
Q% (GeV?)

Figure 3.4: Cross-section for Neutral Current (blue) and Charge Current (red) as a function

of 0 [30]

Assuming that the electromagnetic interaction between electron and proton is
dominated by the exchange of a single virtual photon then the mathematics used to
describe the reaction becomes relatively simple.

The formula is made up of factors associated with the different parts of the diagram in

figure 3.3. It consists of factor describing the progress of the electron through the
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reaction ( the lepton current), a factor describing the propagation of the virtual photon,

and a factor describing the flow of the nucleon in the reaction including the
complicated disintegration process (the hadron current). The inclusive differential
cross section for inelastic electron-proton scattering in its lowest order in QED can be

expressed as:

dza —eX a!z Er
s el e c13

In the above equation E (E') is the energy of the incoming electron (scattered electron)

in laboratory frame, and L, and W*" are the lepton and proton currents

respectively, whereas «,, is the electromagnetic coupling constant. The factors

describing electron and photon are well known from QED, but the factor describing
the hadron current is a complicated unknown describing the evolution of the nucleon
structure during the interaction and can only be determined by the deep inelastic
experiments. Using the constraint of Lorentz current conservation the unknown
structure of the proton can be parameterised in terms of two® independent Structure
Functions, Fi(x,0°) and Fyx,Q), and one can rewrite equation (3.13) in term of

proton structure functions as follows;

d%0ep—se Zm
= TRy R (0% + (1 - y)F(x, Q)] (3.14)

A minimum of two structure functions are required because the photo-absorption

cross section has two independent contributions, or and oL, which arises from

transversal and longitudinal polarised photons respectively. It is found that 2xF} is

proportional to o and that F; is proportional to oy + L. A longitudinal structure function

can be introduced which is proportional to 0y, alone. It is related to F; and F, by,

Fr=2xF;-F, (315)
Equation 3.14 can then be rewritten as,
dz”ep—»ex _ 4maiy, _ y? 2
dxdQ? =~ xQ* (1 y+ 2[1+R(x,Q2)]) F, (x' Q°) (3.16)

Where the photo-absorption ratio, R(x, (), is defined by

® The presence of parity violation for W and Z° exchange leads to the introduction of a third structure
function F5(x,Q?).
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2\ — O-L(X'QZ) _ FL(lez)
R(x,Q%) = or(6.0%)  F2(xQ¥)-FL(x,Q?) (3-17)

The structure function FQ(X,QZ) is extracted from equation (3.16) by measuring the

d? Oep—eX

ede? and estimating the contribution of F.

differential cross section

In figure (3.5) a recent measurement of the structure function F of proton by HI
collaboration is depicted. F is shown as a function of Q° for different values of x. For
values of x between about 0.1 and 0.2, where the early fixed target measurements of
the proton structure function were made, the proton structure function can be seen to
be nearly independent of the four-momentum transfer 07 with which the proton
substructure is probed. This behaviour is called scaling. However F; is seen to rise
with 07 at low x and, to a lesser degree, to fall with O’ at high x, these deviations are
known as scaling violations. This phenomenon is further discussed in detail in the

next section.
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Figure 3.5: Proton structure function Fy(x, ) as a function of O for a range of different x

values.
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3.2.1 Scaling and the Quark-Parton Model.

Scaling is the name given to a phenomenon of the cross-section, which was first
predicted by James Bjorken [27]. Stated simply the prediction is that when the
momentum carried by the probe becomes large, then the dependence of the cross-
section on the parameters such as the energy and the momentum squared,Q?,
transferred by the photon, becomes very simple. In particular, the structure function
becomes independent of Q> This can be explained in the Quark-Parton Model, in
which proton is viewed, as a collection of point-like, non-interacting constituents; the

partons 7

In the Quark-Parton model the complicated scattering of the probe off a proton of
finite spatial extent has been replaced by scattering off a point-like parton. The photon
ceases to scatter off a proton as a coherent object and instead, scatters off the
individual point-like partons incoherently. The lack of length scale, due to the point-
like nature of the partons, naturally expldins the scale invariance observed

experimentally.

For a detailed explanation of the scaling violations we need the help of Quantum
Chromo Dynamics (QCD), of which the QPM is now known to be merely an
approximation. In contrast of the QPM, Quantum Chromo Dynamics is a dynamic
theory that includes interactions between the constituents of the proton. In QCD, the
partons are identified as quarks, carrying a quantum number, the colour charge, and
interacting by the exchange of gluons, which themselves carry combinations of colour
and anti-colour charges. The gluons represent the guage bosons of QCD and bind the
quarks inside the proton. In contrast to photons, the electrically neutral gauge bosons

of QED, gluons can couple to other gluons due to their colour charge.

7 The Parton Model was first put forward by R.Feynman, in which no initial assumptions about the
partons are necessary. It is the purpose of the experiments to determine their nature [21].
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This interaction of gluons with other gluons results in a specific dependence of the

strong coupling constant a (see Appendix C) on the resolution parameter Q?, which

in leading order logarithm approximation is described by [23].

i 121
$ (33-2Nj)In (Q%/A}cp)

a (3.18)

Where Ny = 6 is the number of quark flavours and Agcp8 is a scale parameter, the
value of which has been determined experimentally to be Agcp =~ 200 MeV [28] .

For Q? values much larger than A? the effective coupling is small and a perturbative
description in which the quarks and gluons interact only weakly (are ‘quasi-
free’)makes sense. For Q2 of order A%, perturbative calculation cannot be used, since
quarks and gluons will arrange themselves into strongly bound clusters, namely,
hadrons and can no longer be treated as approximately independent. Thus A can be
thought of as the line that separates the world of quasi-free quarks and gluons, and

the world of bound states hadrons such as pions, protons, and so on[31].

This behaviour of the strong coupling constant.is in contrast to the electromagnetic
coupling strength aygp that increases at short distances. The decrease of the strong
coupling constant at short distances is a property known as asympfotic freedom. 1t is
in the limit of asymptotic freedom, that the Quark-Parton Model can be derived from
QCD.

The rise of the proton structure functions with increasing ¢’ at low x and the decease
at high x are a feature of the gluon interactions in Quantum-Chromodynamics.

It is hypothesized within the QCD framework that the quarks inside the proton
endlessly emit and re-absorb gluons, which may then fluctuate into virtual quark anti-
quark pairs. These virtual quark anti-quark pairs are termed “sea quarks” to
distinguish them from the original quark content of the proton in the static Quark-
Parton Model, the “valence quarks”. The extent to which the virtual quarks contribute
to the electron-proton scattering cross-section depends on the resolution parameter o
with which the proton is probed. With increasing ¢’ the photon emitted by the

electron is more likely to find the proton in a state in which one of the valence quarks

¥ From equation (3.18) we see that at sufficiently low Q?, effective coupling will become larger. It is
customary to denote the Q* scale at which this happens by A% .
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has radiated one or more gluons and is surrounded by a cloud of virtual quark anti-

quark pairs (see figure 3.6 for illustration).

1 1 i 11111l 1 Lol 1111l 1 i1l L i

1 10 1¢*

Figure 3.6: Hllustration of proton structure as observed at different O’ value.

In this case, the photon may scatter off one of the sea quarks, which typically carry
only a small fraction x of the proton’s momentum, explaining the rise of the proton
structure function at low x. On the other hand if the photon, scatters off a valence
quark that has radiated gluons, the struck quark carries on average a smaller fraction x
of the proton’s momentum than it would, had it not emitted any gluons. That is with
increasing resolution O the proton is more likely to be “seen” by the photon in a state
in which the proton’s momentum is distributed over a large number of “soft” partons,
such that the probability to find a large fraction of the proton’s momentum

concentrated in a single “hard” parton decreases.

3.2.2 QCD evolution

As discussed earlier, it can be seen from Figure 3.5 that the scaling behaviour,
expected in the naive QPM, is observed only for values of Bjorken x about 0.13. In all
other x-regions F, depends logarithmically on ¢’. Furthermore there is a strong
dependence of F; on Bjorken x itself which is changing with (7, as shown in Figure

3.7
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Figure 3.7: The proton structure function F(x, Q) as a function of Bjorken x.

Although the scaling violation of the structure functions is expected in QCD, an exact
calculation is not possible and it must be evaluated approximately. Perturbative QCD
calculations can be performed in the formalism of collinear factorization in which
evolution equations [32] [33] are used to describe the radiation of partons from the
initial parton distribution in the proton and in the photon’. In the collinear
factorisation the parton distributions in the proton (and the photon) are assumed to
depend only on the scaling variable x and the energy scale u, which is usually the
photon virtuality Q°. In particular, the initial partons in the proton are assumed to
carry no transverse momentum. In the evolution, the partons are treated as massless
on-shell particles. Factorization and renormalisation scale parameters are used to
absorb divergent parts of the perturbation series into parton distributions and a.

Several models of the evolution of parton densities inside the proton have been
established and will be briefly discussed in this and the next sections. The evolution
equations are known as DGLAP [32], [33], BFKL [34], [35]and CCFM [29] [36].
DGLAP and BFKL model the evolution of Fa(x, 0°) with O° and x, respectively, and

® Due to Heisenberg uncertainty principle which in natural units can be written as AEAt > 1, the
photon is allowed to violate the rule of conservation of energy by an ammount of energy AE for a short
period of timeAt and fluctuate into a charged fermion anti-fermion system carrying the same quantum
numbers as the photon. If during such a fluctuation, one of the fermions interacts via a gauge boson
with another object, then the parton content of the photon is resolved and the photon reveals its
structure. In such interactions the photon can be regarded as an extended object consisting of charged
fermions and also gluons, the so-called resolved photon. This possibility for the photon to interact
either directly or in a resolved manner is another dual nature of the photon.
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CCFM scheme is a mixture of DGLAP and BFKL. An approximation lies in the fact

that the models only use leading terms of the full QCD expansion. As a result, the

models may work only in a limited part of the phase-space.

In the DGLAP parton evolution scheme, the gluon emissions are strongly ordered in
their transverse momenta, from very small momenta for the initial emissions in the

proton to larger momenta for emissions closer to the hard interaction with the photon.

In the BFKL scheme, the gluon emissions are strongly ordered in energy, from large
energies for initial emissions in the proton to smaller energies closer to the hard

interaction, while no strong ordering in the transverse momenta is predicted.

The CCFM approximation [36], attempts to combine features from both the DGLAP
and BFKL approximations and provides a satisfactory description of many aspects of
the data in the wide kinematic region. In this scheme the emissions are ordered in the
angle with respect to the proton direction, from small angles for the initial emissions

to the larger angles closer to the hard interaction,

The DGLAP, BFKL and CCFM evolutions describe the evolution of parton densities
with @7 and/ or with x via quark-gluon and gluon-gluon splitting which generates
increasingly rising densities at low x. However it is important to consider that at very
high gluon densities, the gluons can recombine via the recombination process

gg — g and thus damp the rise of F2(x, Qz) towards low x.

3.2.3 DGLAP evolution

In the DGLAP (Dokshitzer, Gribov, Lipatov, Altarelli and Parisi) scheme [32], [33]
only powers of &g In(Q?/Q%) from the perturbative QCD expansion are considered in
a leading logarithm approximation. Thus this approximation is valid only at large

enough Q where a; is small and In (1/x) terms are not important.

The evolution of the quark and gluon densities with Q? is given by the following

coupled equations
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g

Figure 3.8: Graphs of the leading order DGLAP splitting functions Piﬁ.o) (x/y) for Pge(q —
q9), Pyg(g — q@), and for Pyg(g — g9) splitting( from left).
4

qi i
4j -

Yj

Figure 3.9: Feynman diagrams contributing to the Next to Leading Order (NLO)
splitting functions Pq(;) and Pq(ql‘)'

) = 2 [ 2[5y 5,0 yq, </Y) + 901 QDBg /W] (319)

dqi(x,Q? s rld
) = & P50, 0,0D g, (x/¥) + 90, QDB /9| (3.20)
The functions P;;(x/y) are the splitting functions (see Figure 3.8) describing, in their
leading order, the probability of finding a parton of species # with momentum fraction
x within a parton species j with momentum y. For simplicity, g; is used to denote
quark densities as well as anti-quark densities.

The functions P;;(x/y) are calculable in perturbative QCD as a power series of
5(Q?)

