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Abstract

A first measurement is presented of K*(892)* vector mesons, observed through the decay
chain

K*(892)* — Kon* — nhtn n*,

in neutral current deep-inelastic ep scattering. The data were taken at the HERA collider
in the years 2005 — 2007 with centre of mass energy /s = 319 GeV using the H1 detector
and correspond to an integrated luminosity of approximately 302 pb~!. The measure-
ment of differential cross section was performed in the kinematic range which covers the
photon virtuality 5 < Q2 < 100 GeV? and the inelasticity 0.1 < y < 0.6. The visible
range of K** vector meson is restricted in transverse momentum pr(K**) > 1 GeV and
pseudorapidity —1.5 < n(K**) < 1.5. The results are compared to predictions of leading
order Monte Carlo models matched with the parton showers.

Persbericht

Deze dissertatie behandelt een eerste meting van K** vector mesonen, waargenomen via
het vervalkanaal

K*(892)* — Kon* — ntr n*,

in diep inelastische elektron-proton verstrooiing via neutrale stromen. De gegevens werden
vergaard met de H1 detector bij de HERA versneller gedurende de jaren 2005 — 2007 bij
een massamiddelpuntsenergie van /s = 319 GeV en een overeenkomstige geintegreerde
luminositeit van 302 pb~!. De differentiéle werkzame doorsnede is bepaald in het kinema-
tische gebied met een bereik van 5 < Q% < 100 GeV? in foton virtualiteit en 0.1 < y < 0.6
in inelasticiteit. De K** mesonen werden gereconstrueerd met een minimale transversale
impuls pr(K**) > 1 GeV en pseudorapiditeit —1.5 < n(K**) < 1.5. De resultaten zijn
vergeleken met voorspellingen van leading order Monte Carlo modellen en overeenkomende
parton showers.
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Chapter 1

Introduction

Elementary particle physics studies the structure of matter and its main building blocks
at its most fundamental level. The Standard Model (SM) of particle physics is a successful
theory which describes the basic constituents of matter and their interactions. Within the
SM, the fundamental particles are classified into two types of fermions, the leptons and
the quarks which each exist in three families. Experimentally six different types of quarks,
known as flavors, have been observed: up (u), down (d), charm (c), strange (s), top (t)
and bottom (b). The interactions among the particles are mediated by gauge bosons,
called photon (7) for the electromagnetic interaction; Z and W= for the electroweak and
gluons for the strong interaction. The gravitational force is not included within the SM.
According to the theory of strong interactions, quantum chromodynamics (QCD), the
strong force is mediated by gluons which couple to colour charge. The values of the
coupling constant of QCD, a,, depends on the energy scale of the interaction.

In the late 1960’s, the experiments at the Stanford Linear Accelerator (SLAC) accelerated
electrons up to energies of 20 GeV. The electrons were scattered against a liquid hydrogen
(Hs) target. At such high energies, far beyond what had been previously possible, the
electrons can probe deep into the inner structure of the proton, a process called Deep
Inelastic Scattering (DIS). The experiments at SLAC shed light on the identification of
point-like quarks as the constituents of the proton (Quark Parton Model, QPM).

The worldwide only electron! proton collider HERA? at DESY? (Hamburg) opened up
a large kinematic domain in order to perform DIS studies. At HERA, both 27 GeV
electrons and 920 GeV protons were accelerated and collided at a centre-of-mass energy
Vs = 319 GeV allowing to resolve the structure function of the proton down to distances
~ 10718 m. After running for almost 10 years, the HERA collider was upgraded during
2000-2001 in order to increase the instantaneous luminosity and to provide longitudinally
polarised electron beams ( “HERA II").The upgrade made it possible to look into the pro-
ton structure with a better precision and, even more, to have improved possibilities to test
the SM using the DIS interactions. HERA provided a higher centre-of-mass energy than

!Hereafter, both electron and positron are referred to as electrons, unless explicitly stated otherwise.
2Hadron Elektron Ring Anlage
3Deutsches Elektronen Synchrotron
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previously obtained which improved the resolution of the measurements and extended the
kinematic range. HERA data taking stopped in 2007 after 15 years of successful opera-
tion. The two collider experiments H1 and ZEUS contributed with many measurements
to the understanding of QCD and its dynamics and the electroweak theory.

This thesis is based on data collected by the H1 detector at HERA during the running
period from 2005 to 2007. The results are obtained by using approximately 14.1 x 10¢ DIS
e~p and eTp events, corresponding to integrated luminosities of 167 pb~tand 135 pb™1,
respectively.

The production of strange hadrons in high energy particle collisions provide an opportu-
nity to investigate the strong interactions both in the perturbative and non-perturbative
regimes. Strange quarks can be produced via various subprocesses such as directly in the
hard scattering off a strange sea quark inside the proton, boson gluon fusion and decays
of heavier quarks. The dominant production mechanism of strange quarks is found to be
the string fragmentation.

The resulting cross sections of this analysis represent the first measurement of strange
vector meson K**(892) production in DIS at HERA. Such a measurement provides an
opportunity to study the strange content of the proton as well as the processes involved
in the production of strange hadrons. For example, a difference in the K** and K*~
cross sections would indicate an asymmetric distribution of the sea quarks in the proton.
The measurement gives direct information about the strangeness suppression factor (A; =
P(s)/P(u)) which sets the probability of strange (s) quark production P(s) relative to
the probability of up (u) and down (d) quark production P(u) = P(d).

The K** mesons are reconstructed using the decay channel
K** — K™,

with the subsequent decay Kg— 7tm~. A clean K2 signal was obtained by the recon-
struction of K9 decaying at a secondary vertex which can be well separated from the
interaction point.

The large sample of approximately 80000 reconstructed K** mesons permits the high
accuracy measurement. This allows comparisons to be made with other experiments
which study similar processes.

In the present analysis, inclusive cross sections o(ep — eK**X) are presented differen-
tially as a function of various kinematic variables in the laboratory and photon proton

frames. The measured cross sections are compared to leading order Monte Carlo predic-
tions obtained from the DJANGO and RAPGAP generators.

sokok

The results of the analysis presented here have been presented at the XVII International
Workshop on Deep-Inelastic Scattering and Related Subjects, Madrid, Spain by the au-
thor [1]. They have been published by the H1 Collaboration as a contributed paper to the
34th International Conference on High Energy Physics, Philedelphia, USA [2]. Further-
more, they have been presented at the XXXVIII International Symposium on Multiparticle
Dynamics (ISMD 2008), Hamburg, Germany [3].
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sokok

The structure of this dissertation is as follows:

Chapter 2 gives an overview of the Standard Model followed by the phenomenology of
deep inelastic ep scattering and its basic concepts.

In Chapter 3 the strange particles and some of their characteristic properties and a
summary of different production mechanisms of strange particles are introduced. This
chapter ends with a section where an overview of existing measurements is presented.

Chapter 4 introduces the HERA collider which made possible to observation of deep
inelastic scattering events of electron on protons and in more detail the H1 detector, with
particular emphasis on the detector components directly used in this analysis.

Chapter 5 describes the basic principles of Monte Carlo event generators and models
which are the computer programs used for simulating the complete quantum mechanical
final state of DIS events.

Chapter 6 outlines the event selection procedure and explains the online trigger condi-
tions and offline applied selection criteria.

Chapter 7 introduces the strategy followed in this analysis to extract the K** signal
and describes the reconstruction of the invariant mass of the K** candidates.

Chapter 8 describes the determination of the inclusive K** cross sections. The procedure
of extracting the inclusive K** cross sections is explained, including the correction for
the detector effects and the trigger efficiency. A description of possible systematic error
sources is given.

Chapter 9 presents the measured inclusive K** meson differential cross sections with a
comparison of data from the leading order Monte Carlo models.

Chapter 10 summarises the conclusions drawn from the measurement.

A note on units

In this work, a system of natural units will be used, whereby h =c = 1.

This work has been carried out in the frame of the H1 Collaboration through the High En-
ergy Physics Group of the University of Antwerpen. The author was financially supported
by the Fonds voor Wetenschappelijk Onderzoek Viaanderen (FWO, Research Foundation
- Flanders).



Chapter 2

Theoretical Overview

In this chapter, the basic theoretical and phenomenological concepts related to the present
analysis are summarised. First, an overview of the Standard Model (SM) of particles and
forces is given. The phenomenology of deep inelastic ep scattering is introduced in the
second section and the basic concepts of deep inelastic scattering (DIS) theory, i.e. the
quark parton model (QPM), and the theory of strong interactions (QCD) are introduced.
The parton evolution equations are given in the last section.

2.1 The Standard Model

The Standard Model (SM) is the experimentally well-tested theory of particle physics
based on fundamental particles and their interactions. Within this model, fundamental
particles can be classified according to three basic types: quarks, leptons and carriers
of force (the gauge bosons). The quarks and leptons, which are divided into three
generations, are members of a family of particles called fermions (particles with spin—%).
The properties of these fundamental fermions are summarised in Table 2.1. Experimen-
tally six different types of quarks, known as flavors, have been observed: up (u), down
(d), charm (c), strange (s), top (t) and bottom (b) are grouped into 3 generations. The
left handed (L) quarks, which have spin aligned opposite to the direction of motion, are
grouped into doublets. The right handed (R) quarks, where the spin is aligned along the
direction of motion, are grouped into singlets.

U c t
d tr, b 2.1
(d)La (8)L7 (b)La URr, AR, CrR, SR, 'R, OR ( )

All visible matter is composed of the first generation particles, e.g. protons and neutrons
are made up of u and d quarks. Quarks have never been observed as free isolated particles
but exist only in bound states, e.g. baryons represent the bound states of three quarks
(qqq), and mesons are quark-antiquark (qq) pairs.