Py(z a5 (@) = BV (@) + =P (@) + .. (3.21)

The functions Pig.n) are presently known up to order n=2, in the so called next-to-

next-to-leading order approximation (NNLO). Examples of NLO Feynman diagrams

are shown in Figure 3.9.
The evolution equations (3.20) and (3.21) look particularly simple when written in

terms of moments. The nth-moment of a function f{x) is defined as
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1
fm) = [Fam f(x)dx. (3.22)
The re-written evolution equations describing the convolution of a density and a

splitting function lead to a simple multiplication in momentum space:

———"‘Zifiﬁf) = [Zj Pyiq; Maqi(n, Q%) + Py g(m)g(n, QZ)] (3.23)
"35—’233 = o [Zf Pyq; Mqi(n, Q%) + Fg(m)g(n, QZ)] (3.24)

Due to the probabilistic interpretation of the leading order splitting functions Pig.o)

these are positive for x < 1 and satisfy the following sum rules

Jy B (2)dz =0, (3.25)
2P @ +BY @]dz =0, (3.26)
s 2[2n P (2) + B @) dz = 0, (3.27)

which correspond to quark number and momentum conservation.
An important feature of the DGLAP evolution is the strong ordering in the momentum

transfer squared and weak ordering in the longitudinal momenta
Q% > k2, » kZ g > » (4, (3.28)

x < Xxn < Xp-1 < < Xq, (3.29)

where Q2 is the starting scale, typically of order of few GeV>.

For a schematic depiction of the areas of phase space relevant for the two evolution
equations (DGLAP and BFKL) refer to Figure 3.10.
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Figure 3.10: Schematic phase space diagram for deep inelastic scattering. Directions of
DGLAP and BFKL evolutions are marked by arrows. In the non-perturbative regions

Q%< AZQCD (blue rectangle) the coupling is large and not much is known here in terms of

perturbative QCD. The saturation region (vellow area) an be understood by means of

perturbative methods at low x.

3.2.4 BFKL evolution

In the BFKL (Balitsky, Fadin, Kuraev, Lipatov) [34]- [35] approximation, only terms
with powers of a,ln (1/x) are considered while terms involving agln (Q?/Q3) are
neglected in the leading logarithm approximation. Thus BFKL is expected to be a
good approximation in a different region than DGLAP, namely at very low x but at QZ
large enough in order to work with reasonably small values of a; (Q?) see figure
3.10.

Unlike DGLAP, there is no strong ordering in Q° while strong ordering in x,

corresponding to time-ordering in the proton rest frame, is required

XK xy KxXpog K0 KXy, (3.30)
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An unintegrated gluon distribution f(x, k%) is defined for k% # 0 by

2 de
xg(x, Q%) = fOQ R—%Tf(x, k%), (3.31)
for which the BFKL evolution equation reads
daf (x.k?
_‘"'df;(z/ﬁ = [ dkZk, (k% k3 f (k}, kF) =k, ® f = Af, (3.32)

where X stands for convolution and k;, is the Lipatov kernel representing the sum
over powers of asln (1/x) terms. From the last equality in equation (3.32) it is
obvious that the function f follows a power-law behaviour in the variable x. The

resulting gluon distribution can be expressed as

xg(x,QH~f(@Hx~%. (3.33)
Hence, the behaviour of the structure function is predicted to be proportional to x4
(for a dominant gluon contribution) although the constant A is not well constrained.

It’s value in the next-to-leading logarithm approximation (NLLA) is 1~0.17 [[37]]
ag~0.5 [34]-

12In2
T

while in the leading logarithm approximation (LLA) it is A =

[35].

3.2.5 CCFM evolution

The CCFM (Ciafaloni, Catani, Fiorani & Machesini) equation is the application of
angular ordering to the calculation of the gluon ladder.

QCD colour coherence implies angular ordering of emissions along the parton chain,
so that it is necessary to work in terms of parton distributions f, (x, k%, u*), which are
unintegrated over k. These distributions depend on two hard scales: ky and the scale
p of the probe. They are described by the CCFM evolution equations [29], [36],
which is valid both at large and small x, since it resums terms of both the form

(asIn (%))” and (agIn (-1—%—3;))". This means that at large x the CCFM evolution

behaves similar to DGLAP evolution, and at small x it will be BFKL-like, because
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both DGLAP and BFKL evolutions are the two limits of the angular-ordered

evolution. In the DGLAP collinear approximation, the angle increases due to the

growth of kg, while in the BFKL approach, the angle (68 = kT/ k, where k; is the

longitudinal momentum) grows due to the decrease of the longitudinal momentum
fraction, x , along the chain of parton emissions from proton. The angular ordering is a
consequence of the interference of soft gluon radiation (or coherence), where strongly
effects the hard parton scattering close to the kinematic boundaries x — 0 and 1.

The CCFM evolution includes angular ordering in the initial state cascade, which
means that the emission angles of the partons with respect to the propagator increases

as one moves towards the quark box,

ED & »> 8> &, (3.34)
where the maximum allowed angle E is set by the hard quark box [85],
pg+p7 =Y (pp + Ep,) + Qr. (3.35)

Qr is the transverse momentum of the quark pair and Y is its light cone momentum
fraction. Equation (3.35) is written in terms of Sudakov variables [86], where pg, pg
are the four momenta of the produced quarks and p, and p. are the proton and

electron momenta. The momenta of the emitted gluons can be written as

¥,
p; = vi(pe +&ipp) + 01y & = ;;? (3.36)
where v; = (x;_; — x;) is the momentum fraction of the emitted gluon, py is the
tranverse momentum of the gluon, and s = (p, + p,)?. It is assumed here, that all

particles are massless.
The CCFM equation can be written as
_ AN
—o _d xAk$aD _ %P(z,k%,( Z) ) PALfad LI2 = 1oN2
T nan = oy $AC KT @/DY (37
where A(x, kZ,32) is the gluon density unintegrated in k7. It depends also on x and

evolution variables Z:

Gi = 1= = X158 (3.38)
which are the scaled transverse momenta of the emitted gluons and z; = % . In this
formalism, (3.34) bcomes
qi > Zi-19i-1- (3.39)
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The Sudakov form factor Ag [115] describes the probability that there are no

emissions from the starting scale 3 to the maximum rescaled transverse momentum
qrznax *
— 7*dq® (1-Q as(q*(1-2)%)
AT Qo) =exp (— fz o Jy 1Az ) (3.40)

where &g = Caas / - For inclusive quantities at leading-logarithmic order the Sudakov

form factor cancels the 1/(1-z) collinear singularity of the splitting function. The
CCFM splitting function P is defined as
Bns (21, Ky, a7)- (3.41)

The difference between the CCFM and the DGLAP splitting functions is that the
CCFM splitting functions include the singular parts of the DGLAP splitting functions.

a (12
jsg(Z: k%, ((_l/z)z) — “s(qiz(l—zi)z) + (Xs(zk'Ti)

1-z;

There is also one additional function A, called the non-Sudakov form factor, which
originated from the fact that, in CCFM and BFKL, all virtual corrections in the gluon
vertex are automatically taken into account. This is called the Reggeisation of the
gluon vertex.

As parton densities cannot be calculated from first principles. They have to be given
at some reference scale and then they can be computed from any value of the scale.
The determinations of the parton distributions are made with the evolution equations
which fit ¢, and g to data at a variety of (’. The determination of PDFs requires

detailed treatments of the experimental and theoretical uncertainties.

a) b)

Figure 3.11: Feynman diagrams of the first order QED corrections to the lepton-quark
scattering corresponding to the initial (a) and final (b) state radiation of the photon from the
interacting electron.
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3.2.6 Radiative QED Corrections

Radiative QED corrections to deep inelastic scattering are due to the emission of real
photons, virtual loops or due to exchange of an additional photon. They are strongly
suppressed by factors proportional to aggp = 1/137 . However, in some regions of
the phase-space within the detector acceptance these corrections become important or
even dominant.

Three major sources can be distinguished in the leading logarithm approximation
(LLA) of QED radiative corrections. When the photon is emitted from the incoming
electron almost collinearly, see Figure 3.11 (a), the process is called initial state
radiation (IRS). Final state radiation (FSR), Figure 3.11 (b), is analogous to ISR but
the photon is emitted from the scattered electron. A third process is called QED
Compton scattering where the photon is emitted from the interacting electron, as in
the case of ISR or FSR, but at large angles while the electron undergoes only a small
variation in its direction due to the exchange of the virtual photon in the interaction
with the proton. These events have a clear signature since the outgoing electron and
the radiated photon occur back to back in the polar angle ¢ .

ISR events may be employed to measure deep inelastic scattering at low values of o
They are basically regular DIS events with the centre of mass energy s decreased by
the photon radiation. Hence the kinematics of such events must be reconstructed with
a method insensitive to the incoming electron energy and account for a different
centre of mass energy s . Such a method could be, e.g., the so called sigma method

which will be discussed in the Analysis section of this thesis.

3.3 Production Mechanism of Heavy Quarks in DIS

The heavy quarks, charm and beauty, do not exist as stable particles in nature, since
they decay into lighter quarks. They were discovered with modern particle
accelerators which provide enough energy to produce them. They form bound states
with other quarks which then decay in an extremely short time, of the order of a
picosecond (1072 sec). Since the discovery of charm in 1974 and beauty in 1977 there
have been detailed experimental investigations to understand the interactions of these
particles. Their large masses make them especially interesting for study of the strong

interactions, since the strong force is weaker for harder scales and thus better
70



Chapter 3: Theoretical Overview
calculable. However the accurate understanding of how charm and beauty quarks are

produced in hadronic environments is still an open issue.

At the HERA storage ring at DESY, electrons of 27.6 GeV of energy are collided with
920 GeV protons, providing an ep center-of-mass energy of 318 GeV. This offers
great opportunities to study the production mechanisms of heavy quarks and to test all

aspects of QCD, in both perturbative and non-perturbative regimes.

The main reason and interest in the production of charm and beauty quarks at HERA
can be related to the fact that these quarks with masses m, =~ 1.5 GeV and m;, =
4.75 GeV, charm and beauty respectively, are too heavy to be stable constituents of

the proton which has a mass of m, ~ 0.935 GeV, therefore special production

mechanisms are needed to explain the phenomenon.

. The most important mechanism for heavy quark production in DIS is through
photon-gluon fusion (PGF) which is directly sensitive to the gluon momentum
density (PGF is shown in the left plot of figure.3.12.) on the same figure on the right,
for comparison, a Born level diagram of light quark scattering is shown also. Besides
direct photon interactions, as shown in the figure3.12, there exist also resolved photon
processes, where the photon fluctuates hadronically before the hard interaction, as
illustrated in the left hand part of figure 3.13. At HERA resolved photon processes

play an important role in photoproduction, where Q?%~0 GeV?, and are suppressed in

the deep inelastic scattering (DIS) regime Q% > 1 GeV2.

+

Figure 3.12: The left plot illustrate the dominant production process for charm and
beauty quarks in ep collision at HERA, the photon gluon fusion (PGF) reaction. The

right plot depicts for comparison the simplest diagram for light quark scattering.
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In contrast, the light valence or sea quarks in the proton can scatter directly off the

electron with only the electromagnetic force (photon exchange) involved as depicted

in the right plot of figure (3.12).

Figure 3.13: Leading order resolved photon diagrams for charm and beauty

production in the massive scheme (left) and in the massless scheme (right).

At the x and Q7 values probed at H1 heavy quarks may contribute up to 30% of the
structure function F, [29]. In the framework of QCD the cross section of a process
may be calculated using a perturbative expansion in the coupling constant.
Perturbative calculations can be applied if there is a large scale compared to the QCD

parameter Agcp = 0.26 GeV so that the coupling constant is small.The heavy quarks,

i.e. charm, beauty and top, which have masses m > Aqcp, provide such a scale.

T LN T LI

g ( L )

b

1 | I | Illll 1 1 11 Illll
Z
1t ] 10 10 |

w GeV ’l |

l
|
J
|
1
I
‘
,
;
a

m,. my,

Figure 3.14: Running coupling constant ag of the strong force as a function of hard scale i .
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The heavy quark masses can set the hard scale even if there are no other hard scales
available. This is illustrated in figure 3.14, which shows the running coupling constant
a as a function of the hard scale p. At the scales of heavy quark masses, as(m.) and
even more az(m;) is small enough that higher order processes, i.e. with further
gluons involved, are expected to be suppressed.

The QCD hard scattering factorisation theorem [38] can be applied to the process.
This states that the proton gluon density, determined indirectly from the variation of
the inclusive structure function F» with changing photon virtuality Q°(see figure 3.15),
is universal and can be used to predict exclusive hard processes, such as heavy flavour
production. Note that the relevant range of the proton momentum fraction x carried by
gluon, which can be probed with the photon-gluon-fusion (PGF) process at HERA is
~10~* — 1071 for charm and ~10~3 — 10~ for beauty production.

Figure 3.15: Gluon density in the proton as a function of the proton momentum fraction x
carried by the gluon for three different values of the photon virtuality Q2, as determined from

the scaling violations of the inclusive structure function F,.

Perturbative QCD calculations of heavy flavour hadron production cross sections
factorise the process into four pieces as depicted in figure (3.16) and expressed by the

following convolution:

o = pStructure®y*Structure®hardME® Fragmentation
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Here ‘p Structure’ denotes the parton densities in the proton, ‘y* Structure the parton

densities in the resolved photon, ‘hard ME’ the calculable hard scattering cross section and
‘Fragmentation’ the fragmentation of the quarks into observable hadrons. For the direct
photon gluon fusion process shown in figure 3.12(left plot), there is no photon structure term

and the heavy quark cross section (before fragmentation) can be written in the form

1P (B, Pp) = [ dxfP (x,1s)8y;(Byr Py s (lr), g tir) - (3.42)

Here fgp(x, up) denotes the proton gluon density as a function of the proton

momentum fraction x and the factorisation scale yz. Gluon radiations with kinematic
scales below py are absorbed in the proton gluon density, while those with harder

scales are attributed to the hard scattering (see figure 3.16).

e

hard
Ty (6 M) —omomfroeeeee e

parton evolution

Hard ME

soft

p Structure

[y (5 MG) s My

Z 0= > S Z I S G > a

Figure 3.16: Factorisation of heavy flavour production in QCD in proton structure, photon

structure, hard matrix element and fragmentation (left).Illustration of factorisation principle

(right).

The dependence of the gluon density on the factorisation scale can be calculated using
the DGLAP [32] [33] evolution equations.

8yj(By, Py, as(ug), g, ) is the hard partonic cross section of a photon and a gluon
that depends on their momenta, on the strong coupling constant ag, on the
renormalisation scale y,-10 at which @ is evaluated and on the factorisation scale, pup.

Figure (3.17 a) shows a leading order O(ag) process and 3.17b,c,d, higher order

19 1., the renormalisation scale is introduced to remove the ultra violet divergences which occur when
virtual corrections are taken into account in the calculation of the matrix element. These divergences
are absorbed into the running of the strong coupling constant a(u?) (see Appendix C).
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O(a?) processes. Beyond leading order the separation into direct and resolved photon

processes is ambiguous.

Figure 3.17: Leading diagrams for heavy quark production in the massless scheme at leading

order (a) and next-to-leading order (b-d).

Besides the heavy quark masses, there can be two other relevant hard scales available
in the heavy quark production process, the virtuality O’ of the exchanged photon and
the transverse momenta P of the outgoing heavy quarks, as depicted in figure 3.18.
This leads to the so called multi-hard scale problem in QCD, which is related to terms

in the perturbative series of the form
~[asln (PZ/mP)]" or  ~[aln (Q*/my)]" (3.43)

with ~=c,b. Such terms appear at all orders n and represent collinear gluon radiations
from the heavy quark lines. The terms can be large for Q% > my or Pf »> my and

hence can spoil the convergence of the perturbative series.

Figure 3.18: Possible hard scales in the photon gluon fusion process.
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Different schemes to calculate heavy quark production processes have been developed

in the framework of collinear factorisation that are expected to be valid in different

kinematic regimes:

Massless Scheme: In calculations for processes with light quarks, the mass of
the light quarks is assumed to be zero. The quarks are treated as active partons
in the proton, i.e. a density distribution for the quarks in the proton is used to
describe the non-perturbative part of the calculation. The perturbative series is
expanded using a scale-parameter y as given by the photon virtuality O’ or jet
momentum Pr. Perturbative calculations are expected to converge for u =
Agcp- Due to the heaviness of the quark mass my, this approach does not work
for heavy quarks except in the extreme limit y »> mg, in which the heavy
quarks can be treated as massless. In this ‘massless’ scheme, at the leading
order (LO), the quark parton model (QPM, see figure 3.17a) process is
dominant contribution. -

At the next-to-leading order (NLO), virtual corrections are included (figure
3.17b) and the QCD Compton (yq — qg, figure 3.17¢c) and photon gluon
fusion (figure 3.17d) processes also contribute. The massless approach is often
referred to as the Zero Mass Variable Flavour Number Scheme (ZM-VFNS)
[39] [40]. In this approach the heavy quarks are treated as infinitely massive
below some scale u?~m, and massless above this threshold.

In this scheme the heavy quarks can also be absorbed into the proton structure
and treated as massless sea quarks like the light quarks (», d and s). This
treatment allows resummation of the terms in equation 3.43 to all orders, i.e.
the collinear radiations are absorbed into the ‘heavy quark’ proton density
function, using the DGLAP equations just as is usually done for the light

quarks. This scheme is expected to work well for Q% PZ > m2.

Massive Scheme: At values of u2~M?, the ‘massive’ scheme [41]- [43], in
which the heavy flavour partons are treated as massive quarks is more
appropriate. The heavy quarks are only produced perturbatively as shown in

the diagrams in figure 3.19. The higher order terms in equation 3.43 beyond
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NLO are simply ignored. This scheme is expected to work well for the

kinematic region Q2, P? ~ m# . In the massive scheme the dominant leading
order (LO) process is photon gluon fusion (PGF, figure 3.19 a) and NLO
diagrams are of order aZ(figure 3.19 b-c). The scheme is often referred to as
the Fixed Flavour Number Scheme (FFNS). As u? becomes large compared
to M2, the FFNS approach is unreliable due to large logarithms in
In (u2/M?) in the perturbative series. Generator programs in this scheme
which are applicable to HERA physics (FMNR [44] , HVQDIS [45]) are
available to next-to-leading order [44] [45]. The fixed order massive scheme
is also used in various Monte Carlo event generator programs which
implement leading order matrix elements and parton showers to simulate
higher order effects. A brief description of these programs is given at the end

of this chapter.

< <66
660 . 660

a b C
Figure 3.19:Leading diagrams for heavy quark production in the massive scheme at leading

order (a) and next-to-leading order (b-d).

e Mixed Schemes: In order to provide reliable pQCD predictions for the
description of heavy quark production over the whole range in u?, composite
schemes which provide a smooth transition from the massive description at
u2~M? to massless behaviour at u? » M? have been developed. These
composite schemes are commonly referred to as variable flavour number
schemes (VFNS). The schemes (i.e. VFNS) converge at small (large) photon
virtualities Q2 to the massive (massless) scheme. For intermediate Q2 an

interpolation is performed. The general idea is embodied in the structure:
[QPM term] - [asymptotic subtraction term] + [PGF term] (3.44)

An illustration is shown in figure 3.20 for the case of charm production. The
subtraction term is the key to the understanding of the interpolation procedure. In this

term the charm quark is close to mass-shell and collinear to the gluon and hadron
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momenta. For Q2 <« m?2 the subtraction term becomes equal to the QPM term and the

remaining contribution is from the PGF diagram. On the contrary for Q% > m? the
subtraction term cancels the PGF term and QPM term is recovered. There are various
approaches on how to deal in detail with the subtraction in the intermediate Q region.

For a full discussion see [46] [47].

Figure 3.20: Leading order diagrams for charm production in DIS in the variable flavour
number scheme: On the left the QPM diagram is shown, on the right the PGF diagram and

the middle the ‘subtraction diagram’.

3.4 Hadronisation

The life-time of charm and beauty quarks is long enough to allow them to form
hadrons which can be experimentally observed. The transition from partons to
colourless hadrons is called hadronisation. The hadronisation process cannot be
described using perturbative QCD but phenomenological models have to be applied.
Fragmentation functions are used to parameterise the transfer of a quark’s energy to a
given meson.The starting point is the partons from the perturbatively calculable final
state, e.g. the parton configuration after the final state parton showering in the leading
order calculations. It is assumed that the full process can be factorised into a hard,
perturbatively calculable and soft, non-perturbative part (cf. figure 3.16-right) and
that the hadronisation is independent of the hard scattering process, i.e. the models
and their parameters measured at one experiment, e.g. at the e"e” collider LEP, can be

used at any other experiment.
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Figure 3.21: lllustration of the Lund string hadronisation model. a) The tube-like colour field
between a quark and an anti-quark according to the QCD potential(cf. equation 3.44). b)

Formation of colourless hadrons according to the Lund fragmentation model.

One of the most successful hadronisation models is the Lund string model [48]. The
colour field between two quarks is squeezed into a tube-like region, a colour string, as

depicted in figure 3.21 a). The colour field is given by the QCD potential
V) = -T2+ k. (3.45)

Here the second term kr accounts for the QCD colour confinement which causes the
colour interaction to become stronger when the quarks separate. Since k is of the
order 1 GeV/fm, the second term dominates at large distances r, leading to the tube-
like shape of the colour field. The string breaks up if the energy is large enough to
produce a qg pair which then may produce a cascade of additional quark pairs until
the energy is exhausted and bound quark states are produced. This process is
illustrated in figure 3.21 b). Within this model baryons are created via the production
of diquark pairs qqgg.

While the transverse momentum spectrum of the produced hadrons is assumed to be
Gaussian, the longitudinal momentum is derived from fragmentation functions f (z).
The fragmentation functions describe the probability for a Hadron H, which originates
from a quark O, to carry the fraction z = (E +p)u/(E + D)o of the quark’s
longitudinal momentum. Different fragmentation functions can be used within the

Lund string model. In the following, two of the fragmentation functions are discussed.
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The Lund fragmentation function is defined as follows:
2

DY (z) = N2 exp [224] (3.46)

z

Where m3 = E%2 — p? is the transverse mass of the hadron H and a and b are
parameters which have to be adjusted to data.

For heavy flavour production the Peterson fragmentation function Dg(z) [49] is
preferentially used, since it provides a harder fragmentation which is needed to

describe charm and beauty data:

Di(z) ==(1- > 282 (3.47)

z

The Peterson parameter €, has to be adjusted to the data. It scales between flavours

like €y mi At leading order a common choice for the parametere, is €, =~ 0.058
Q

for charm and €, ~ 0.0069 for beauty hadrons. According to [50] the common choice
at next-to-leading order is €, ~ 0.035 and €, = 0.0033. In figure 3.22 the Peterson
fragmentation functions for the latter case are depicted. The fragmentation is harder
for beauty quarks due to their larger mass. At next-to-leading order the fragmentation
parameters are smaller because the possibility of gluon radiation is already included in

the matrix element.

14
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Figure 3.22: Peterson fragmentation functions for charm and beauty (next-to-leading

order parameters €, and €, are used).
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3.5 Monte Carlo Event Generators

Monte Carlo event generators are used in high energy physics to model events as they
would be observed by a perfect detector. For this purpose a reasonable modelling of
the underlying physics is needed at the generator level, i.e. before the detector
simulation. In the available programs the parton level is generated using leading order
pQCD matrix elements. Higher orders are approximated using parton showers (PS)
radiated from the initial and final state partons. These parton showers are generated in
most programs according to the DGLAP parton evolution scheme. Since the process
of event generation is too complex to be performed in one go, it is instead subdivided
into several parts. This is illustrated in figure 3.23 for the example of a photon-gluon
fusion event at HERA and a leading order plus parton shower event generator. The
emission of virtual photons by the electron can be described using QED. In the

photoproduction regime the photon flux fy/e (y,Q%) is given by the Weizsécker-

Williams approximation [51]. The proton partdg density function defines the flavour
and the energy of the particle which takes part in the interaction from the proton side.
To obtain the parton density function at the appropriate scale, parton evolution
schemes, e.g. DGLAP or CCFM, are used. The parton from the proton starts off a
sequence of branching, such as, g — gg, leading to an initial state parton shower.
The photon and a parton from the initial state parton shower enter the 2 — 2 hard
process. The matrix element (ME) for the process is calculated in leading order. The
outgoing partons from the hard process are subject to final state parton showers. The
main properties of an event are determined by the LO matrix element and the parton
showers effectively approximate higher order effects. The outgoing partons from the

parton showers enter the hadronisation step, which is based on phenomenological

models.
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Figure 3.23: Principle layout of an event generator with initial and final state parton

shower (PS), leading order matrix element (ME) and hadronisation.

In this analysis Monte Carlo program RAPGAP [51] is used to generate DIS events
for the processes ep — ebbX , ep — eccX and ep — eqX where g is a light quark

of flavour u, d or s. The Monte Carlo program CASCADE [52] is also used to
produce b and ¢ events. RAPGAP combines 00(as) matrix elements with higher

order QCD effects modelled by the emission of parton showers. The heavy flavour
event samples are generated according to the massive photon gluon fusion (PGF)
matrix element with the mass of the ¢ and b quarks set to m; = 1.5 GeV and m,, =
4.75 GeV respectively. The DIS cross section is calculated using the leading order
(LO) 3-flavour parton distribution functions (PDFs) from [39]. CASCADE is an
implementation of the CCFM [36] evolution equation and uses off-shell matrix

elements convoluted with & unintegrated proton parton distributions.