Leptons are Spin—% particles which can be observed as free particles. Analogous to the
quarks, there are 3 known generations which differ from each other only in mass and
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Quarks Leptons
Generation | Flavour Q M (GeV) Flavour Q M (GeV)
u (up) 2/3 2557072 x 1072 | e (electron) -1 51x107*
1st
d (down) -1/3 5.04792% %1073 | v, (e-neutrino) 0 < 1.1078
] ¢ (charm) 2/3 1.277597 4 (muon) -1 0.105
27L
s (strange) -1/3 104726 x 1073 | v, (p-neutrino) 0 < 2.10*
# (top) 2/3  1712+21 | 7 (tau) 1 176
3rd
b (bottom) -1/3 4201547 v, (T-neutrino) 0 < 2.1072

Table 2.1: The properties of the fundamental fermions (quarks and leptons, spin = %)
of the SM. The anti-particle partners of these fermions (not included in the table) have
the same mass (M), but with the opposite electric charge (Q). Q is given in units of the

proton charge [4].

flavor. The electron (e), muon (u) and tau (7) particles each have an associated low
mass, chargeless neutrino. Leptons are also grouped into singlets and doublets:

(e) ) (Iu) ) (T) y €R, UR, TR- (22)
Ve \Vu/p \Vr/

The neutrinos, neutral leptons, are considered to be massless within the SM, however, it
has been shown that the neutrinos cannot be massless [5,6,7,8,9,10]. The electron, like
the proton, is a stable particle and is present in almost all matter. The p and 7 particles
are unstable and are found primarily in cosmic rays.

Important ingredients of the SM are the intermediate gauge bosons, or the carriers of
force. Table 2.2 lists the fundamental forces and their carriers. The gauge bosons transmit
three of the four fundamental forces through which matter interacts. The gluon (g) is
responsible for the strong force, which binds together quarks inside protons and neutrons,
and holds together protons and neutrons inside atomic nuclei. The photon (7) is the
electromagnetic force carrier that governs electron orbits and chemical processes. Photon
couples to all electric charge. Lastly, the weak force is mediated by W* and Z° bosons
responsible for radioactive decays. The weak force couples to quarks as well as leptons.
Neutrinos, in fact, are coupled only via weak force. Due to the lack of electric charge,
neutrinos do not interact via the strong or the electromagnetic force, and therefore interact
with matter only via the weak interactions. Within the SM, theories of electromagnetic
and of weak interactions are unified to the Electroweak theory by Glashow, Salam and
Weinberg [11,12,13].

The SM includes the strong, electromagnetic and weak forces and all their carrier particles,
and describes how these forces act on all the matter particles. However, the fourth force,
gravity, is not part of the SM. In fact, attempts have been made to describe gravity as
a quantum field theory, with the interaction mediated by a spin-2 boson, the graviton,
associated to the gravitational field. Such extensions of the SM, however, need also an
adapted description of the SM itself, because of problems such as non-renormalizability.
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Force Force Couvlin Relative Mass Spin

Carriers pHng Strength (GeV) p
Strong g (gluon) | quarks and gluons 1 0 1
Electromagnetic | v (photon) | quarks, W+ and 1.4x1072 | <3 x 10736 1

charged leptons

Weak w+, 20 quarks and leptons | 2.2 x 1076 80, 91 1
Gravitational graviton | massive particles 1038 0 2

Table 2.2: The fundamental forces and force carriers, i.e. gauge bosons. Three kinds of
fundamental forces are combined in the SM. The fourth fundamental interaction, gravity,
is shown separately as it is not yet included in the SM [4].

The gravitational force does not play a significant role in atomic and subatomic processes
because of its weakness compared to the SM scales.

Although the SM explains the interactions among quarks, leptons, and bosons, the theory
does not include an important property of elementary particles, their mass. In 1964
Francois Englert and Robert Brout [14], in October of the same year Peter W. Higgs [15],
and independently Gerald Guralnik, Carl R. Hagen, and Tom Kibble [16], proposed a
mechanism that provided a way to explain how the fundamental particles could acquire
mass. The theory states that the whole of space is permeated by a scalar field, now called
the Higgs field, similar to the electromagnetic field. As particles move through space they
travel through this field, and by coupling to it they acquire mass. The particle associated
with the Higgs field is the Higgs boson, a particle with no intrinsic spin or electrical
charge. The Higgs boson does not mediate a force as do the other gauge bosons. It has
not been observed yet. Finding it is the key to discover whether the Higgs field exists,
and whether the Higgs mechanism for the origin of mass is indeed correct. Detectors at
Fermilab and eventually at the LHC! at CERN? are looking for the elusive Higgs particle.

2.2 Deep Inelastic Scattering

One of the most useful experimental techniques to study the internal structure of hadrons
is the scattering of leptons on a hadronic target, typically a proton or a heavier nucleus.
The process is called elastic when only the electron and the target particle (e.g. proton)
appear in the final state, i.e. ep — ep. In inelastic processes more hadronic particles are
produced in the final state. When the momentum transfers are very large, an inelastic
process is called deep inelastic scattering (DIS). In this case the target particle looses its
identity completely and the resulting final state is a multiparticle state. The study of
such states allows to gain insight into the internal structure of the hadron in the initial

!Large Hadron Collider
2Conseil Européen pour la Recherche Nucléaire
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Y

Y

Y

Figure 2.1: Leading order Feynman diagrams of inelastic electron proton scattering. The
electron interacts with the proton via the exchange of a v or Z° boson (NC interactions,
left), or a charged W= boson (CC interactions, right).

state which is the proton in the case of HERA physics.

The interaction between an electron and a proton can be described via neutral current
(NC) or charged current (CC) interactions which are the two contributing processes to
DIS at HERA. Fig. 2.1 illustrates NC and CC processes in ep scattering in the form of
Feynman diagrams. In NC interactions,

etp — et X, (2.3)

the interaction between the electron and the proton is mediated by a v or a Z°. In CC
interactions,

etp — vX, (2.4)

a charged W* boson is exchanged. In both interactions, X represents the hadronic final
state. Both DIS processes are directly observed at HERA.

2.2.1 Kinematic Description
The kinematics of DIS are defined by Lorentz invariant event variables. Let k, k', q
and P denote the four momenta of the incoming lepton, the outgoing lepton, the four

momenta of the exchanged boson and the momentum of the proton, respectively. Then
the following kinematical variables can be defined :

e the virtuality of the exchanged boson,

Q*=—¢ =—-(k—K) (2.5)
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e the fraction of the incoming proton momentum taking part in the scattering is called
Bjorken scaling variable,

2
x = « ,
2P -q

(2.6)

e the inelasticity which is the relative energy transfer from the lepton to the proton,

P-q
= —. 2.7
V=P (2.7)
In the proton rest frame, the inelasticity y can be expressed as:
E! 0.
Yy~ 1— —%sin® =, (2.8)

E, 2

where E. is the energy of incoming electron, E’ is the energy of outgoing electron
and 6, is the angle between the incoming and outgoing electron.

e the centre of mass energy s of the ep system,

2
s=(P+k)?~4E.E,+ ml+m. ~ AE.E, ~ Q—, (2.9)
xy
where E, is the energy of incoming proton, m. is the mass of the electron, and m,,
is the mass of the proton.

e the centre of mass energy of the yp system, or the invariant mass of the hadronic
system recoiling against the scattered lepton,

W2=(P+q?=P*+¢+2P g~ sy— Q> (2.10)

The variables z and y are dimensionless and have values in the interval [0,1]. In the
quark-lepton centre of mass frame, the scattered electron and the quark are deflected by
angle 6.. In this frame an event with y = 1 corresponds to one in which the electron has
scattered with 6, = 7. In the rest frame of the proton, inelasticity y is a measure for the
energy fraction of the scattered electron lost after interacting with the proton.

Experimentally the inelastic scattering processes are classified in two kinematical regimes.
Photoproduction (Q* = 0) processes where a quasi-real photon is exchanged and DIS
(Q* > 1 GeV? ) where a virtual photon (or a Z°) is exchanged. The classification is done
experimentally via the detection of the scattered electron in the detector.
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2.3 The Quark Parton Model

In the Quark Parton Model (QPM) [17], the proton is assumed to be composed of point-
like, non-interacting, spin-1/2 constituents (partons) that can be associated to the quarks.
The inelastic scattering of the lepton off the proton is then viewed as the elastic scattering
of the lepton off a parton within the proton. The cross section of ep scattering is given by
the incoherent sum of the e-parton scattering processes. In the infinite momentum frame,
(P? > m2), the transverse momenta of the quarks can be neglected and the proton is
considered as a parallel stream of quasi-free partons. In Bjorken’s picture, in the limit of
high energies and Q? — oo but x finite, the structure function F, depends only on x

Fy(r, Q%) — Fy(x). (2.11)

Thus, according to QPM the structure function Fy must be scale invariant, i.e., it does
not depend on @Q* but only on z. This effect is referred to as Bjorken scaling [18].
The predictions of Bjorken scaling were confirmed by DIS experiments taking place at
SLAC? [19,20]. Let the probability of finding a parton of species i carrying a momentum
fraction of the proton x be f;, then the QPM predicts that

Z/xfi(a;)dx =1, (2.12)

where the summation runs over all parton flavours. The structure functions can then be
written as

Fy(x) = 3 elegi(x), (2.13)

Fy(z) =0, (2.14)

where e; is the charge of a parton ¢ and FJ, is the longitudinal structure function which
is related to the exchange of longitudinally polarised photons. Experimental results have
shown that the value of summing over all the charged partons is ~ 0.5 which indicates
that the rest of the proton momentum is carried by electrically neutral but strongly
interacting partons, the gluons which are not part of the QPM. In 1979, the observation of
3-jet events in ete™ annihilation at DESY provided first direct evidence for the existence
of gluons [21]. In addition, the QPM does not explain other experimental results like
logarithmic violation of the scaling behaviour, non-zero longitudinal structure function,
quark confinement, etc. These effects were successfully explained within the framework
of Quantum Chromodynamics.

3Stanford Linear Accelerator Centre
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2.4 Cross Section for Deep Inelastic ep Scattering

In terms of Lorentz invariant variables the differential cross section for inelastic electron-
proton scattering can be written as [22]:

dot 2
d;fé = 2;54 vy Fi(z, Q%) + (1 —y) Fa(z, Q%) + y (1 - %) v F(z, Q2)] . (2.15)

Using the helicity dependence of the electroweak interaction

Yi=14(1-19%), (2.16)
and the relation
FL(:EaQQ) :FZ(:EvQQ) _2$F1($7Q2)7 (217>
equation 2.15 can be rewritten as:
dU]%/C 2o’ 2 2 2 2
= [YiFo(z, Q%) £ Y_Fs(z, Q%) — y*Fr(z,Q%)] . (2.18)

dedQ?  xyQ?