The partonic system from uds, ¢ and b processes is then fragmented according to the
LUND string model implemented within the PYTHIA program [53]. The ¢ and b
quarks are hadronised according to Bowler fragmentation function [80]. The
HERACLES program [54] calculates single photon radiative emissions off the lepton

line to provide virtual and electroweak corrections.
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The samples of events generated for uds, ¢ and b processes are passed through a

detailed simulation of the detector response based on the GEANT3 program [55], and

through the same reconstruction software as is used for the data.

o
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Chapter 4

“He that would perfect his work
must first sharpen his tools. "

Confucius

Event Selection

In this chapter the inclusive DIS jet sample is presented which is the basis for the
measurement of the charm and beauty cross sections. The chapter starts with the
data sample used and the selection criteria,applied. The DIS event selections are
discussed which continues with trigger selection, DIS control plots and track

reconstruction, the chapter concludes with a discussion on calibration.

4.1 Data set

The data used in this thesis were recorded with the H1 detector in 2006 and 2007
when the CST was fully operational and corresponds to an integrated luminosity of
188.6 pb"'.The data chosen for this analysis are composed of electron-proton

collisions (53.4 pb™") and the positron-proton collisions (135.2 pb™).

Each HERA fill of colliding protons and electrons is recorded by H1 in a series of
data taking runs. Background conditions and other experimental factors are not
constant throughout each run and so only runs that occur under acceptable conditions
are analysed in this thesis. Since the detector conditions may vary during runs and

luminosity fills, therefore, a good run selection is performed on all the recorded data
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used in this analysis. This selection is based mainly on high voltage (HV) conditions
of certain detectors essential for this analysis. The central tracker HV must be on,
namely the central jet chambers CJC1/2, and central proportional chambers
COP/CIP, the LAr, CST must also be on, as well as the ToF system and the Lumi

system.

4.2 Kinematics

The kinematics of an event may be defined using information from the scattered
electron, the hadronic system, or a combination of the two. These methods of
reconstruction of the kinematic variables that define an event differ in resolutions for
each variable due to different precision with which each component quantity can be

measured.

Different methods that are used to reconstruct the kinematic variables are (for detail
refer to Appendix B): the Electron Method ([56]); the Double Angle Method; the
Sigma Method and the Electron Sigma Method ([57]) .The Electron Sigma Method is
employed in this analysis to reconstruct the kinematic variables' of the events. The
Electron Sigma Method combines the excellent (F resolution of the Electron Method

with the precision x determination from the Sigma Method. It is defined as follows:

QZ
Qy =0 Xey =Xy Vel =5 4.1)

The event kinematics (%, and inelasticity variable y, are reconstructed using the

2
above method whereas the Bjorken scaling variable x is obtained from x = Q / sy -

4.3 DIS and Jet Event Selection

e The events are selected by requiring a compact electromagnetic cluster in

either the LAr or SPACAL calorimeters.

! For a detailed description of the kinematic variables, Q, yand x, see section 3.1 "Kinematics of ep
Scattering’ of the Theory chapter in this thesis.
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The Electron Cluster Radius (ECRA) was required to be less than 4 cm. An
electron will produce a cluster in electromagnetic calorimeter over a localised
region, unlike hadrons for which the cluster is generally more spread out.
Thus requiring an ECRA to be less than 4 cm,is minimising the probability
that a hadron from other processes (mainly photoproduction) fakes an

electron.

The z position of the interaction vertex was reconstructed by one or more
charged tracks in the tracking detector and it was required to be within

+ 20 cm of the centre of the detector to match the acceptance of the CST.

In order to suppress the photoproduction events, Y; E; — P,; was required to
be greater than 35GeV . Here E; and P,; denote the energy and
longitudinal momentum components of a particle and the sum is over all final
state particles including the scattered electron and the hadronic final state
(HFS). The HFS particles are reconstructed using a combination of tracks and

calorimeter deposits in an energy flow algorithm that avoids double counting

([58D).

To ensure sound event reconstruction, apart from HV sub-detector
components (i.e. CJC1/2, CIP, COP) and ToF, LAr, SPACAL and Lumi
system which were required to be fully operational, the CST (Central Silicon

Tracker) was also required to be operational during the data taking run.

In order to have good acceptance in the SPACAL and to ensure that HFS has
a significant transverse momentum, events are selected in the range 4.5 <
Q2 < 1585 GeV?2. The analysis is restricted to 0.07 <y, < 0.625. The
range of y was chosen to ensure that the direction of the quark which is struck
by the virtual exchanged photon is mostly in the CST angular range (the

lower y cut) and to reduce photoproduction background (the upper y cut).

Fiducial cuts were made to avoid cracks in the detector acceptance (in the ¢,

and Z, directions) where the efficiency of both the trigger and the electron
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finder is significantly less than 100%. These regions occur when ¢, is within
2° of the LAr octant edges and at 15.0 < Z, < 25.0 cm. Due to high rates an
inner SPACAL 's2 box' cut has been applied as follows (—20 < x, <
19&& —10<y, <191 (-8<x, <9 && —19<y, <-11) I (10 <
X, < 16 && — 10 <y, < 9) cm. Here ¢,,Ze, x, and y, denote the impact

position of the electron on the surface of the calorimeter.

e Jets with minimum Pr of 1.5 GeV, in the angular range 15° < § < 155° are
reconstructed using the invariant K7 algorithm [62] in the laboratory frame

using all reconstructed HFS particles.

4.4 Trigger Selection

The main objective of the trigger system is to give a fast decision for the acquisition

of the interesting ep events while sorting out the background events. More
information on triggers can be found in section 2.6 of the detector chapter of this
thesis. .
At the first level of the H1 trigger system a classification of events into physical
classes is done by combining different trigger elements into conditions called
subtriggers. An optimal use of the available band width of the read-out is achieved
by an autoprescale scheme [74].
The prescale strategy sets priorities to the different physics classes. According to
these priorities events are rejected by the Level 1 trigger system. The rejection is
steered by prescale factors assigned to the different subtriggers. A prescale factor N
means that only one out of N triggered events is preserved. The production rates of
all processes decrease together with the luminosity during a HERA fill. Therefore
more band width becomes available for physical classes with low priorities and their
prescale factors are successively reduced.
The autoprescale scheme has the consequence that the effectively taken luminosity
depends on the subtrigger and its mean prescale factor. The integrated luminosity is
needed for the cross section measurement and therefore the analysis is constrained to
events accepted by specific subtrigger.

The triggers used in the analysis require a SPACAL energy deposit in association

with a loose track requirement. Although these triggers are ~100% efficient which
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reduces systematic uncertainty on tracking efficiency, albeit not all events could be
recorded, due to the large rate for low (F events.

In this analysis subtrigger S3 (an inclusive trigger) which requires an energy deposit
in the electromagnetic SPACAL, in conjunction with subtrigger S61( non-inclusive
trigger), which requires a loose track association, are used.

The subtrigger 61 (ST 61) is designed for selecting possible heavy flavour events in
the analysed ( range. The Level 1 condition of ST61 is given in table 4.1.

ST 61 = (SCPLe_IET>2 || SCPLe_IET.Cent_3) &&DCRPh_THig && zVtx_sig
&% (d:0) && (v:8) && (£:0)
(d:0) DCRPh _NL_many &% DCRPh NH many && DCRPh_PL_many && DCRPh_PH_many
(v:8) = | SPCLh_AToF E_1&& ! SPCLh_ToF_E_2
&& ! VETO_inner BG && ! VETO Outer_BG && ! VLQToF_BG
(£:0) = (FToF_IA||FIT_IA) || (! FToF_BG&& ! FIT_BG)

il

Table 4.1: The trigger element composition of ST 61. The logical operators used in the

definition are “&& " for “and”, “[|” for “or” and “!” for a logical “not”.

The main trigger elements of ST 61 are
e (SCPLe IET>2 || SCPLe_IET_Cent_3) requires a cluster with more than 6
GeV energy deposition in the SpaCal setting off the Inclusive Electron
Trigger(IET),
e DCRP_THig demands a track with transverse momentum above 900 MeV
identified by the DCRhi drift chamber trigger and
e zVix_sig ask for a significant entry in the zVix histogram of the proportional
chambers.
The global options (d:0), (v:8) and (f:0) are included in several subtriggers and are
designed to suppress noisy CJC events and to reject background events from outside
the interaction time window which are identified by time of flight (ToF) and VETO
systems.
The subtrigger S3 requires only a certain energy deposit in the electromagnetic
SpaCal. The requirement for the subtrigger S3 can be summaries as;
e SPCLe IET >2 which requires a cluster with more than 10 GeV energy
deposition in the SpaCal outer region, with no track requirement but with

Level 2 requirement radius of >30cm.
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All events that are triggered by the unprescaled subtriggers S3 " S61 (i.e. S3 OR
S61), are taken and then these are assigned a weight of 1. Events are also taken that
fail both these subtriggers but pass one of the inclusive subtriggers SO [st] s2,
which are weighted according to
Nrun
W =St

Ntrig
=t a-»
w; i P,
where Nrun is the number of runs each with integrated luminosity £; and F; is the

prescale of the fh trigger for run i A value of W = 133 (W = 1.17) for the
e™p (etp) data was obtained. This method means that a trigger efficiency of

@.1)

~ 100% is kept, albeit with a slightly increase in statistical error on the data, in fact

the average weight for all events is smaller than 1.02.

4.5 DIS Control Plots

The following distributions demonstrate the effectiveness of the DIS selection
criteria described above. All distributions are well described by the model RAPGAP.
This indicates that both the physics and the geometry of the H1 detector are
understood and well described by Monte Carlo. Figure 4.1 shows the kinematic
variables Q° and ¥, which represent the virtuality of the exchanged vector boson in
the DIS events and the relative energy of the electron transferred to the proton
respectively. This work is concerned with the values of (? greater than 4.5 GeV>
The accurate reconstruction of the neutral current event topology requires the
presence of a high energy electron in the final state. For this reason, and because a
photoproduction event can be misidentified as a NC DIS event due to a hadronic
energy deposit near the forward beam pipe and being incorrectly flagged as an
electron, events like these will have a high value of y, therefore, events with values

of yabove 0.625 are not considered.
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Figure 4.1: Control distributions after selection cuts and trigger selection for the values of

oflog10Q? (left) and inelasticity, y (right).

Figure 4.2 shows the energy spectrum and polar angle for the scattered electron, E’,
in the DIS event sample. The energy spectrum demonstrates the inelastic nature of
the collisions concerned. The spectrum of an elastic collision is expected to be a
Gaussian distributed around the initial energy of the projectile (in this case a 27.6
GeV electron). The 6 distribution shows ‘ma peak due to the kinematic range
considered in this work and also because of limitations in detector acceptance. The
virtuality requirement for events considered in this work ensures that the electron is
scattered through an angle smaller than 90°-towards its incident direction so that it
can be detected in LAr or SPACAL.
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Figure 4.2: The scattered electron energy spectrum (left) and polar angle 8. (right) for the
DIS event sample.
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Figure 4.3 show the nominal z position of the primary interaction vertex and the
Bjorken x distribution. The z vertex distribution is as expected for inelastic ep
colloions- that is, a Gaussian distribution about the nominal interaction point. The
model used is reweighted in this distribution so that a good description is assured.

The Bjorken x distribution shows the kinematic reach of this work, with values as
low as low as 10™* being observed. Almost the whole distribution occurs below the
valence region ( log(x;)~ — 0.48) indicating that, in this work, the incident electron
interacts with either a sea quark or gluon (via boson-gluon fusion) within the target

proton more than 99% of the time.
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Figure 4.3: The Z position of the primary interaction vertex (left) and xg;.(right) for the
DIS event sample.

Figure 4.4 shows the variable E — B,. For a DIS collision, the sum of all E — P, is
expected to peak at 2E,, assuming that all energy is correctly measured, as the beam
proton remnant can be neglected due to its small forward angle. Deviations from this
value occur due to particles escaping down the backward beampipe, photons radiated
collinearly to the initial state electron and measurement inaccuracies. The sum of
E — P, is reduced by twice the energy lost in the backward direction. This means that
the cut imposed (E — P, > 35 GeV) causes the total effect of such losses to be no
greater than 10GeV per events. The distribution can be seen to peak at 55GeV as
expected, with no more than 2% of events having the maximum allowed backward
energy losses. This cut also helps remove photoproduction events because, for an

event in which the scattered electron escapes undetected, the value of E — P, is

reduced by twice the energy of the scattered electron, E’.
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Figure 4.4: The distribution of the variable E — P, for the DIS event sample.

Figure 4.5 shows the influence of some of the geometric features of the H1 detector.
The azimuthal angular distribution for the scattered electron shows the effect caused

by SPACAL box cut and the cell structure of the SPACAL.
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Figure 4.5: The distribution of ¢ for the DIS event sample

Figure 4.6 shows similar plots as figures4.1-4.5 for positron.

In these plots the black curve represents the sum of Monte Carlo events (i.e.
RAPGAP), that is the sum of light and heavy flavour events, and the black solid dots
are the data. As it can be seen from the control plots the data are very well described
by the RAPGAP Monte Carlo program. After applying the DIS cuts detailed above

the total number of events were 2.5 million (2.7 million) for & (¢").
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Figure 4.6: Control distributions after selection cuts and trigger selection for the values of
0flog10Q2?, logqox, energy of the scattered positron E, 6 and ¢ angles of the scattered

positron and the z coordinate of the vertex position.

4.6 Track Selection

The association of CST hits to the CJC tracks to determine the combined CJC-CST
track parameters is crucial for determination of the decay time, ‘the lifetime tag’.
First, the CJC tracks are reconstructed. The reconstruction algorithm determines the
track parameters T = (k, ¢, dg) (for details refer to the section 5.2, Track
Reconstruction).For the track fit a circular trajectory is assumed.

The impact parameter of the track is defined as the transverse distance of closest
approach (DCA) of the track to the primary vertex point. The primary event vertex in
r¢ is reconstructed from all tracks (with or without CST hits) and the position and
spread of the beam interaction region [60]. The DCA is only determined for tracks
which fulfil the following conditions:
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° Tracks are measured in the CTD and have at least two CST hits linked (referred

to as CST tracks).
o The link probability of the CST hits with the CST tracks should be > 0.001.

o Only CST tracks with transverse momentum P > 0.3GeV are included in the
DCA and related distributions that are used to separate the different quark flavours.

o The radius of the initial track point in the CJC is required to be Rg¢q,+ < 50cm.

o The length of the track in the CJC should be more than 10cm.

° The CST hits should be within a z region of —18 < zgr < 18cm, where z¢gr is

measured at the outer surface of the CST.

The distributions of Prand 8 of all CST tracks are shown in Fig (4.7). The data are well
described by Monte Carlo.
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Figure 4.7: The transverse momentum Pr (right figure) and the angle6 (left figure) of all CST
tracks. The contributions from various quark flavours are shown after applying the scale factors

obtained from the fit to the subtracted significance distributions of the data (cf. Chapter 6).

4.7 Calibration

The calibration of the electromagnetic and hadronic energy scales of the the LAr is
performed as described in [61], an overview of which is presented here. The
scattered electron energy, E, from NC DIS events is measured by the LAr and
SPACAL and also reconstructed using the Double Angle method (see Appendix B),
which is independent of the energy of the electron or the HFS.
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The fraction E’:Ep, was taken and calibration constants introduced to bring this
value into unity for both data and simulated events. These calibration constants are a
function of z and @, in the LAr and for each cell in the SpaCal. The areas of low
efficiency mentioned above (Fiducial cuts) were excluded from the study. The final
calibration constants are such that the double ratio of E":Ep, to the value in
simulated events is unity within 0.7%-3%, depending upon the z position.

The difference between data and Monte Carlo plot, which is conservatively estimated
at 4% is the error taken for the HFS and the jets.

Figure 4.8 shows the ratio of the transverse momentum, Pr, as measured from the
hadronic final state and from the electron. The Pr balance is peaked around one and

demonstrates that the overall hadronic calibration is sound.
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Figure 4.8: The distribution of the Pr balance.

4.8 Rejection of Non-ep Background

Non-ep background may arise from a number of sources, the largest contributions being
cosmic ray and beam-halo events, which produce muons. In order to minimise this
background additional measures are required. The requirement of a primary vertex within 20

cm of the nominal interaction point reduces this background significantly, as most muons
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from background sources will not have passed through the nominal interaction point.
Background is further reduced by requiring the time of the event, measured by CJC, to be
consistent with the time of the bunch-crossings. Finally a set of topological background filters

[87] is used, reducing the background to a negligible rate.
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Chapter 5

We shall not cease from exploration
And the end of all our exploring

Will be to arrive where we started
And know the place for the first time.
-T.S.Eliot

Event Reconstruction

The main goal of this analysis is to measure the cross section of charm and beauty
Jets. The techniques and methods that have been used in order to extract the results
are discussed in this chapter. The chapter starts by describing the exploitation of the
long life-time of the charm and beauty mesons to separate different flavours using
impact parameters and decay lengths. The different reconstruction techniques used
i.e. CJC and CST track reconstruction and their linking, determination of the impact
parameter and its resolution, hadronic final state and jet reconstruction are then

described in detail.

5.1 Analysis Strategy

The distributions used for the heavy flavour signal extraction exploit the long lifetime
of heavy hadrons. They are derived from the reconstructed impact parameter or decay
length spectra. In the present analysis the displacement of the tracks from the primary

vertex is used to measure the fractions of charm and beauty events in DIS jet samples.
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The two tracking detectors measuring charged particles’ flight trajectories in the

central region of the detector i.e. CJC is the backbone of the track measurement here,
but the desired accurate track resolution for an efficient lifetime tagging can only be
achieved in combination with information from the central silicon detector, the CST.
For a more detailed description of the CJC and CST refer to Chapter 2 of this thesis.
Association of CST hits and the combined CIC-CST track fit improve the CST track

reconstruction.

5.1.1 Experimental Signatures of Heavy Quarks

Due to the confinement principle, quarks cannot be detected “freely”. They hadronise
and are detected using the products of hadronisation. A large fraction of the particles
produced by fragmentation are unstable and decay into stable or almost stable ones,
which can be observed. In the following, the description will concentrate on charm
and beauty hadron production in ep collisions (’cdbp quark production is kinematically
not accessible at HERA). The fragmentation fractions of ¢ and b quarks to charm and

beauty hadrons are given in Table 5.1.

| “ fragm. fract:imlJ | ” fragm. fraction |
c— DY 0.55 bh— BY 0.40
c— Dt 0.23 b— BT 0.40
c— DF 0.10 b— B 0.10
c— AY 0.08 b— A} 0.10

Table 5.1: Fragmentation fractions of ¢ quarks to charm hadrons [63] (left table) and of b
quarks to beauty hadrons [64] (right table).

The properties of charm and beauty hadrons, like masses and lifetimes are
summarised in Table 5.2. Hadrons coming from heavy quarks, have large masses in
comparison to hadrons coming from light quarks. Moreover, the masses of beauty
hadrons are more than twice larger on average, than those of charm hadrons. The
other property of beauty hadrons which differs from that of charm hadrons is their
longer lifetime leading to typical decay lengths of ~ 150 — 500um compared to the
~ 100 — 300um of charm hadrons. These two properties (mass and lifetime) of

98



Chapter 5: Event Reconstruction
heavy hadrons are used to separate them from light quarks and from each other. The

details are discussed in the following sections.

[ hadron || quark content | mass [MeV] | lifetime 7 [ps] | decay length c7 [um] |
Do it (o) 1R64.6 £ 0.5 | 0.4103 % 0.0015 123
D* ed (&d) 1869.4 + 0.5 | 1.040 £ 0.007 312
D c5 (7s) 10683 + 0.5 | 0.490 + 0.009 147
AF ude 2284.9 + 0.6 | 0.2 £ 0.006 59.9
BY db (db) 52794 + 0.5 | 1.536 & 0.014 460
B* ub (7h) 5279.0 £ 0.5 | 1.671 & 0.018 501
BY? sb (3b) 5369.6 + 2.4 | 1.461 £ 0.057 438
Bf cb (@) 6400 + 400 0.461 1% 138
AP udb 5624 £ 9 1.220 £ 0.080 368

Table 5.2: Properties of some charm and beauty hadrons [65].

5.1.2 Impact Parameter

Events containing heavy flavour quarks are distinguished from light quark events by
the long lifetime of charm and beauty flavoured hadrons, which leads to
displacements of tracks from the primary vertex. These displacements can be
quantified by the impact parameter. The idea of the method was first used by ALEPH
[66]. At HERA, this method has already been used in measurements of the charm and
beauty contributions to the inclusive proton structure function F in deep inelastic
scattering [67]. The impact parameter is defined as the distance of the closest approach
of the track to the primary vertex and is illustrated in figure 5.1. Due to the limited z-

resolution of the detector, the measurement and all following considerations are made

from the r¢-plane only.

A heavy hadron is produced at the primary vertex inside the beam spot which is the
transverse profile of the interaction region. It travels typically for a few 100

micrometers (the characteristic decay length, A, cf. table 5,2) through the detector and

decays at the secondary vertex.

The characteristic decay length is defined as A =c7 where 1 is the mean lifetime of

the decaying particle at rest. In the experiment, the decaying particles are not at rest
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however so there is a boost factor, By, which stretches this distance. fy can be

. . P
calculated from the particle kinematics: By = Q/mQ, where P, and mg are

momentum and mass of the heavy flavour quarks, respectively. The mean decay

length for such a boosted decaying particle is then given by A'= Bycr.

jet axis r¢ — plane

decay tracks

secondary vertex

& impact

beam spot
parameter

primary vertex

Figure 5.1: Schematic illustration of impact parameter in the rp-plane.

Taking into account the production branching fraction f(c — C,A.) and f(b —
B, Ap) the mean weighted decay lengths of charm and beauty hadrons are 155 um
and 466 um respectively. Therefore given the contribution of the boost By to the
decay length at different values of 0’ at HERA!, a lifetime based tag of c- or b-
flavoured hadrons and their separation from the light quark background should be
feasible if the production and decay vertices are known with a precision~ 100um.
This is just on average. The actual decay times and lengths are exponentially
distributed with the above means. The probability for the particle to travel a distance

L is then:

! Since the average boost By at HERA is about 0.7 at low Q°, the averaged decay length is only 108um
and 326 um for charm and beauty respectively.
100



Chapter 5: Event Reconstruction
P(L) = exp ("L/A,) (5.1)

The decay length L is related to the lifetime T via

L=py.cT =-2.cT, (5.2)
mq

where Py, mgy and By are the heavy particle’s momentum, mass and boost factor

respectively.

. Equation (5.1) and (5.2) shows the exponential dependence of a particle’s real
traversed distance L in the laboratory frame between production and decay vertex.

Since the analysis is carried out in the r¢»-plane, only the transverse part of L
Ly = L.sin@ (5.3)

is relevant here with 8 being the polar angle of the decaying particle. The real impact

parameter 8, of a particle originating from a hadron decay is then defined as

*

Sprye = Lp.sina, (5.4)

where a is the angle between the hadron direction and the direction of the decay
particle in the transverse plane (see Figure 5.1) The boost dependence of Ly is

approximately compensated for by the factor sin a because sin a~1/fy.

The lifetime difference between charm and beauty flavoured hadrons leads to
significantly different spectra for 8;,.. For central tracks with Pr > 0.3 GeV the
mean of the true impact parameter distribution is predicted to be about 63um and

148um for charm and beauty decays, respectively.

The flight direction of the decaying hadron can be approximated by the axis of the
highest p; jet in the event or, when no jets are available by choosing hadronic axis to
be 180° away from the direction of the scattered electron in the r-¢ plane. A sign can
then be associated to the impact parameter &, which reflects the relative orientation of
a given track with respect to this axis. A positive sign is ascribed if the angle B

between the axis of the associated jet and the line joining the primary vertex to the
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point of the closest approach of the track is less than 90°, and is defined as negative

otherwise. This is illustrated schematically in figure 5.2, which shows the sign

convention for impact parameter.

Bm2 — 3=+ Bo>n2 —8=—1

primary vertex

jet

track

Figure 5.2: Sign convention of the impact parameter 6.

It can be seen from the figure that if the hadron comes from a displaced vertex, the
sign of the true impact parameter will be positive. Events originated from light quarks
tend to have no lifetime information, as they will decay approximately
instantaneously to hadrons, therefore the primary and secondary vertices for these
event coincide, at least within the spatial resolution probed by H1. Therefore events
without lifetime information have a true impact parameter of &y = 0. Their
reconstructed spectrum of & will therefore be symmetric around zero as shown in
figure 5.3, the width of the distribution reflecting the finite track and vertex
reconstruction resolutions. Events with decays of long-lived particles are expected to

have an excess at positive & values, resulting in an asymmetric § distribution.

To use an impact parameter based observable to determine the charm and beauty
content of a selected jet event sample, all quantities entering the calculation of impact
parameter need to be reconstructed with sufficient precision. According to the
expected 8y values an impact parameter resolution of the order of 100um coupled
with a good knowledge of the jet reference axis, are needed. Otherwise, too many
signal events with large 8, will be reconstructed with negative sign, making long

lifetime affect inseparable from insufficiently modelled resolution.