For spin 1/2 particles Eq. 2.17, known as the Callan-Gross relation [23], is equal to zero
as long as the quark masses and the intrinsic transverse momenta are neglected [24]. The
factors Fi(z, Q%), Fa(z, Q?), F3(z, Q%), and Fy(x,Q?) are the proton structure functions
which have to be determined by measurements. Fj is the generalised structure function
of the v and Z° exchange, F} is the longitudinal structure function and Fj arises from
Z° exchange. The Fj structure function has only a small effect at Q* < MZ, and hence
can be neglected here. The structure functions are related to the cross sections (o7, o)
for transversely and longitudinally polarised exchanged bosons according to

2
Fg(l', Q2) = 43@2 [UT(xu Q2) +0_L($7Q2)] ) (219>
Q2
FL(xa Q2> = 47_(_&20-14(];7 Q2> (220>

Since the cross sections oy, and o7 have to be positive, these two relations imply that:

0< F, < F,. (2.21)

From Eq. 2.21 and the fact that the F}, term is proportional to y? in Eq. 2.18, it can be
seen that the F; term is dominant in regions of low y, whereas the F, term becomes more
important as y increases. Therefore, F, needs only to be taken into account at very high
values of y. The F}, contribution will be neglected in the following discussions, since the
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majority of the HERA data resides at low y. The structure function F3 has been measured
in a wide range of the photon virtuality Q? and z. Fig. 2.2 presents a compilation of the
measurements of Fy (H1, BCDMS and NMC) as a function of @? for different values of
x [25]. The scaling behaviour of Fy, i.e. independence of Q2 can be seen in the region

for values of x about 0.13. In all other z-regions F} depends logarithmically on (2.
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The proton structure function Fy shown for the data from the collider
experiment H1 and the fixed target experiments BCDMS and NMC. The results are
compared to the SM prediction determined from the H1 PDF 2000 fit. The measurements
at different z values are displaced vertically by a factor 2°. The figure is taken from [25].
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2.5 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the field theory of strong interactions which are
one of the fundamental forces in nature and occur either between quarks and gluons or
between gluons and gluons. The strong force involves a new quantum number called
colour charge. Quarks carry one of three possible colour (or anti-colour) charges: e.g. red
(r), green (g) and blue (b). Gluons also carry color charge but in the combinations of one
colour and one anti-colour (e.g. rg). Two important features arising from the QCD are
asymptotic freedom and confinement.

e Asymptotic freedom : The mediators of strong interaction, gluons, unlike the
photons of QED, can couple to each other with a coupling constant «,. Asymptotic
freedom states that the strength of the interaction, or magnitude of the coupling,
decreases at short distances and increases at large distances. In the short distance
limit, quarks and gluons can be treated as free particles since their coupling is
small, and the applicability of perturbation theory is restored [22]. This property
of QCD, asymptotic freedom, was discovered by Wilczek, Gross and Politzer in
1973 [26,27]. They showed that every non-Abelian SU(3) gauge theory exhibits
asymptotic freedom, i.e. a decrease of the coupling constant with increasing energies,
thus making QCD a realistic candidate for describing strong interactions.

e Confinement (Infrared slavery) : Conversely, the strong coupling a becomes
stronger as the separation between g and g increases and perturbation theory breaks
down at low Q2. Because of the gluon self-coupling, the exchanged gluons will attract
each other (unlike photons) and so the colour lines of force get constrained to a tube-
like region (called fluz tube) between the quarks. If this tube has a constant energy
density per unit length, then the potential energy of the interaction will increase
with the separation, so the quarks and gluons can never escape the hadron. This
is the origin of the confinement (i.e. infrared slavery) and explains why free quarks
are not observed [28].

2.6 Renormalisation

In order to calculate QCD cross sections, integrations have to be performed over the
entire phase space of real and virtual quarks and gluons. These integrals lead to divergent
expressions. A scheme called regularisation is therefore defined to leave out the divergent
parts of the integrals. As a result, the calculated cross-sections then depend on the
renormalisation energy scale p2. Since p? is not a prediction of the theory, it has to be
chosen. The dependency on p? is compensated by defining an effective coupling constant
. This leads to a dependence of the renormalised as on p?. When all orders of aj
are taken into account, any physical observable R must be independent of the choice for
p2. For any truncated calculation, the dependence of R on p? must be canceled by the
dependence of a; on p?.
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This is expressed by the renormalisation group equation (RGE)

dR 0 Odag, O
2 — 2 pp— R=0. 2.292

The partial derivative da, /Ou? in Eq. 2.22 can be used to compute the dependence of the
strong coupling constant o, on u%

5 O

Q 20?

T 4 1672 °

— o) =~ (1) = @y - Pt vowd),  @a9)
n=0

where the coefficients 5y and $; depend on the number of active quark flavours n; (i.e.
the quark flavours with masses smaller than ;?) and scale Q? as

2

fo =11 - Zny, (2.24)
38

=102 - oy, (2.25)

The running constant g can be written in terms of the renormalisation scale in the
one-loop approximation as

oy A7
o) = G el A B (2.26)

where Aéc p is a fundamental parameter of QCD which cannot be calculated. Fig. 2.3
shows the running of the coupling constant «g with scale p, = @ [29]. The depicted
experimental results show that a; indeed decreases with increasing p, which is also seen
in more recent data from HERA [30,31]. The coupling constant « diverges in the limit
of u? — AéCD and perturbative QCD theory breaks down. Thus, A2QCD provides an
approximate boundary energy scale between perturbative and non-perturbative QCD.

2.7 Factorisation

The factorisation theorem in QCD [32] states that for the hard scattering process the
interaction can be factorised into two processes, a soft and a hard one. The hard process
(i.e. short-range) describes the interaction of high energy partons and can be calculated
within perturbative QCD. For the soft process (i.e. long-range) perturbative calculations
are not applicable. Within this framework, the proton structure function F, can be



2.7 Factorisation 35

Normalised Jet Cross Sections

a
s FH1 e Combined H1 data (incl., 2-, 3-jet)

0.20 - oS fit

Theory uncertainty

0.15

0.10—

Q/ GeV

Figure 2.3: The strong coupling constant a, with scale p = ). The solid line shows
two loop solution of the renormalisation group equation obtained by evolving the a4 (My)
extracted from a simultaneous fit of 54 measurements of the normalised inclusive jet cross
section as a function of Q? and Pr, the normalised 2-jet cross section as function of Q?
and < Pr > and the normalised 3-jet cross section as function of Q2 [29].

written as a convolution of the parton density functions (PDF) f;/,(£), which can be
interpreted as the probability of finding a parton of type ¢ carrying a fraction & of the
proton’s longitudinal momentum, and perturbatively calculable coefficient functions C},

1 2 2
Q) =s Y / 0 fonl€ 12, 12) - C, (g%%ﬂ (2.27)

Here, ji/ is the factorisation scale which defines the separation between soft (non-perturba-
tive) and hard (perturbative) processes. Processes with () > py are perturbatively calcu-
lable and absorbed in the hard scattering coefficients C;, while processes with @ < puy lie
outside the perturbative regime and contained in the PDF f;/,. The coefficient functions
C; do not depend on the type of hadron but on the parton flavour ¢ and on the exchanged
boson, and therefore are process independent. Because the coefficient functions have been
calculated only up to O(a?) for the inclusive ep cross section, the calculated cross sec-
tions as well as the parton distribution functions exhibit dependences on the choices of
the renormalisation and factorisation scales [33].
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2.8 Evolution of Partons

A calculation from first-principles of the parton distributions f;/, is beyond the scope
of pertubative QCD and f;;, should be extracted from the experimental measurements.
Nevertheless, the dependence of f;/, on uy can be studied within the framework of pertur-
bative QCD since the cross section must not depend on the parameter py. This leads to
the parton evolution equations which are used to evolve parton density functions, which
have been assumed at a certain starting scale p, up to the factorisation scale py. In
order to solve the parton evolution equations some QCD approximations are commonly
used which are expected to be valid only in certain regions of phase space. In the con-
text of perturbative QCD, the evolution equations contain terms of order (o log Q?) and
(as log %) The parton evolution equations can be obtained by gluon splitting and gluon
radiation processes which lead to the gluon ladder. The ladder diagram of gluon emissions
is shown in Fig. 2.4. In the following the two main approximations are described.

//e'
e >
%
2
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—4_q
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Figure 2.4: A schematic overview of the gluon ladder diagram of the parton evolution in
ep scattering. A quark from the proton interacts with a virtual photon from the electron
after radiating n gluons. The transverse and longitudinal momenta of the each emitted
gluons are labelled as kr; and ;.
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2.8.1 DGLAP Evolution Equations

The Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations [34, 35, 36,
37,38] define the way in which gluon and quark momentum distributions in the hadron
evolve with the scale of the interaction Q*. Within the DGLAP approach, a strong
ordering of the transverse momenta k%z

Q> > ki, > kp > kpy o> kE > Qp, (2.28)

and a soft ordering of the fractional longitudinal momenta x;

Ty < Timg < Tjg < ... < 7, (229)

are assumed. Here Q3 is the virtuality of the parton at the start of the emission cascade
and Q? the virtuality of the exchanged photon.

The DGLAP evolution equations which are typically written in the form of integro-
differential equations are given by,

dgﬁ(j;gj) = asé?) /;d—j [Z 6i(y, Q*) Py (g) +9(y, Q*) Py (g)] . (230)

i

dj&;gz) = %(QQ / [Z 6y, Q°)P, ( ) +9(y, Q) P, G)] : (2.31)

where ¢; and g denote the quark density function of the flavour ¢ and gluon density
function, respectively and Pj; are the splitting functions of a parton ¢ to parton j with

the momentum fraction <§>, depicted in Fig. 2.5. These splitting functions give the

probabilities of a parton j of momentum fraction y emitting a parton ¢ of momentum
fraction x in the interval of virtualities Q% — Q2 +dlog Q*. Eq. 2.30 describes the change
of the quark densities with Q? due to gluon radiation and gluon splitting whereas Eq. 2.31
describes the change of the gluon density with Q? due to gluon radiation off quarks and
gluons. Both equations assume massless partons and are hence only valid for gluons and
light quarks (u,d and s). The splitting functions for each of these processes are given at
the leading order by

4 1+ 22
= - 2.32
QQ(Z) 3 1 — ) ) ( )

Py(z) = g (M) , (2.33)



2.8 Evolution of Partons 38

g(y-x)
P (x/y) P (x/y) R(xfy) R(xfy)

Figure 2.5: The splitting functions Pj; used for the DGLAP approximation. From left
to right, the processes ¢ — qg, ¢ — 9q, g — qq and g — gg are shown.