With the impact parameter method an event-by-event separation of beauty, charm and
light quark events is not possible. For this reason, the contributions from the various

quark flavours are determined on a statistical basis. The Monte Carlo simulation
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program, RAPGAP, is used to model the contributing processes. The relative fractions

of beauty, charm and light quark events are obtained from a least squares fit to
observables based on the definition of &§. The variables and the fit procedure are

introduced and discussed in Quark Flavour Separation, chapter 6 of this thesis.
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Figure 5.3: The signed impact parameter & of a track, shows symmetric (asymmetric)

distribution of light flavour shown in green (heavy flavour, shown in blue and red) events

around zero,

5.1.3 Decay Length

A complementary method, not used in this analysis, is to distinguish events with long
lived hadrons from events with zero lifetime, i.e. light quarks, by explicitly
reconstructed a secondary vertex. In contrast to the impact parameter based method,
the reconstruction of the hadron decay vertex requires at least two well measured
tracks and is therefore less efficient. Also, the impact parameter depends only weakly
on the boost of the decaying particle, whereas the decay length directly depends on it

(cf. equation 5.2).
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5.2 Track and Vertex Reconstruction determination.

The impact parameter measurements depend on accurate reconstruction of individual
tracks, measurement of the main event vertex and, in order to enhance the
discrimination against background. In this subsection, the methods used to reconstruct

these components are described.
5.2.1 Track Reconstruction.

Reconstruction of the track parameters is based on hits in the central tracking
detectors. Due to the presence of a homogeneous magnetic field parallel to the z-
direction, charged particles are bent in the r¢-plane. The bending radius » depends on
the transverse momentum Pr of the particle and the strength of the magnetic field. The
flight path can be described by a helix and its parameterization in H1 coordinates as a

function of arc length s is given by
1. o 1
x(s) = +(dca — Esm(q‘)o) + Esm(d)o + ks),

y(s) = —(dca — -i—cos(qﬁo) - -Ecos(qbo + Ks), s=0,

z(s) = zy + s.cot(8). (5.5)

The five track parameters (k, ¢, 8, dca, zy) unambiguously describe the helix with

respect to the origin (0,0,0). These quantities are displayed in figure 5.4.
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a) A b)

track

track

primary vertex

|dca)

Figure 5.4: The track parameters (k, $o, 0, dca, zo) describe the helix in a) the r¢ and b) the

z s plane with respect to the origin of the HI coordinate system.

K= % is the curvature or inverse bending radius of the trajectory with positive sign

for negative charged particles and vice versa. The flight direction in the transverse
plane is given by azimuthal angle ¢,. The angle ¢, is measured at the point of closest

approach to the z axis which is seen as the starting point of the helix (s = 0).

The distance of the closest approach dca denotes the signed minimal radial distance of
the origin (0,0) in the r¢-plane. The sign of dca is chosen equal to the sign of k, if the
origin is inside the circle which describes the track in the r¢-plane, otherwise it is
chosen opposite to it. In the zs plane the track is described by a straight line which
intercepts the z-axis at point z,. It has a gradient of cot (6), where the polar angle 6

gives the flight direction with respect to the positive z-axis.

The reconstruction of flight trajectories in the Central Jet Chamber and their
corresponding track parameters are determined from a fit to the measured hits in the
CIC. The pattern recognition algorithm fits the track parameters in the transverse
plane first because the hit resolution in r¢» (~200um) is superior to the z resolution by
two orders of magnitude. For the track fit a circular trajectory is assumed. The
parameters (6, z,) describing the longitudinal track component and are determined

from a straight line fit in the zs plane.
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If a real particle travels through the tracking devices its flight direction is distorted

mainly by multiple scattering in the material of the detector. When extrapolating a
track measured in the CJC to the CST or still further to particles’ production point
inside the beam pipe this effect has to be taken into account. The track extrapolation
routine CSTCOR handles the distortion coming from multiple scattering, energy loss
and inhomogeneities of the magnetic field. A detailed description of the CSTCOR can
be found in [68].

5.2.2 CST improved tracks

The position measurements of the CST hits provide the accuracy necessary to resolve
the rather small distances separating the production and decay vertices of long lived
heavy hadrons. However, the two CST layers alone are not sufficient to reconstruct a

track. Therefore the identified CJC tracks are extrapolated to both layers of the CST

using CSTCOR routine.

The linking of CST hits and CJC tracks is done using the linking routine CSTLIN
[69]. In this algorithm non-vertex fitted tracks«{(DTNV) are chosen as input and the
linking takes place separately in the r¢-plane. The CST improved track parameters
can be obtained using p-side information (cf. section entitled CST in chapter2) alone
without being affected by possible n-side inefficiencies which can occur due to a
worse S/N ratio and hit ambiguities on the n-side. If CST hits are found in both the
inner and outer layers, they are linked simultaneously, i.e. the hit combination of the
inner and outer layers is chosen which maximises the total link probability. This
method is far better compared with a separate linking, since the positions of all hits

emerging from one particle are correlated.

The CST improved r¢ track parameters are obtained according to the following
procedure: For each CJC non vertex fitted track and all possible combinations of p-
side hits from the inner and outer CST layers, a circle track fit is applied minimizing

the following y? function to determine the new track parametersT:

22 y-im_g A(T hitj)?
x* = (T - TCJC) V011c (T - Tc;c) + Lhits j—'z—L—: (5.6)

OA
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where T = (x, o, dca) represents the r¢p track fit parameters, TC sc and V¢ denote

the track parameters and their covariance matrix measured with CJC. A(f, hit;) and

o, stand for the Euclidean distance between the track and the j-th CST space point
and its calculated error. The sum runs over all CST hits linked to the CJC parameters
in the zs-plane. The solutions with maximal number of CST hits are preferred but
must have a reasonable y2. If more than one CJC track can be associated to one CST
hit, the CJC track with the smallest extrapolation error is chosen. The combined CJC
tracks with CST information are referred to as CST tracks in this thesis. Figure 5.5
shows schematically the different steps involved to obtain CST improved tracks

1.e.°CST tracks’.

CJC tracks J [ CST hits J

[ CJC-CST track fit ]

L J

[ CST tracks J

Figure 5.5: CST track reconstruction.

5.2.3 Reconstruction of the Primary Vertex

The beam spot is the transverse profile of the interaction region at HERA, which
extends over a few 100 micrometers with a rather stable mean position for a sequence
of runs. In order to ascertain the so called run vertex the average coordinates Xpqqm
and y,eqm (both defined at z = 0) of the ep interaction point as well as the beam tilts>

a, and a,, are determined by collecting information from many events.

? The incoming electron and proton beams at H1 are slightly tilted with respect to the z-axis.
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The run vertex coordinates are obtained by a least-squares fit minimising the overall

distances of closest approach using only well measured non-vertex fitted tracks with

high transverse momentum.

CSPRIM is the standard procedure at H1 for the reconstruction of the primary vertex
and a full description of this procedure may be found in [71]. To ensure a high
reconstruction quality, it is based on the selection of CST improved tracks and makes
use of the CST improved run vertex as constraint. The track selection requires all

tracks to be compatible with the run vertex within two standard deviations.

5.3 Impact Parameter Resolution

A good understanding and description of the impact parameter forms the corner stone
of this analysis. This is crucial in two respects. Firstly, the resolution has to be small
enough to allow the separation of the tracks coming from long lived hadrons from the
tracks originated from the decay of the short lived hadrons (i.e. zero lifetime)
background. Secondly, the description of impaéﬂt. parameter has to be well understood

in order to keep the systematic error small.

Figure 5.6 illustrates the various sources which add up to the total impact parameter
resolution. The resolution of the impact parameter is far better now (i.e. HERAII) and
in this analysis than before the H1 Tracking detectors upgrade (i.e. HERA I). For
tracks with hits in both layers of the CST the intrinsic resolution due to uncertainties
on the internal alignment of the CST with respect to the other detector components is
measured to be 28 um (33 um before the upgrade). The effects from multiple
scattering with the beam pipe and the first layer of the CST are strongly Prdependent
and contribute by = 70 um/Pr[GeV] (= 90 um/Pr[GeV] before the upgrade).
Further contributions all depend on the reference point to which the impact parameter
is measured, for instance when using the run vertex as reference, the impact parameter
is denoted as dcagy, and when the impact parameter is measured with respect to the
real, reconstructed primary vertex, it is called dcapy or simply &. Therefore the
primary vertex resolution, the beam spot and the uncertainties on the run vertex and

the beam tilt can contribute to the total impact parameter resolution.
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4 resolution termsa
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Multiple ~90 um/P, | =70 um/P,
scattering
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Figure 5.6: Schematic view of the various contributions to impact parameter resolution [71].

The table on the right shows these contribution in HERA I and HERA II (in which the data for

this analysis were gathered), hence the resolutiow of the detector is superior in HERA 1I

phase of operation compared with HERA I phase.

5.3.1Track resolution

Now that different contributing sources to the resolution of the impact parameter have

been identified, the contributing sources are discussed in detail. In order to preserve a

high statistics data sample, in the final selection, tracks down to a transverse

momentum of 300 MeV are analysed. In the low Py region the impact of multiple

scattering effects is large and must be well controlled.

The description of the track resolution can be investigated by looking at the CJC-CST

track linking probability, Pk, which is a direct measure of the accuracy of the

covariance matrix of the track parameters. The link probability of the CST hits with

the CJC tracks is defined as
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1 1
L [® 2t 2N L, (5.7)

2NN/ X

Plink (XZJ N)

where y? is defined in equation (5.6), and N denotes the number of linked CST hits,
i.e. the available number of degrees-of-freedom. Py, denotes the probability of
successful matching of the CST hits and CJC tracks. Strictly speaking, Py, is the
probability of having a larger x? value than achieved by the minimisation algorithm
defined in equation (5.6). The probability distribution should be flat between 0 and 1

if the covariance matrix is accurately described.

In figure 5.7 the CJC-CST link probability for tracks with Pr > 0.3 GeV ( as in the
final track selection) is shown. In the left plot the link probability for one CST hit and
one CJC track can be seen while in the right plot the link probability of two CST hits
and two CJC tracks is shown. It is these Py, (i.e. two hits and two tracks) that are
used in this analysis. Furthermore, Py, > 0.001 was required. Earlier analyses were

carried out with a Py, > 0.1 [67].

a

link prob CST=1 link prob CST>1
10 %10
£ C 2 R
S 200 g 1200
w L w
* 180F * C
r 1000
160
140 800
120
100[ 600
801
C 400
60— -
VR T T N TYTN FETTS TORT TP T IV T T P TN A A A AT
0 0102 03 04 05 06 07 08 09 1 0 01 02 03 0.4 05 06 0.7 08 0.9 1
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Figure 5.7: Shows the link probability, Pyny., for matching successfully one('more than one)
CJC track(s) to a CST hit(s) on the left plot (on the right plot).The data(black points with
error bars) are adequately described by Monte Carlo(solid black line) the difference is due to
the CJC error description. [67] [67]
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5.3.2 Track Finding Efficiency

Based on the CJC-CST link probability the track finding efficiency can be
investigated. For this purpose tracks with at least 2 CST hits and Py > 0.001 are
selected. The CST efficiency is defined as the ratio of the number of tracks fulfilling
these CST cuts over the total number of CJC tracks.

Within the CST range, the efficiency to obtain a CST track from a CTD track is 91%
for ep and 95% for ¢”p (figure 5.8).

[ Efficiency for >= 1 CST Hits vs 0| [ Efficiency for >= 1 CST Hitsvs o |

# Events
# Events

P IR I W N TS N ERw

' N il [T A T N

150 100 -50 ©0 50 100_ 150 07450 100 -50 ©0 50 100_ 150
o Track /° o Track/°

Figure 5.8: The efficiency of one or more CST hits is shown above and it was found to be

91% for e'p (left) and 95% for e’ p (right). The Monte Carlo efficiency is shown separately for
the default (solid black line) and modified (dashed red line) version. The solid black dots are
the data.

The total CST track finding efficiency includes the CST hit efficiency, the CJC-CST
linking efficiency and losses due to inactive CST regions. Figure 5.9 shows the
efficiency of CST tracks with respect to Pr and zcsy direction of tracks. The
efficiency is seen to be nearly flat but slowly falling with increasing Pr (i.e. track Pr,
figure 5.9, left). The default Monte Carlo efficiency is a bit higher, which is due to the
still imperfect description of the CJC-CST link probability (cf. figure 5.7).
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In order to account for this small discrepancy in the simulation, the track finding

efficiency is downgraded by approximately 1.5% with a small Pr dependence (over

all track error is 2.2%). The improved Monte Carlo simulation is shown as solid black

line. The agreement between data and simulation is good: this holds also for the

efficiency as a function of z.gy, displayed in figure 5.9 (right).
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Figure 5.9: CST track finding efficiency for tracks with at least 2 CST hits and Py > 0.001

as function of PE* (a) and z;gr(b). The Monte Carlo efficiency is shown separately for the
default (dashed red line) and modified (solid black line) version. The distribution of the data

are shown as the solid black dots.

5.3.3 Impact Parameter Resolution

In order to separate contributions from the primary vertex fit, the run vertex is used as
a reference in the impact parameter definition. For tracks with at least two CST hits |
and a minimum transverse momentum of Pr > 0.3 GeV the Gaussian width of the
dcagy, distribution as a function of the track azimuthal angle ¢ is shown in figure

5.10. Neglecting the error on the run vertex, the width of déaRV depends on the beam

|
i
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spot size and the track resolution. The ¢ dependence of the dcagy, resolution is

expected to follow a function of the form
Odcany () = 0% + 0Zsin?(¢) + o cos?(¢), (5.8)

where or, accounts for the track resolution and o, and g, represent the transverse
size of the beam spot. The parameters of the beam spot have been taken from HI
measurements in the HERA II phase and are o, = 90 um ando,, = 20 um (cf. to
figure 5.6, right table). These parameters are used in both the simulation and the fit.

The simulation (red dots) seems to agree well with the data (black dots) in figure 5.10.

o(dcag . 0.05
Jem & 0018
0.016 0.04
0.014,
0.012: 0.03
0.0081 i e Pt 0.02
0.006! ' ’
0.004 0.01 ' s o i R o)
0.002
O 150 100 -50 o0 50 100 150 05 1 15 2 25 3 35 4 4%\/5
o/ pTI e

P/
Figure 5.10: Gaussian width of dcagy distribution as a function of the track direction around
the beam. Tracks with at least two CST hits and Py > 0.3 GeV are shown for data (black dots)
and simulation by RAPGAP (ved dots). The shape of the curve corresponds to ~ aZsin?(¢) +
oZcos?(¢) with parameter o, =90 um and oy, = 20 um. On the right the distribution is

shown as a function of Py and it can be seen that the resolution improves with increase in Pr.

The contribution coming from tracks is constant at = 70 um, the extension of the
beam spot can be read from the dotted line. As expected, for ¢ = £90° essentially the
large dimension of the beam ellipse in x direction is seen, resulting in a resolution of
~ 90um as, whereas towards ¢ = 0° (¢ = 180°) the resolution reaches = 25um
corresponding to the beam extension in y. Figure 5.11 shows the DCA errors, there
are two main sources, the uncertainty on track and the uncertainty on the primary

vertex reconstruction, the total error is the sum of these in quadrature.
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Figure 5.11: The error on DCA, the contribution from data and Monte Carlo simulation are

shown.

>

In summary, using the run vertex as an anchor for the impact parameter measurement
results (for tracks with Pr. > 0.3 GeV) in a resolution of ~ 100 — 160 um, depending
on the track direction in ¢. With the reconstruction of the run vertex and primary
vertex as well as the improved track resolution the best impact parameter resolution
achieved with tracks down to 300 MeV is about 110um. Comparing this to the true
impact parameter expected for charm and beauty of 63 um and 148 um respectively
we see why a good understanding of §-resolution is crucial. This resolution improves
with higher values of track Pr (cf. figure 5.10, the plot on the right), because of the
strong dependence of the resolution on the transverse momentum arising from
multiple scattering in the material in front of the detector, in the case of CST tracks the
beam pipe and the first silicon layer. The shape in figure 5.10 (right plot) can be

described with

A
Odca = 0+ ("M/p )% (5.9)

where 0, denotes the intrinsic resolution and the parameter Ayg describes the

multiple scattering. The asymptotic value o, achieved for high momentum tracks and
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depends only on the detector’s intrinsic hit resolution and the length of the

extrapolation’s lever arm from the detector to the interaction region. Ays ~

80um/GeV and is proportional to the square root of the material thickness x traversed,

measured in units of the mean radiation length X, ~ [* / X,

Additional techniques have been used in order to separate different flavours the details

of which can be found in chapter 6 of this thesis.

5.4 HFS Reconstruction and Jet Finding

As well as track and vertex reconstruction, the analysis method also needs a means of
estimating the direction of the decaying hadron. As explained in section 5.2, this can
be obtained by forming jets from reconstructed hadronic final state objects and using
the direction of the highest Pr jet (or by using information from the scattered
electron). In this subsection, the hadronic final state reconstruction and jet finding is

described. P
5.4.1 HFS Reconstruction

The HADROO?2 algorithm [58] was used in this analysis to reconstruct the hadronic
energy of events. The basic idea behind the HADROO2 algorithm is to use
information from both track measurement and the calorimeter, depending on the
uncertainty of the measurements in the respective devices. Only a brief description of

the algorithm is given here.

Track and Cluster Selection

The HADROO?2 algorithm starts by selecting good quality tracks as defined by the
heavy flavour group, the so called “Lee West” tracks [72]. These tracks are measured
with the central and forward tracking detectors. The tracks are classified in three
categories, Central, Combined and Forward. For details on the specification see [58].
Figure 5.12 depicts the ranges in 6 for these three categories of tracks. For HERA 11

data and Monte Carlo, pure forward and combined tracks are excluded because their
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kinematics as well as their error measurements are not well studied and described at

present (this analysis relies on tracks30 < 6 < 150°).

40° #:

“160°

.
3
1
—
.
T
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. —

Figure 5.12: Illustrates the different ranges for Central (green), Combined(blue) and
Forward ( red) tracks with regards to the angle 6 [58].

Calorimetric clusters are made out of LAr and SpaCal clusters only. The main
requirement when selecting the clusters is to suppress the noise coming from the
electronics or non ep-physics events. Any identified electrons and muons which are
not isolated’ are considered as being part of the HFS but their associated tracks and

clusters are removed from the input list.

The algorithm

The HADROO? algorithm is based on the combination of the selected tracks and
clusters. The track and cluster information is matched avoiding double counting of
energies. The decision whether to take the track or the cluster information to construct
the HFS object is based on a comparison of their relative resolutions. Due to possible
contributions of neutral particles the exact precision of the calorimeter is unknown.
Therefore the average relative error expected for the calorimeter measurement is

calculated using

xpected expected
(E)e p — UELAT — 50% (5 10)
EJLar Etrack V Etrack

3 A muon is isolated if calorimeter energy in a cylinder (of radius 35 cm in the electromagnetic, and of
75 cm in the hadronic LAr section) around the extrapolated muon track is below 5 GeV.
116




Chapter 5: Event Reconstruction
The track measurement is considered as being superior if

(2) < (gﬁ)expected (5 11)
E Jtrack E/LAr

Generally the tracker measurement is better up to 25 GeV for central tracks (20° <
6 < 160°). If the condition 5.11 is met, the track information is preferred and the
HFS object is created based on the track measurement. In order to avoid double
counting of energies, electromagnetic (hadronic) energy in clusters within a cylinder
of 25c¢m ( 50cm) around the extrapolated track is removed until the discarded energy
is approximately equal to the track energy(details in [58]).Possible fluctuations of
both measurements are taken into account in this procedure. Potentially remaining
cluster energy is due to neutral particles or belongs to another track extrapolated in the

same region of the calorimeter.

If condition 5.11 is false and if E;pqcr is within 20 of Ecyiinger (With 0Ecyiinger =
0.5,/E¢ytinaer )> the track and calorimetric energy measurements are considered to be

consistent and the calorimetric measurement is used to create the HES object.

If the track energy is below the measured cluster energy (Etrack < Ecylinder —
1.960k, 10 400)s the track measurement is used and the calorimetric energy is
subtracted in the same way as described before when the track precision is better than

the expected calorimeter precision.

Otherwise, if Eirgex < Ecytinger + 1960814070 the cluster energy defines the HFS

object and the track measurement is suppressed.

5.4.2 Jet Finding

In general, measuring jet cross sections provides a powerful tool to study and test the
predictions of Quantum Chromodynamics. The observed jets provide a view of the
underlying hard quark and gluon interactions that occur at very small distance scales.
However, due to the confinement principle, single quarks or gluons cannot be
detected. Instead partons must combine to a group of colourless hadrons, which are
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the measurable final state particles of the reaction. Furthermore, since the quarks and

gluons carry non-zero colour charges and the final hadrons do not, there can be no
unique association of a jet of hadrons with a single initial quark or gluon. However,
with a suitable definition of jet cross section one can minimise the effect of long
distance physics and of the inherent jet ambiguities and obtain a fairly precise picture

of the short distance dynamics.

The inclusive K, algorithm [62] has turned out to be best suited in that it minimises
the effect of the long distance hadronisation. There are other advantages in using K;
algorithm, for example the fact that the cone algorithm problem with overlapping jets

disappears [73].

Another aspect of great importance is that the jet algorithm should be collinear and
infrared safe. In perturbative QCD, divergencies occur whenever two massless
partons are collinear (parallel) or one massless parton has a vanishingly small
(infrared) energy. Both divergencies are cancelled in the total cross section by virtual
contributions. For this cancellation to take place the treatment of the two parallel
particles must be identical to the treatment of a single particle with their combined
momentum. This must also be true in jet calculations: the jet must not be affected by

the addition of soft particles.

On the other hand, from the experimental point of view, the jet algorithm must not
depend on the resolution of the detector, e.g when two parallel particles go into the
same calorimeter cell, or for example in trigger response when additional low energy

particles are emitted.

In the present analysis jets are always defined using the inclusive K; jet algorithm.
The K, jet algorithm is a cluster algorithm which starts by finding pairs of particles
nearby in phase-space and merging them together to form new pseudo-particles which
are themselves merged in an iterative process to become the output jets. In the current
analysis the algorithm is applied in the laboratory frame using a Pr weighted

recombination scheme. The usual way to do this is to require the distance

JAP2 + An? of the two particles in the n¢-plane to be smaller than a separation
parameter, R, which is required to be one (i.e. R=1). This procedure is repeated until
no further merging is possible and the remaining objects are classified as jets. For a

more detailed description of the iteration procedure see [62].
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Chapter 6

“Three quarks for Muster Mark ...”

James Joyce, Finnegan’s wake

Flavour Separation

In this section the charm and beauty “lifetime tagging " method which is used for
the measurement of the cross sections presented in this thesis is discussed. The
chapter begins by introducing the different tagging methods used in HERA. Then
the significance distributions S, Sz and S are discussed in detail, followed by the

fit procedure. The chapter concludes with a discussion of scaling factors.

Heavy Flavour Tagging Methods

There are five basic tagging methods used at HERA for separating different quark

flavours, figure (6.1).

Full reconstruction of decays of heavy flavoured hadrons into charged tracks, e.g.
Dt - K~ntnt is used at HERA only for charm tagging. Due to the small
statistics brought about by comparatively low beauty production rates and the

small branching ratio for suitable decay channels this method is not used for

beauty tagging.
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Figure 6.1: Basic tagging methods for heavy flavour events.

Muons or electrons from semileptonic b and ¢ decays are used in Lepton tagging.
This method is sensitive for beauty tagging, since beauty decay produces leptons

of relatively high momenta that can be readily identified.

In P tagging, the relative transverse momentum P! of lepton (muon or

electron) to the axis of the associated jet is used. This method is used to tag beauty

hadrons exploiting the large beauty mass which translates to large Prét values.

Jets are used to estimate the heavy quark’s direction for the lifetime method based
on the signed impact parameter of the track and the PF¢' method, but jets are not
per se a heavy flavour tag. Jets are used as a general tool to tag and measure the

kinematics of outgoing hard partons produced or scattered in the interaction.

Finally, the /ifetime tagging method which is used in the present analysis, exploits
the long lifetimes of charm and beauty quarks, which lead to displaced secondary

decay vertices. These tags are based either on the full reconstruction of the
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secondary vertex from the charged decay tracks, or on the displaced signed impact

parameter & of charged tracks, i.e. their distances from the primary vertex.

All the methods mentioned above apart from the lifetime tag, suffer from the fact
that only a fraction of the charm or beauty quark decays leads to the selected final
state. These shortcomings can be circumvented by using an inclusive tagging

method, based on the long lifetime of charm and beauty quarks.

In this analysis events containing charm and beauty quarks are identified using the
same method as in previous H1 measurements {[60],[67]}. The impact parameters
of selected tracks are used to construct significance distributions. For optimal
statistical precision different significance distributions are used for events with
different multiplicity. The first significance distribution Sy, is defined for events
where only one track is linked to the jet. The second significance distribution S,
is defined for events with two or more tracks associated with the jet and similarly

Ss the third highest signjﬁ'cance.

a

" To eliminate a large fraction of the light quark background and to substantially
reduce the uncertainty due to the impact parameter resolution, negative bins in the
S, S, and S distributions are subtracted from the corresponding positive bins.
Finally the fraction of events containing charm and beauty are extracted from a
simultaneous y2-fit to the subtracted S; Sz and S distributions and the total
number of inclusive events before track selection. The latter information is mainly

needed for constraining the light quark contribution.

6.1 Lifetime Tagging Method

In this section the different steps involved in the lifetime tagging are discussed in

detail. In order to extract information based on the lifetime of the charm and

beauty quarks the following stages have been followed;

e For each event a ‘jet axis’ is defined.
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e Tracks are associated to the jet axis.

e Background from strangeness events (KQ and A decays) is suppressed

e To separate different contributions (i.e. heavy flavour events and light quarks),
impact parameter and significance distributions (i.e. 1, Szand S3) are used.

e The fraction of events containing charm and beauty are extracted from a

simultaneous y2-fit.