Pog(z) = %(22 +(1-2%)?), (2.34)

z 1-=2
P,(2)=6 (1 — + ~ +2(1+ z)) : (2.35)
where the terms 1/(1 — z) and 1/z are called singular terms since they give infinite
contributions as z — 1 and z — 0, respectively.

The DGLAP equations only describe strongly kr ordered ladder diagrams and may there-
fore become inaccurate at very low x. But no strong experimental evidence of a breakdown
of the DGLAP approximation at low x has been observed so far, although some data on
the hadronic final state are not well described by calculations based on the DGLAP equa-
tions.

2.8.2 BFKL Evolution Equations

The DGLAP equations neglect terms of the form log(1/x) which may become large as
x becomes small. Summation of such contributions leads to unintegrated gluon distri-
butions (dependent of the transverse momentum kr), which obey the Balitsky-Fadin-
Kuraev-Lipatov (BFKL) [39,40] approximation. In the framework of the unintegrated
gluon distribution, predictions for the measured cross sections are calculated using the
kp-factorisation theorem [41]. Cross sections are factorised into an off-shell (k7 dependent)
partonic cross section and a kp-unintegrated parton distribution. The BFKL approxima-
tion allows the summation of terms with leading powers of oy log% in the regime of very
low = and moderate (Q?. In this approach, a strong ordering of the fractional longitudinal
momentum x;

LT KT KX ... KL 2y, (2.36)

and no ordering on the transverse momenta kg along the ladder are assumed. The result-
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ing BFKL evolution equation is given by

afg/p(xa k:2r) . 3a, 12 /OO dk’j? fg/p(xa k;;?) - fg/p(xy k:2r) fg/p(xa k’%) (2 37>
Olog(1/x) A '

K3 k7 Ry Nz

The terms within the brackets of Eq. 2.37 correspond to the real gluon emissions and
virtual corrections, respectively. The BFKL equation gives the evolution of f,/,(z, k7.
with respect to small z. It can be solved for any small z and k7. once fy/,(z, k%) is known
for some starting value xy. For fixed ay, the equation 2.37 can be solved and the result is

T

k) = Fla k) (£) N (239)

Zo

where \ = %410&{2 and F(z,k%) is an unintegrated gluon distribution. Hence, this
approximation predicts that the gluon density increases proportional to (1/x)™* as x
decreases.

2.8.3 CCFM Evolution Equations

Both the DGLAP and the BFKL methods only sum over one particular leading behaviour
of the evolution to obtain results. A complete (infinite order) calculation should take into
account both, the terms in log(Q?) and log(+) and sum over them. To accomplish this,
Ciafaloni [42] and Catani, Fiorani and Marchesini [43] introduced angular ordering for the
emitted gluons. The maximum allowed angle is defined by the hard scattering, where the
quark pair is produced (see Fig. 2.4). This is combined with unintegrated gluon densities
and off-shell partons, like in the BFKL approach. This method seems very promising, as it
can (approximately) reproduce the DGLAP and BFKL equations within the appropriate
limits. However, this approach is incomplete. Currently, it does not include the quark
contribution in the evolution.



Chapter 3

Strangeness Physics

Perturbative QCD (pQCD) can be applied in an energy regime where «y is small. It
is very successful in describing the hard scattering and hard QCD radiation processes
in which large momentum transfers are involved. However, it breaks down in processes
where a, ~ 1 and low momentum transfers, for instance in the hadronisation process
where the final state hadrons are formed from quarks.

At HERA, the direct production from the hard interaction of photons and gluons domi-
nates the production of heavy quarks i.e. charm, beauty and top. Therefore pQCD can
be applied in this case. On the other hand, the production of the strange quark can
either come from hard interactions or from pure fragmentation processes. Therefore the
fragmentation process becomes important for strangeness production. In this chapter,
the strange particles which are the subject of this thesis and some of their characteristic
properties are introduced. The different production mechanisms by which strange parti-
cles are produced will be summarised. Finally an overview of existing measurements will
be presented.

3.1 Characteristics of Strange Particles

The first strange particle, the K-meson, was discovered in cosmic rays in 1947 [44]. Al-
though strange particles interact through the strong force, the strange (s) quark itself
can decay only by conversion to a quark of different type (such as u or d) through weak
interactions. For this reason, the lightest strange particles have very long lifetimes, of
the order of 1071 s, compared to the lifetimes of the order of 1072 s for particles which
decay via the strong interactions. In 1952, Abraham Pais hypothesised that the strange
particles are always produced in pairs [45]. The prediction was confirmed one year later
at the BNL! [46]. The observed long lifetime was the origin of the term strange particles.
This stability was an important clue for the presence of quarks inside strongly interacting
particles, and was one motivation for the development of the quark model in 1964 [47,48].

! Brookhaven National Laboratory
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Figure 3.1: The parton densities for the valence quarks u, d, and the sea S quarks
and gluons inside the proton are extracted by the H1 and ZEUS collaborations at
Q* = 10 GeV? [49]. The bands represent estimates of the experimental and theoret-
ical uncertainties. Sea quark S and gluon densities are scaled down by a factor of 0.05.

Within the quark model such long lifetimes were explained by introducing a new quantum
number, strangeness which is conserved in strong and electromagnetic interactions, de-
noted as S. Strangeness is a property of particles, expressed as a quantum number for the
description of particle decays in strong and electromagnetic reactions. The strangeness of
a particle is defined as

S:Ng_NS, (31)

where Nj represents the number of strange anti-quarks (5) and Ny the number of strange
quarks contained in the particle. Strange quarks have the strangeness quantum number
S = —1 while strange anti-quarks get S = +1.

Bound states of quarks, in which at least one of the constituents is of the strange type,
are called strange hadrons. The s-quark is heavier than the up (u) and down (d) quarks.
However, the s-quark is certainly not heavy enough to provide a new hard scale as do
the masses of the charm and beauty quarks. Owing to its low mass (104732 MeV [50]),
it is produced in abundance, in a variety of ways in the ep collisions at HERA. As was
illustrated in Fig. 3.1 the proton itself contains significant amounts of sea quarks, from the
splitting of gluons to quark-antiquark pairs. Of these, ~ 30% will be strange quarks [25].
The splitting of the interacting photon into a strange-antistrange quark pair is another
possible source of strange quarks.
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3.2 Strange Hadrons

According to the quark model, hadrons are colourless composites of two families called
mesons and baryons. Some of the hadrons and their quark contents are listed in Table 3.1.
The objects investigated in this thesis are strange hadrons, containing one strange quark
(s) or anti-quark (S). Mesons can be classified by their quark contents ¢g and their total
angular momentum

J=L+S5, (3.2)

where L is the orbital angular momentum of the meson with integer values L = 0,1,2, ...
and S is the meson spin S = 0,1. The wave function of the ¢g state has an important
property called parity P = (—1)%*!. The mesons with L = 0 are classified as pseudoscalar
and vector mesons. Pseudoscalar mesons have total spin 0 and odd parity (J¥ = 07)
whereas vector mesons have total spin 1 and odd parity (J¥ = 17).

Baryons Mesons
Symbol Quark Content | Symbol Quark Content
D uud Tt ud
n udd 70 %(dd — ui)
A uds T du
¥t uus pt ud
»0 uds o° %(uﬁ — dd)
3~ dds p- ud
AT uud K~ us
A° udd K° ds
A~ ddd KT us
=t dds K*t us
=0 uss K*0 ds
= dss K* su
Q $88 d sS

Table 3.1: The two families of hadrons: baryons and mesons with their quark contents.

The possible gg combinations of light u, d, and s quarks group are shown in Fig. 3.2.
The states are classified by their strangeness content, S, and the third component of
their isospin, I3, which differentiates the particles belonging to the same isospin family.
These representations are called Eightfold Way and independently proposed by Ne’eman
and Gell-Mann [51,52]. The Eightfold Way consists of a classification scheme to group
the observed baryons and mesons with the same spin according to their third isospin
component (related to charge) and hypercharge (related to strangeness) using the SU(3)
group symmetry. Some hadrons were not yet discovered when the Eightfold Way was
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Figure 3.2: The Eightfold Way for pseudoscalar mesons (left) and vector mesons (right).
The various states are classified by their strangeness content S and the third component
of their isospin I3.

Resonance Decay Branching Width Lifetime Mass
Channel | Ratio(%) (MeV) (fm) (MeV)
pY(770) T ~ 100 150.2+2.4 1.3 775.49 +0.34
10 (980) g dominant | 40 to 100 2.6 980 + 10
K*(892) Kr ~ 100 50.8£0.9 4 891.66 £ 0.26
%(1385) A 87+ 1.5 394+21 5.7 1383.7+ 1.0
A(1520) NK 45+ 1 15.6 £1.0 13 1519.5£1.0
w(783) ata— 0 89.2+£0.7 | 8.49+0.08 23 782.65 £ 0.12
$(1020) KtK~ 49.2+0.6 | 4.26+0.04 45 1019.455 £ 0.020

Table 3.2: The resonances with their most dominant decay channels, branching ratios,
widths, lifetimes and masses [4]. The unit of lifetimes is given in femtometer (1 fm
= 10715 m).
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Figure 3.3: The oscillation of K° mesons with its antiparticle K.

proposed. The discovery of a predicted particle 2 with Q = —1 and S = —3 in 1964
led to wide acceptance of the Eightfold Way. Table 3.2 lists some of the resonances with
their most dominant decay channels, branching ratios, widths, lifetimes and masses. In
the following the hadrons which are relevant to this analysis are briefly discussed.

3.2.1 K{ Meson

The lightest mesons, that contain one s or § quark and therefore have strangeness S = 1
or S = —1, are called kaons (K). Kaons are pseudoscalar mesons and have the following
quark content: K+ = |us >, K~ = |us >, K* = |d5 > and K° = |ds >. The kaons can
be arranged in isospin doublets as shown in Table 3.3. The K is not an antiparticle to
itself, unlike 7° and ¢; its antiparticle is K°. The symmetry operator CP? can be used
to explain this CP(K°) = K°.

| [S=+1[S=-1]
I; = — KO K-
I; = K+ KO

+
N | =0 |

Table 3.3: The isospin doublets of the kaons.

The two particles differ by two units of strangeness, but the strangeness is not conserved
in the weak interactions and the neutral kaons can decay as K° — 77—, and also its
antiparticle has the same decay mode K° — 7wt7~. Since the two states can not be
distinguished by the decay products the two states can oscillate K° — 777~ — K9, see
Fig. 3.3.

If the C'P symmetry holds, the kaons observed in the laboratory are C'P eigenstates of
K% and K°. Two eigenstates are created:

1 _
K= —(K°+ K%, CP=+1, 3.3

2CP is the product of two symmetry operation: C for charge conjugation, which transforms a par-
ticle into its antiparticle, and P for parity, which creates the mirror image of a physical system. The
strong interaction and electromagnetic interaction are invariant under the combined C'P transformation
operation, but this symmetry is violated in certain types of weak decay.
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Ky = %(KO K%, CP=-1 (3.4)
/ u
wt \a ™
KO 5 a [
d d

Figure 3.4: The dominant decay channel K§ — 77.

The eigenstate K corresponds to the short — lived component K2 (et = 2.6842 cm) and
the eigenstate Ky corresponds to the long — lived component K9 (c7 = 15.51 m) [4]. 50%
of both K° and K° decay as K9 and the other half as K3. The characteristics of K? and
K? particles are given in Table 3.4. Only the K3 meson, which dominantly decays into
two pions, is accessible in this analysis. The dominant decay mode K9 — w7~ which
proceeds via an intermediate W™ emission, is depicted in Fig. 3.4.

Particle Mass Decay Branching Lifetime
(MeV) Ratio (%) (10~10%)
o~ 69.20 £ 0.05
K} 497.648 £0.022 | 7070 30.69 £ 0.05 0.8953 + 0.0005
atr—a% | (3.54+1.0) x 1077
Ty, 67.55 & 0.22
K? 497.648 £ 0.022 | 7O70x° 19.56 & 0.14 511.4+2.1
ata w0 12.56 4+ 0.05

Table 3.4: The characteristics of K and K2 particles [4].

3.2.2 K* Meson

The K* mesons are the vector mesons and can be interpreted as being the excited states
of their corresponding pseudoscalar mesons with the same quark content. The K* vector
meson resonances are the excited states of the Kaon pseudoscalar mesons. The arrange-
ment of the K** mesons within an isospin doublet is analogous to the kaons (see Table 3.5).

The vector mesons K** decay nearly exclusively via the strong interaction into a kaon
and a pion
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S=+4+1 S=-1|
K*O K*f
K+t K*0

I3
L=+

DO [ =00 | |

Table 3.5: The isospin doublets of the vector mesons K*.

o { K0T (66.6)%
K-  (33.3)%

with the width of 50.8 £ 0.9 MeV and mass of 891.66 4+ 0.26 MeV [4]. Due to the strong
decay, the K** vector mesons have very short lifetimes. The mean lifetime of K**, 7,
is ~ 1.3- 1072 s, or correspondingly, cr ~ 4 fm. In this thesis, in order to select the
K** mesons the following decay channel is used

K* — Ko%7% - ntn~nt  (BR =50 x 66.6 x 69)%, (3.5)

where the K3 is identified by its decay into two charged pions and form a K** candidate
by adding a third pion coming from the primary vertex (see Chapter 7).

3.2.3 A Baryon

The lightest baryon carrying strangeness is the A baryon. A (uds) is a neutral particle of

mass 1.116 GeV that decays weakly with a decay length ¢r = 7.891 4+ 0.006 ¢cm [4]. The

dominant decay is A — p+ 7~ (63.9 £ 0.5%), shown in Fig. 3.5. The other important

weak decay A — n + 7° (35.8 & 0.5%), has only neutral particles in the final state and is

difficult to identify. The A baryon is the member of the baryon-octet with positive parity,
; P 1+

spin 1/2; J© = 3.

0 11 - 11
Ald > d|p
2 11

Fl

d

Figure 3.5: The main decay of strange baryon A — pr—.
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a) b)

Figure 3.6: Various mechanisms contributing to the production of strange particles.
Shown are hard scattering off a s sea quark a), boson gluon fusion (BGF) b), parton
fragmentation c¢) and heavy quark decay d).

3.3 Strangeness Production Mechanism

The production of strange particles in ep collisions can proceed via various subprocesses as

illustrated by diagrams in Fig. 3.6. In the following, the different production mechanisms
accessible at HERA are described.

1. Strangeness in hard subprocess

e Direct production: Strange quarks can be produced directly in the hard
scattering off a strange sea quark inside the proton (see Fig. 3.6a). Even
though there is no strange valence quark among the proton constituents, as Q?
increases, the s(S) sea quarks can be resolved by the virtual photon and can
be knocked out to form a final strange hadron. This production mechanism is
expected to become important at higher Q% and lower z values since the gluon
and sea quark content increases rapidly as x decreases (see Fig. 3.1).
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e Boson gluon fusion: BGF is a production mechanism in which the vir-
tual photon couples with a gluon of the proton via a virtual s — § quark pair
(Fig. 3.6b). Due to the lighter mass of the strange quark, BGF process does
not play an outstanding role as for the production of heavy flavors ¢ and b,
for which this is the main source of production. The available measurements
show the rise of both gluon and sea-quark distributions for low @? and small
Bjorken-z. Particularly within the range of small x one expects a dominance
of BGF processes also for the strange quark production.

2. Strangeness in soft subprocess

e Fragmentation: It has been experimentally shown that the production of
strangeness occurs dominantly through the hadronisation process where uni-
versal fragmentation is considered to take place [53,54,55]. In order to un-
derstand this kind of mechanism phenomenological models must be used. A
parton from the hard scattering process is followed by a parton shower in which
s§ pair can be created by gluon splitting (Fig. 3.6¢).

e Decays of heavier quarks: Strange quarks in the final state can result from
decays of heavy flavors, i.e. charm and beauty quarks as shown in Fig. 3.6d.

3.4 Strangeness Suppression

In order to conserve the quantum numbers like charge, colour and flavor, the strange
qq pairs should be produced at the same space-time point. If the quarks have mass m
and /or transverse momentum pr then the quark and antiquark must be produced with a
finite separation in order to transform the field energy between them into the sum of the
quarks transverse masses my. This is (classically) forbidden and can only be achieved by
a quantum mechanical tunnel effect. The tunnelling probability is given by

_ 2 _ 2 2
exp ( W:ﬂLT) = exp ( Zm > exp ( ZPT) , (3.6)

where mr is the transverse mass, m is the quark mass, pr is the transverse momentum
and k is the constant. This leads to a suppression of heavier quarks like charm with
different quark flavours into a ratio

u:d:s:c~1:1:03:10"".

In the fragmentation process, different flavors are produced with different probabilities,
which leads to a suppression of strange hadrons with respect to non-strange particles. The
ratio of strange quark pairs with respect to the non-strange quark pairs can be expressed
as a strangeness suppression factor, \g, with

As = ) A ) (3.7)
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where P(s5), P(ut) and P(dd) are probabilities for the production of s5, ui or dd, re-
spectively. The strangeness suppression factor Ay is related to the mass difference between
s, u and d quarks. Since the quark masses are not precisely known, the parameter A
needs to be adjusted according to experimental results. A value A\; = 0.3 was found to
be appropriate in the eTe™ experiments at LEP? [56,57,58], early results from pp collider
experiments suggest even a value of about 0.5 [59].

3.5 Experimental Results on Strangeness Production

Within this section a brief summary of the experimental results obtained so far on
strangeness production with different experiments are presented. Although this analy-
sis concentrates on the production of K**(892), the results on the other strange particles
are also mentioned.

3.5.1 Strangeness Production in e"e¢~ Annihilation

A large number of studies of inclusive vector meson production have so far concentrated
on the measurement of fragmentation functions and total inclusive rates (see for exam-
ple [60]). The role of the meson spin in the production dynamics has also been investi-
gated. The DELPHI detector at the ete™ storage ring LEP has reported measurements
for p°(770), K*(892)° and ¢(1020) confirming the OPAL observations of vector meson
spin alignment* at large scaled momentum, z,,°, [61]. A comprehensive compilation of ex-
perimental data on inclusive particle production in e*e™ interactions is presented in [62].
Measurements of inclusive distributions of K*(892)*, A and =~ have been made in the
DELPHI experiment at the Z°. The following average multiplicities per event for strange
particles have been measured:

< Ngo > + < Ngo > = 2.12 + 0.07,
< NK*Jr >+< NK*f > = 133 :t 0267
< Np> + <N;y> = 0.36 &+ 0.07,
< N=- > + < Nz+ > =0.020 %+ 0.005,

where statistical and systematic errors have been summed in quadrature [63].

The OPAL experiment at LEP has presented the inclusive cross-section for K*(892)*
production in hadronic decays of the Z°. A mean rate of 0.72 4 0.002 & 0.08 K** mesons
per hadronic event was found [64]. In the same measurement, the mass (M) and width

3Large Electron Positron

4The spin alignment can be described in terms of the spin density matrix py n, which is a 3 x 3
Hermitian matrix with unit trace usually defined in the helicity basis. Its diagonal elements, p11, p—1-1,
and pgg represent the relative intensities of the helicity A = +1, A = —1 and A = 0 states. Because
vector mesons decay strongly, the diagonal elements p;; and p_;_; are degenerate and pgg is the only
independent observable.

The definition of scaled momentum is £, = p/ppeam, where p is the momentum of hadronic final state
particles and ppeqsm is the momentum of initial state particles.
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(T') of the K** mesons have measured as 889.2 + 2 MeV and 60 4+ 5 MeV, respectively.
The differential cross section for K** production as a function of the scaled K** energy,
g, is shown in Fig. 3.7.
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Figure 3.7: The differential cross section for K** production at the OPAL experiment.