6.1.1 Jet Axis

In order to identify long lived hadrons, a jet axis or quark axis is determined. Jets
with a minimum Pr of 1.5 GeV, in the angular range of 15° <6 < 155° are
reconstructed. Figure 6.2 shows the distribution of the total number of jets (in most
cases there is just one) reconstructed per event together with the contributions

from various quark flavours.
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Figure 6.2: The number of jets per event. The contributions from the various quark

flavours are shown in different colours.
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The direction of the quark (quark axis) ¢gyqri Or jet axis is defined by the
azimuthal angle of the jet with the highest transverse momentum and is used to
calculate a signed impact parameter (&) for each track (see Figure 6.3). If there are
no jets reconstructed in the event. The quark axis is determined from azimuthal
angle of the scattered electron (positron) @gyark = 180° = Perectronpositron)- The
distance of the closest approach (DCA) is determined for each CST improved
track associated to the quark axis within [A¢| < /5.

6.1.2 Matching of Tracks to Quark Axis

For calculation of the DCA only those tracks matched to the quark axis, i.e. that
which are close to it in ¢ (JAgp| < 7T/z) are used. Tracks with azimuthal angle

outside of this £90° cone around Pgyqrr are rejected. Figure 6.4 shows the
distributions of the number of CST tracks per event before and after track

association to the quark axis.

QUARK AXIS

sV
PV _ .}
_'_._'_._'_._,_-"?'
DCA TRACK

Figure 6.3: Ilustration of the distance of the closest approch (DCA) and quark axis in
r¢-plane.
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Figure 6.4: The number of CST tracks per event before (left figure) and after (right

figure) track association to the quark axis

6.1.3 Details of the Track Selection

Only those tracks that have passed the selection criteria outlined in table 6.1 are
considered and only tracks that can be associate to a jet (using criterion described

in 6.1.3) are selected.

Table 6.1 summarises the track selection criteria which ensure a track
reconstruction with a reliable precision while keeping enough statistics. Tracks
with a transverse momentum greater than 0.3 GeV are selected because at lower
transverse momenta the resolution of the impact parameter deteriorates through
multiple scattering. Despite the fact that the jet axes are already required to lie
within the central region, track angular cuts are needed to guarantee that each
asscoiated and selected track falls inside the CST acceptance range and is well-

measured.
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Track Selection
Transverse momentum Pr>300MeV
Angular region 15° < 6 < 155°
CJC radial track length lirack > 36 cm
CIC track start radius Rgtare < 50 cm
CST hits Nesr = 2
CJC-CST Link Piink > 0.001
probability

Table 6.1: Track selection criteria.

The radial track length is determined by the design of the jet chambers with a maximum
track length of 64.1 cm (the difference between the outer CJC2 and inner CJC1 radii).
For reasonable determination 6f the CJC track parameters the minimum radial track
length is required to be 36 cm. To ensure precise extrapolation of the CJC track to the

CST, the start radius of the CJC track must be inside the CJC1 (i.e. Rstgre < 50 cm).

The CST cuts provide the necessary quality of the track reconstruction close to the
interaction region. At least two hits in the two layers of the CST are demanded with a
minimum CJC-CST track link probability of 0.1%, the lowest value possible (recall that
Punk is the probability of having a larger x* value than achieved by the minimisation

algorithm).

Figure 6.5 shows some of the control distributions of the parameters discussed above .
All tracks that fulfil the track cuts according to table 6.1, and are associated with a jet,

enter these distributions. The data are compared with the
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Figure 6.5: Control distributions of the selected tracks. The expectation from the RAPGAP
Monte Carlo simulation is included in the figures (black solid lines), the contributions from
different flavours are shown (colour coded). In the last couple of plots (track length and number
of CST hits ) only the total expectation from MC (solid blue) and the data( solid dots) are shown.
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expectation from RAPGAP Monte Carlo simulation. The contributions from
different quark flavours are shown separately with relative normalisations
according to the individual scale factors for each flavour as described in section

6.3.

The overall agreement between data and simulation is good. Especially the track
transverse momentum and the angular spectra are well reproduced by the Monte

Carlo simulation.

In the distribution of the number of selected CST tracks a small shift between data
and simulation is observed. The track multiplicity is seen to be somewhat higher in
data, albeit the descriptions still reasonably agree. The small deviations are mainly
due to a non-perfect modelling of the multiplicities in light quark jets and have a
negligible effect on the overall measurement given that we are predominantly

concerned with heavy flavour jets.

6.2 Impact Parameter and Significance in Lifetime tagging

6.2.1 Impact Parameter

The different quark flavours that contributes to the cross section can be distinguished on
the basis of differences in the reconstructed impact parameter spectrum of selected CST

tracks.

Recall that the impact parameter (§) is defined as the transverse distance of closest
approach (DCA) of the track to the primary vertex (cf. figure 6.3). The § is constructed
using tracks matched to the quark axis in ¢(|A¢p| <™/5). The sign of the impact
parameter is, defined as follows. If the angle between the jet axis and DCA is less than
90°, the impact parameter is defined to be positive, otherwise the impact parameter is
said to be negative. Tracks from the decay of long lived hadrons predominantly will

have a positive impact parameter { [29], [67]}.
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The distribution of the reconstructed signed impact parameter and its etror is shown in
figure 6.6. The simulation gives a good description of the data. Due to the long lifetimes
of charm and beauty flavoured hadrons the impact parameter distribution for heavy
quarks is asymmetric, the number of tracks with positive values exceeding the number

of tracks with negative values.
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Figure 6.6: Distribution of the reconstructed impact parameter (left) and its error
(right).The data is well described by the Monte Carlo simulation. The asymmetric
distribution of heavy quarks can be observed (red and blue colours) with a positive skew,

whereas the light quarks (green) distribution is symmetric around zero..

The asymmetry seen at |§| > 0.1 cm is due to decays of long lived strange
particles such as K (see next section). In order to reduce the effects of the strange
component, a cut of |§] < 0.1 cm is imposed on all the selected tracks. Figure 6.7

shows the DCA distribution with this cut applied.
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Figure 6.7: Distribution of the reconstructed impact parameter with || < 0.1 cm cut.

6.2.2 Significance

Significance is defined as the ratio of the impact parameter to its error.

S

Ggi

Si = (61)

where §; is the impact parameter of selected track (i) and gy, is the error of the
impact parameter for that track. The distribution of the g5 receives contributions
from the vertex and track errors and reaches values of 200um (towards the tail end
of the distribution) at maximum and as shown in figure 6.6 (right plot) it is

described well by the simulation.

The significance distribution for all selected tracks is shown in figure 6.8 with a

cut of |6] < 0.1 cm.
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Figure 6.8: Distribution of the significance for all tracks with a cut of |6| < 0.1 cm.
The simulation from the RAPGAP Monte Carlo is included in the figure, showing
the contributions from the various quark flavours (colour coded) after applying
the scale factors obtained from the fit to the subtracted significance distributions

of the data( see section 6.3)

The construction of the significance optimises the flavour separation, because the
error reflects the influence of the specific decay topology and multiple scattering
on the impact parameter measurement. The simulation describes the data very
well, apart from the tails of the distribution where imperfect modelling of the
resolution by the simulation leads to a small discrepancy between the data and the

simulation. This discrepancy is treated as a systematic error (cf. chapter 7).

In order to enhance the flavour separation power of the significance method,
different significance distributions for events with different track multiplicity are

used. The first Significance distribution (S)) is defined for jets where exactly one
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reconstructed CST track is linked to the jet, and is simply the absolute significance
of the track. The second significance distribution (S2), defined only for jets with at
least two or more reconstructed CST tracks associated to the jet, is the significance
of the track with the second highest absolute significance. Similarly the third
significance distribution (S3) is defined for tracks with the third highest absolute
significance. The distributions of each of these quantities i.e. S;, Sz and Ss are
made for all selected events. The events contributing to the S, distribution also
contribute to the S; distribution. Similarly, those events contributing to the S3
distribution also contribute to the S, and S; distributions. For events in which S
and /or Sz are defined, the signs of the significances are required to be the same as

the sign of the S; significance. If this is not the case, the event is rejected.

Specifically, for jets contributing to the distribution of Sz, it is required that the
track with the first and the track with the second highest absolute significance have
the same sign of &. The reason for including the second highest significance is that
it provides a greater separation power between heavy and light quarks. This can
be observed in figure 6.9. In light quark events it is very unlikely that two tracks

are produced at large significance due to resolution effects.

In order to reduce the uncertainty due to the resolution of § and the light quark
normalisation, the contents of the negative bins in the S;, Sz and S distributions
are subtracted from the contents of the corresponding positive bins. The subtracted
distributions are shown in figure 6.10. It can be seen that the resulting distributions
are dominated by c¢ quark events, with a b quark fraction increasing towards the

upper end of the distributions.
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Figure 6.9: The significance distribution (a) first significance, S; (b) second significance,

Ssand (c) the third highest absolute significance Ss of the selected tracks. Included in the

figure is the expectation from Monte Carlo simulation for Iight, c and b quarks. The

contributions from various quark flavours are shown after applying the scale factors (see

section 6.3) obtained from the fit to the data.
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Figure 6.10: The subtracted distributions of S, S, and S3. The figures include the expectation

from Monte Carlo simulation and show the different contribution from various quark flavours

after applying the scale factors (see section 6.3) obtained from the fit to the data.
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The significance distributions were made for each individual Pr bin. Figure 6.11

shows the distribution for one of the bins.
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Figure 6.11: The significance and the subtracted distributions of S, S; and Ss for bin
6 GeV > Pp > 8 GeV. The figures include the expectation from Monte Carlo simulation ]
and show the contributions from various quark flavours after applying the scale factors
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Although the S distribution provides better separation between charm and beauty,
events with only one selected CST track, the distributions from S; are retained to

improve the statistical precision of the fit.

6.3 Fit Procedure

After performing the subtraction of negative bins from positive bins explained
above, the number of events in the tails of the S; and S; distributions in data and
Monte Carlo simulation is small. Therefore, in order to retain the Gaussian limit in
the fit, bins with insufficient statistics are combined into larger bins in the

subtracted significance distributions (cf. figure 6.10).

The charm, beauty and light quark fractions in the data are then extracted by
simultaneously fitting the observed, subtracted S; and S distributions and the
total number of events before any CST track selection, N34*%. The Monte Carlo b,
c and light quark distributions are used as shape templates and are allowed to be

modified by the scale factors Py, P.and P, respectively, such that

4= z (Nfate — pNMC — P.NJIC — PNJC)?
o2(N2ete) + (P,a(NMC))2 + (Po(NJE))? + (Po(N}€))2
+ (Ngate — p,NME — P.NJE. — PIN[oR)?
o2(NE&) + (P,o(NME))? + (Po(Nggge))? + (Plo(Nigg))?

i

is minimised. Here, with i runs over all bins of the subtracted S; and S;
distributions and N4 is the number of events observed in the i ™ bin. Only the

statistical errors of the data and Monte Carlo simulation are taken into account.

The fit to the S; and S distributions mainly constrains P, and P, where the ¢ and b
quark fractions are distinguished by their different shapes. In contrast, the light quark
normalisation is constrained by the total number of jet events without any track
association. The results of the fit to the complete data sample are shown in figure 6.9.

The fit gives a reasonable description of all the significance distributions, with a
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2
X of 98/48. The number of the degrees of freedom (n.d.f) in the fit is the
nd.f

number of bins in the subtracted 31 .S, and S3 distributions, plus one (for the total

number of events), minus three for the free parameters of the fit (i.e. P, Ppand P)).

The ¢ and b scale factors are found to be anti-correlated with an overall correlation
coefficient of -0.61. Consistent y2 values are also found for the fits to the samples when
varying the number of Pr bins in the fit. The scale factors obtained from the fit to the

complete data sample are;
P, =1.176 £ 0.006
P, = 1.001 £+ 0.025
P. =1.025 % 0.056 (6.2)

It can be seen from the distributions of subtracted S;, S and S and the fit result in figure
6.10 that the distributions are dominated by charm‘events, with an increasing fraction of
beauty quark events towards larger values of significance. The contribution from light

quarks is seen to be small.
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Chapter 7

“All things are subject to interpretation
whichever interpretation prevails at a
given time is a function of power and not
truth.”

Friedrich Nietzsche

“The truth Is rarely pure and never
simple.”
Oscar Wilde

The Results

This chapter starts with a discussion on the process of the cross section extraction;
the measured values for the cross sections are presented, followed by a discussion
on hadronisation correction. Then a description of the systematic errors that have
been considered in the final calculation of the results is followed. This chapte