Here (3 is the particle velocity, p/E, where p and E are the momentum and energy of the

particle, respectively. o4 represents the first order hadronic cross section. The parameter
1%

D). is the probability that a strange meson carries spin-1, where V' represents the vector

mesons and P represents the pseudoscalar mesons.

The production of neutral K* mesons was also studied at /s = 29 GeV using the High
Resolution Spectrometer at PEP. Differential cross sections for K*° were presented as a
function of the scaled energy variable® z and compared to 7 and K° production [65].
The total cross section was measured to be o(K*") = 252 4 40 pb. The data have shown
that the vector and pseudoscalar meson partners have fragmentation functions that differ
significantly.

Inclusive distributions of K3 [66], K**(892), A, =~ [63], K*(892)°, ¢ [56], p°, fo(975),
f(1270) [67], and A, ==, ¥*(1385), Z°(1530), and 2~ [68] (and the corresponding an-
tiparticles) have been measured by OPAL at the Z°. These particles are identified via
their decays over essentially the entire momentum range and allow measurements of the
differential and integrated yields with very good accuracy.

In a study of strange particles produced inclusively in e*e™ annihilation, the CELLO col-

6The definition of scaled energy variable is z = xp = 2E/+/s, where E is the energy of the measured
particle and /s the centre of mass energy /s = 29 GeV.
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Figure 3.8: The differential cross section for K** production as a function of the frac-
tional energy x = 2F/\/s at the CELLO experiment [69]. Here o} is the first order
hadronic cross section. Solid line shows the Lund model prediction.

laboration has measured the production rates for K%, K° K** A and A at /s = 35 GeV
and found consistency with results reported by other PETRA and PEP experiments [69].
The resulting cross sections for K** are displayed in Fig. 3.8 together with the Lund
model prediction. The agreement is reasonable, but as is visible in Fig. 3.8, the com-
bined data from PEP and PETRA indicate a somewhat steeper drop of the cross sec-
tion with increasing x than suggested by the Lund model. The integrated cross sec-
tion is 186 4+ 40 (stat.) £ 33 (syst.) pb for the x range covered by the analysis. The
Lund model was used to correct the unobserved z region. A total cross section of
214 £ 46 (stat.) £ 39 (syst.) pb was obtained. The ratio of primary pseudoscalar to
vector meson production rates was determined from K and K** production and indicates
a suppression of the vector mesons (V/(V + P), = 0.5970751002) in the fragmentation
process. This behaviour is also suggested by theoretical ideas of quark fragmentation.
The strange baryon yield is significantly lower than the strange meson yield, a result also
expected from phenomenological fragmentation models.

Since the perturbation theory is not applicable for the process of hadronisation, whereby
coloured partons are confined inside colourless hadrons, one has to rely on phenomeno-
logical models. PETRA and PEP experiments have extensively tested the successful
models of string and cluster fragmentation. The JADE collaboration at PETRA studied
the multiplicity of K9 production at the centre of mass energy /s = 12 and /s = 35
GeV. The value of A\; was found to be Ay = 0.27 £+ 0.03 (stat.) = 0.05 (syst.) [70].
The TASSO collaboration at PETRA which has measured the production of K2 and
A at /s = 14, 22 and 34 GeV [71] was found a consistent result with [70]. A value
As = 0.35 £ 0.02 (stat.) £+ 0.05 (syst.) was extracted [71]. The production of strange
particles (K°, K0, K** A, A, and Z7) has also been extensively studied by the TASSO
collaboration in [72,73,74].

The ALEPH, OPAL, DELPHI and L3 [75,76,77,78,79] experiments have used hadronic
7Y decays to study strangeness production in the hadronisation process and suggest a
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strangeness suppression factor of A; &~ 0.3 consistent with the PETRA results. However,
a more recent measurement of the OPAL collaboration determined the suppression of
strange quarks to be Ay = 0.422 £ 0.049 (stat.) £ 0.059 (syst.) [80].

3.5.2 Strangeness Production in pp, pp, pA and AA Collisions

A compilation of cross sections for inclusive K* production in pp collisions as a function
of the centre of mass energy +/s is shown in Fig. 3.9. It can be seen from Fig. 3.9 that all
cross sections rise with /s and seem to saturate at higher energies. It is also noticeable
that particles K** and K*° ( with strangeness S = 1) are more frequently produced than
the particles K*~ and K*0 (with strangeness S = -1). This difference tends to decrease
towards higher values of y/s. The measurements are available for an energy range of
7.5 < /s < 53 GeV. The measurements up to /s = 26 GeV focus on the charged K*
only, while total cross sections of neutral K* production are available for /s = 27.5 GeV

and /s = 52.5 GeV [81,82,83,84,85].
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Figure 3.9: Measurements of the total K* production cross section in pp collisions as a
function of centre of mass energy /s [86].

In recent years, experiments using relativistic heavy ion collisions have provided oppor-
tunities for the use of resonances to study various properties of the hot and dense nuclear
matter under extreme conditions. The main facilities for studying heavy ion collisions
are localised at BNL and at CERN. The accelerators at the two laboratories provide dif-
ferent energy regimes, from the AGS” at BNL (y/s = 22 GeV), via the SPS® at CERN

7 Alternating Gradient Synchrotron
8Super Proton Synchrotron
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(v/s =400 GeV), to RHIC? at BNL (/s = 200 GeV).

Production at mid-rapidity (Jy| < 0.5) of K*°(892) — K and K**(892) — Kyr*
measurements in Au+Au and pp collisions at /sy, = 200GeV were studied by the
STAR Collaboration [87]. In this measurement, the K*(892) mass has been studied as
a function of pr in minimum bias pp and central Au+Au collisions. The K*/K yield
ratios as a function of the centre of mass system energies /sy, shown in the upper
panel of the Fig. 3.10, were compared to measurements in A+A, pp, pp, ete™ collisions
at various colliding energies. The K*/K yield ratios do not show a strong dependence
on the colliding system or the centre of mass energy. The K*/K yield ratios in Au+Au
collisions were observed to be smaller than the ratio in p + p interactions. Recently, the
same collaboration presented the first spin alignment measurements for both K*(892) and
¢(1020) at mid-rapidity with transverse momenta up to 5 GeV. The data were consistent
with the expectations from unpolarised strange quark production and thus no evidence
was found for the transfer of the orbital angular momentum of the colliding system to the
vector meson spins [88].

n C T ‘ 7
2 T O p+p ]
&d 0.8 j A ete" t
v T O p+p ]
,~ 06— 3 STARAuU+AU -
< - ¥v STARp+p .
0.4 — Cés ]

C 0 VAN Jﬁ ﬁ + 751&7 ]

0.2 — * A
oL ‘ ‘ ‘ _

[7p] L T " T i
8 0.8 E A ete B
S F O :
* i % STAR Au+Au ]
%_ 06 - 3¢ STAR p+p ]
0.4 |- <}>§’> .

r A .

0.2 |- ]

C AN ) ]

oL . .. , R 4

10 107
Jsun (GeV)
Figure 3.10: The yield ratios of K*/K (upper panel) and ¢/ K (lower panel) as a function

of centre of mass system. The results from Au+Au and p + p interactions are compared
with various measurements [87].

9Relativistic Heavy Ion Collider
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The production of baryons relative to mesons is another topic that has been intensively
studied by the data from RHIC. It is of interest to check this ratio to understand the
hadron formation. The baryon to meson ratio becomes quite large and could be greater
than 1 in various regions of the heavy ion collision phase space which cannot be explained
by the standard mechanism of fragmentation approach (where each parton produced is
convoluted with its probability of becoming a particular hadron) [89]. Therefore alterna-
tive models exist to explain the large ratio of baryons.

A similar study from the BRAHMS collaboration showed that baryon to meson ratio is
enhanced (factor of ~ 2) in nucleus-nucleus collisions compared to pp collisions [90].

An overview of recent results on resonance production at RHIC in different collisions
(A+ A, d+ Au, and p + p) and energies can be found in [91].

The inclusive production cross sections of the strange vector mesons K*°, K** and ¢
mesons have been measured for the first time in interactions of 920 GeV protons with
C, Ti and W targets with the HERA-B detector at HERA [92]. It was observed that
the cross section shows a power law dependence o x A%, where A is the atomic mass of
the target material, with an exponent of o ~ 0.8 — 1.1 depending on both the type of
vector meson and the transverse momentum. It has also been noted that the K* and K*°
production is smaller than that of K and K~ mesons [92]. Results on inclusive doubly
differential cross sections as a function of Feynman-x (zr) and transverse momentum (pr)
for the production of K2, A and A were reported in [93].

The HERMES collaboration at HERA, also studied the strange particle production [94].
A measurement of the positive A and negative A polarisations was presented [95]. The
interpretation from the photoproduction data is that the s quarks in the A and A originate
predominantly from v — s5. Hence, the fast s quarks are decelerated when they combine
to the hadron, leading to opposite sign polarisation of approximately equal magnitude.

A measurement of the K2 yield in central PbAu collisions at SPS energies was performed
by the CERES collaboration. The rapidity spectrum was found to agree with the mea-
surements of charged kaons by NA49 and of K by NA57. The yield at mid-rapidity was
found to be dN/dy = 21.24+ 0.9 + 1.7 [96].

The FOPI Collaboration performed a study of strangeness production in Al4+Al colli-
sions at \/syy = 2.65 GeV. For the first time the production of ¥(1385) and K*(892)
resonances below threshold was reported. These measurements constrain the parame-
ters of a statistical model [97] and provide information on cross sections in the nuclear
medium for the different processes involved in strangeness production close to or below
their thresholds. The production of strange particles has been also studied in pp collisions
from 200 GeV to 900 GeV centre mass of energies by the UA5 Collaboration [98,99,100].
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3.5.3 Strangeness Production at the ep Collider

The production of K% and A in DIS (10 < Q* < 70GeV?) [53] and in photoproduction
(Q? ~ 0) [54] has been measured by the H1 Collaboration. The analysed data were taken
in 1994 with an integrated luminosity of 1.32 pb~!.

A recent analysis of DIS events using 17.8 pb~! and a visible kinematic range of 2 < Q% <
100 GeV? is presented in [101]. The production cross sections and ratios of the production
of K2, A and charged hadrons h* are measured inclusively and also differentially as
a function of the DIS variables, Q% and x. The ratio of the differential cross section
for A baryons and KY mesons is shown in the Fig. 3.11. The CDM (see section 5.2.2
for details) implementation provides a reasonably good description of the data in the
laboratory frame, although systematic deviations are seen at high Q? and in the shape
of the distribution not shown in here, whereas the MEPS (see section 5.2.1 for details)
predictions somewhat underestimate the data. The model predictions are not sensitive
to Ag, as expected. Like the previous measurements of H1, a somewhat lower strangeness
suppression factor than 0.3 is preferred. The data were best described with A, in the
range 0.23 — 0.25.
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Figure 3.11: The ratio of the differential production cross section for A baryons and K
mesons in the laboratory frame as a function of pr (left panel) and 7 (right panel) [101].
Theory/Data ratios are shown for different MC predictions. For comparison, the data
points are put to one and only uncorrelated errors are shown; the correlated systematic
errors are indicated by the grey band.
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The H1 collaboration recently published a measurement of the inclusive non-diffractive
photoproduction of resonances p(770)°, K*(892)° and ¢(1020) at HERA [102]. The data
were recorded in the year 2000 with an integrated luminosity of 36.5 pb~!. The transverse
momentum spectra and the rapidity of p°, K*¥ and ¢ mesons are shown in Fig. 3.12. It was
observed that the resonances with different masses, lifetimes and strangeness content are
produced with about the same value of the transverse kinetic energy. It was argued that
the observation supports the thermodynamic picture of hadronic interactions in which
the primary hadrons are thermalised during the interaction. The cross-section ratios
R(K*/p%), R(¢/p"), and R(¢/K*°) were determined. The ratio R(¢/K*?) was found
in agreement with the pp results, while it is observed to be smaller than in heavy-ion
collisions.
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Figure 3.12: The inclusive differential non-diffractive cross sections for p°, K** and ¢
as a function of transverse momentum pr a), and rapidity in laboratory frame b). The
A

curves correspond to power law, given in the legend with f(E&") = (Brol EEye where
T

Ekin = \/m2 + p% — my is the transverse kinetic energy, my is the nominal resonance
mass, A is a normalisation constant and Erg is a free parameter [102].

The ZEUS collaboration also performed a detailed analysis of strangeness production.
The first measurement was performed with an integrated luminosity of 0.55 pb~! for DIS
data in the range of 10 < Q2 < 640 GeV? [103]. In a more recent work 121 pb~! of ep scat-
tering data were analysed [104]. The following conclusions were obtained for strangeness
production in DIS and photoproduction.
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1. In DIS Ay = 0.3 is preferred compared to Ay = 0.22,

2. The numbers of produced A and A are found to be equal i.e. no baryon asymmetry
was observed,

3. The ratio of baryons to mesons varies from 0.2 to 0.5, similar to measurements at
ete™ colliders. However, in photoproduction the ratio is found to be larger than in
ete” interactions.

3.5.4 Strangeness Production in Other Experiments

The NOMAD experiment, having the main goal to search for v, — v, oscillations in
a wide band neutrino beam from the CERN SPS, has also studied the production of
strange particles [105,106,107,108]. Yields of neutral strange particles (K2, A, A) and
clear signals corresponding to K**, ¥** =* and X° have been obtained [109]. A significant
difference was observed between K** yields in the NOMAD data and the NOMAD Monte
Carlo simulation (about a factor of 2). It is also observed that K** production is more
abundant than K*~ production in v, charged current DIS. This can be explained by the
fact that the outgoing u quark can fragment directly into a K**, while both the @ and s
quarks needed to produce a K*~ meson have to be created in the fragmentation process.
Recently, first measurements of K** meson production properties and spin alignment
in v, charged current and neutral current interactions were reported by the NOMAD
collaboration [110]. The yields of K** and K*~ mesons produced in v charged current
interactions showed a monotonic rise with the kinematic variables E, W?2 and Q?. The
diagonal element pgg of spin density matrix was obtained both for K** and K*~ in neutral
current and charged current interactions. No spin alignment was observed for the charged
current, whereas an indication for preferential production in the helicity zero state was
observed for K** produced in neutral current interactions. However, the statistical errors
did not allow to reach a firm conclusion [110].

3.5.5 Summary

The hadronic final state of an interaction gets rather complex by the increasing beam
energies. The composition of the hadronic final state depends on the structure of the
incoming particles and on the mechanisms which determine the formation of hadron
during the fragmentation. The fragmentation of quarks and gluons and furthermore
the suppression of strange quarks relative to light quarks can be better understood by
investigation of strangeness production.

A comprehensive compilation of strangeness suppression factors measured by the different
experiments is given in Fig. 3.13. The strangeness suppression factor A; = 0.3 was found
to be appropriate for the eTe™ annihilation. However, there are indications that different
values may be needed for different experiments, i.e. a single Ay value cannot accommodate
the data in all kinematic regions in one experiment.
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Figure 3.13: The strangeness suppression factor measured by the different experiments.



Chapter 4

HERA and the H1 Detector

In this chapter, the ep collider HERA at the DESY laboratory in Hamburg is introduced.
The H1 detector at HERA, which was used to measure the data which are analysed in

this thesis, is described.

4.1 The HERA Ring

Hall North

Volkspark cryogenic magnet
Stadion

hall test-hall

DESY I/l

ZEUS

Figure 4.1: Layout of HERA collider, and its injection and its pre-accelerators.

The HERA [111], the first electron-proton collider, is a unique machine because of its
asymmetry. Protons and electrons are circulated at high energies in opposite directions
and brought to collision. Fig. 4.1 shows an overview of the HERA facility and its pre-
accelerators system with the location of the different detector halls. Two independent
rings, situated in a 6.3 km long tunnel, are used for acceleration and storage of the

electrons and protons.
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The proton injection into the ring starts with the acceleration of negatively charged hy-
drogen ions up to 50 MeV in the linear accelerator (H -linac). In order to obtain the
protons, the electrons are stripped off the ions before injection into the DESY III ring.
11 bunches with a bunch crossing distance of 96 ns, identical to HERA, are filled into
the DESY III ring and accelerated up to 7.5 GeV. After accumulating 70 bunches, the
bunches are transfered to the PETRA! storage ring. The bunches are accelerated up to an
energy of 40 GeV and then transferred to the HERA ring. The procedure is repeated until
HERA is filled with 210 proton bunches. In the HERA ring, the protons are accelerated
to their final energies of 920 GeV.

The lepton acceleration starts with the LINAC I or II for electrons or positrons, respec-
tively. They are accelerated up to an energy of 450 MeV. A single bunch of electrons
(~ 60 mA) is filled into the lepton intensity accumulator and is transferred to DESY II,
where it is accelerated to 7 GeV. After accumulating 70 bunches, the bunch is injected
into PETRA II with 96 ns spacing. 210 bunches are finally injected into HERA after the
electrons were accelerated to 14 GeV. Every 96 ns the bunches cross each other, how-
ever, not all the bunches have a collision partner. The bunches with no colliding partner,
so-called pilot bunches, are used to estimate beam induced background.

Altogether, there are four experiments located around the ring, the two collider exper-
iments H1 and ZEUS [112] and the two fixed target experiments HERA-B [113] and
HERMES? [114]. Protons and electrons are brought to head-on collisions in an interac-
tion region in the centre of the H1 and ZEUS detectors. The third detector HERMES
was added in 1995 and records the scattering of polarised electrons on polarised gas tar-
gets. The HERA-B detector, completely installed in 2000, was designed to measure the
CP violations in B® — B? systems generated through collisions of beam protons with a
stationary wire target.

The performance of an accelerator is characterised by the produced integrated luminosity,
which is proportional to the number of events expected in ep collisions

N = L. g%, (4.1)

where 0P is the total ep cross section. The total produced luminosity is defined as the
time-integrated instantaneous luminosity £(L = [ L -dt). L depends on the bunch-
crossing frequency, the number of particles per bunch and the collimation of the beams.
Hence, the luminosity is strictly limited by the accelerator design. Fig. 4.2 shows the
integrated luminosity produced by HERA and used for physics analyses by H1 in different
years. The HERA running is divided into the HERA I period from 1994 to 2000 and
the HERA II period from 2002 to 2007. The machine had an extended shutdown and
upgrade in 2001. The main goal was to increase the delivered luminosity by a factor
of 4 to 5 by inserting super-conducting quadrupole magnets close to the H1 and ZEUS
interaction regions. Spin rotators were installed to provide the interaction regions with a
longitudinally polarised electron beam.

In this thesis, the data taken in 2005-2007 with the integrated luminosity of ~ 302 pb~tare

I Positron Elektron Tandem Ring Anlage
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Figure 4.2: Luminosity produced by HERA (left) and accumulated by H1 (right) in

individual years [115].
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analysed. During this period, HERA operated with the beam energies 27.6 GeV for
electrons and 920 GeV for protons, yielding a centre-of-mass energy /s= 319 GeV.

4.2 The H1 Detector

The multi-purpose detector H1 [116] at the northern part of the HERA ring was designed
to measure the direction, energy and charge of particles resulting from the ep interactions
produced by the HERA machine. It provides nearly hermetic coverage of the interaction
region, the main limitation coming from the space occupied by the beam pipe itself.

A right-handed Cartesian coordinate system, shown in Fig. 4.3, is used to describe the
orientation of the detector, such that the zaxis follows the direction of the proton beam,
the y-axis points vertically upwards with respect to the ground and the a-axis points to
the centre of HERA ring. The origin of the coordinate system is the nominal interaction
point within the detector.

Z

Figure 4.3: An illustration of the H1 coordinate system.

It is also convenient to use the cylindrical polar coordinates. In this system r lies perpen-
dicular to the z coordinate, the polar angle is defined as # = 0° for the proton direction
and # = 180° for the electron direction. The azimuthal angle ¢ = 0° points along the
x-direction.

Another important variable which is often used for the ultra-relativistic particles is the
pseudorapidity n

——) o

In the limit where the particle is travelling close to the speed of light, or in the approxi-
mation that the mass of the particle is nearly zero (massless particles), n corresponds to
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the rapidity?, v :

1. E+p,
—In ,
2 E-—p,

y= (4.3)
where p, is the component of the momentum along the beam direction and E is the
energy.

A useful feature of 7 and y is that they transform linearly under the Lorentz boosts along
the z axis. The consequence is that (pseudo)rapidity differences Ay (An) are invariant
under such boosts. The proton has a larger momentum than the electron, hence the
majority of the products of the ep interactions are produced with large positive values of
the pseudorapidity (z > 0, n > 0, § < 90°), so-called forward region. The region having
large negative values of pseudorapidity (z < 0, n < 0, 8 > 90°) is called the backward
region.

In Fig. 4.4 the H1 detector is illustrated with its major detector components. In total,
the H1 detector measures approximately 12 x 10 x 15 m? (length x width x height) and
weighs 2800 tons. Due to the different beam energies the H1 detector was instrumented
asymmetrically. Electrons enter from the left, protons from the right side of the interaction
region (see Fig. 4.4). The interaction point is surrounded by a tracking system in which
the trajectories of charged particles, bent due to a magnetic field, are measured. The
tracking system is surrounded by calorimeters. The calorimeters are contained within a
B = 1.15 T homogeneous magnetic field provided by a superconducting magnet. The
field allows to determine the charge and momentum of charged particles. The iron return
yoke of the superconducting magnet consists of ten iron plates which are instrumented
with limited streamer tubes for muon detection. In the following, the focus will be on
those detector components which are relevant for the analysis presented in this thesis.

W,

3Note that the same term “y” was already used to denote the inelasticity in section 2.2.1. Unless
otherwise stated y will be used to refer to inelasticity.
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Figure 4.4: The H1 detector with its major components [117].
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4.3 Tracking System

The tracking system of H1 is used for the track reconstruction, vertex determination, mo-
mentum measurement and particle identification. It is surrounding the interaction region
and covers the angular range 5° < 6 < 178° with full azimuthal coverage. Fig. 4.5 gives
a longitudinal view of H1 tracking system with the central tracking detector (CTD) and
forward tracking detector (FTD). In order to have high efficiency of the track reconstruc-
tion in the full angular range the tracking system is divided into two distinct components,
the CTD and the FTD.

forward track central track detector cable distri-
- of bution area
detector (FTD) (CTD) (CDA)

central jet chamber (CJC) CST BST

1- \ / A
: R
N B cJet
— —— e fle=s = __
- i
A R = =
B / / I \ \ v 7
~ FST COZ COP CIP cables BPc &M had
electronics Spacal
| | | | | | | | | |
3 2 1 0 -1 -2'm

Figure 4.5: A longitudinal view of the H1 tracking system including the central and
forward tracking detectors.

4.3.1 Central Tracking Detector

The CTD covers the region 15° < 6 < 165° and consists of two large concentric drift and
multiwire proportional chambers.

e Drift chambers consist of cells which are filled with gas and contain anode sense wires
and a cathode plane. The high voltage applied to the anode wires and cathode
wires creates a nearly uniform electric field. The charged particles pass through
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the chamber, the electrons created by ionisation in the gas drift (hence the name
drift chamber) towards the anode wires whereas the positive ions drift toward the
cathode wires. As the electrons approach the wire, the increased field strength
induces secondary collisions with the gas atoms. This avalanche of collisions around
the anode induces a current and a resulting pulse along the wire. A precise spatial
measurement is possible in the drift volume through the measurement of the electron
drift time.

e Multiwire proportional chambers (MWPC) are similar to drift chambers except
that they consist of many closely placed anode wires lying between cathode wires.
Because the anode wires are placed closely, the electrons drift towards the closest
anode wire and consequently secondary ionisations are produced due to the high
field. The signal received is proportional to the initial ionisation, hence the term
proportional. The signals are collected promptly enough for use in triggering and
give a spatial precision of the wire spacing (~ 10 mm).

Fig. 4.6 shows a radial view of the C'TD. The principal components of CTD are the central
jet chambers (CJC). The CJC1 and CJC2 [?] are two large drift chambers in the CJC.
CJC1 (CJC2) consists of 30 (60) with 24 (32) wires parallel to the z axis. The main
purpose of the CJC1 and CJC2 is to provide an accurate measurement in the r — ¢ plane,
hence their sense wires run parallel to the beam pipe. The CJC has a spatial resolution
of 0,4 = 170 pm and o, = 2.2 cm.
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Figure 4.6: A radial view of the central tracking.
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The resolution in zis significantly enhanced by two additional z~chambers: Central Inner
z-Chamber (CIZ) [?]and Central Outer z-Chamber (COZ) [?]. These thin drift chambers
are directly adjacent inside and outside of the CJC1. They have circular sense wires
perpendicular to the beam axis. This allows for a measurement of the z—position with
an accuracy of typically 300 pm.

The central tracking system is completed by two MWPCs. The Central Inner Proportional
Chamber (CIP) is located inside of the CIZ whereas the Central Outer Proportional
Chamber (COP) placed between COZ and CJC2. The CIP and CIZ were replaced for the
HERA II period by a five-layer proportional chamber with high granularity (CIP2k) [?]
in order to overcome the increased non-ep background.

4.3.2 Forward Tracking Detector

The Forward Tracking Detector (FTD) is a set of drift chambers designed to detect tracks
in the polar angle range 5° < 6 < 25° from the interaction point and was upgraded for
the HERA II. It consists of three identical supermodules aligned along the zaxis. Each
of super module contains a planar drift chamber and a proportional chamber.

4.3.3 Track Reconstruction

The tracks used in this analysis are reconstructed using the C'TD and are used to determine
the interaction vertex, the track of the scattered electron and of particles of the hadronic
final state. The raw digitised detector information is used to reconstruct the tracks and
the vertices from which they originate. The first step, hit finding, uses the raw detector
data as an input and finds the corresponding space coordinate where a particle interacted
with the medium of the detector, referred to as space hit. The next stage is either fitting
parts of tracks (referred to as track segments) and then combining these segments to
one track extending to the full acceptance of the detector or skipping segment finding
and fitting directly a full track obeying an adequate track model. In both cases a fast,
iterative pattern recognition fitting procedure is used in order to find from a significant
number of hit combinations the ones coming most probably from physical particles and
reject the rest of the combinations following a strict fit quality criterion. Finally based
on the track information the most probable position of a primary and a set of secondary
vertices is defined and each track is refitted to the corresponding vertex to which it is
associated.

The charged particle which moves in a homogeneous magnetic field is forced to a circular
trajectory in the plane perpendicular to the magnetic field. The whole helix trajectory is
described by five parameters (k, deq, 20, 0 and ¢). The helix trajectory parameters are
shown in Fig. 4.7.

e Track curvature, k, is a measure of the transverse momentum of a track which
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can be calculated from

pr[GeV] = —Q[C]- % (4.4)

where () is the charge of the particle track, B, is the z-component of the magnetic
field. The track curvature  is the signed inverse radius of the track, x = j:%. The
sign of  is defined by the direction of movement of the particle track. If the particle
moves clockwise, k is negative, otherwise k is positive.

e Distance of closest approach, d.,, is the smallest distance between the track
and the origin of H1 coordinate system (Fig. 4.7a).

e The coordinate, 2y, is the distance measured in z from the origin of z axis to the
point of closest approach d., (Fig. 4.7b).

e Polar angle, 0, is the angle between the tangent to the circle in the point of d,,
and the z axis.

e Azimuthal angle, ¢, is the angle defined by the direction of x axis of the H1
coordinate system and the tangent to the track to the circle in the point of d,.

Since a particle track is a circle in the r¢ plane and a straight line in the rz plane,
the trajectory parameters can be obtained with a circular fit in the r¢ plane or
a linear fit in the rz plane [?]. In the r¢ plane the track fitting procedure uses
the hit information from the CJCs for determining the parameters x, ¢ and d,.
The fitting procedure is extended using the information coming from other tracking
detectors. In the end of the track fitting procedure the event vertex in the r¢
plane is determined with these tracks. The fitting procedure in the r¢ plane and in
the rz plane are iterated with the additional constraint of the event vertex for the
tracks which do not come from secondary vertices. Since the vertex information is
determined from many tracks, an accuracy of the vertex position is achieved. The
procedure provides tracks and more precise vertex fitted tracks.

4.4 Calorimetry

Calorimeters provide an energy measurement for all particles except neutrinos and muons
of energies above a few GeV, complementing the momentum measurements provided
by the tracking detectors for charged particles. In particular, calorimeters allow the
reconstruction of the energy and direction of neutral hadrons and photons, which cannot
be detected by tracking detectors. In addition, calorimeters improve the reconstruction of
highly energetic charged particles; the relative energy resolution of calorimeters typically
improves as o/E ~ 1/ V'E with the energy E of the incident particles, in contrast to the
tracking detectors, whose momentum resolution decreases as o, /pr ~ pr.
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Figure 4.7: The definition of the helix trajectory parameters s, d.,, zo9, 0 and ¢ in xy
plane a), and in rz plane b) [7].

For the energy reconstruction in calorimeters the total absorption method is mainly used.
Due to the interactions between the incident particles and the calorimeter material, the in-
cident particles are stopped and they finally lose all their energy. This energy is measured
in the calorimeters, hence the term calorimeter [?].

All of the calorimeters used within H1 rely on the same detection principle. Each calorime-
ter consists of two main components: a series of absorbing (passive) layers and sampling
(active) layers.

The passive layers absorb most of the energy of the incident particles. For this purpose the
layers are designed of dense materials which have a small mean path length between sub-
sequent interactions of incident particles. Dense materials which have high atomic charge
number Z are used for the electromagnetic section of the calorimeter whereas large absorb-
ing masses are needed for the hadronic section of the calorimeter. Electrons and photons
lose energy in a calorimeter via electromagnetic interactions with the atomic nuclei in the
passive layers. This occurs rapidly via the bremsstrahlung and pair-production processes.
The resulting shower consists of electrons, positrons and photons. Longitudinal progress
of electromagnetic shower is characterised by the radiation length of the passive layer,
Xy, which is the mean distance in which it loses all but 1/e of its initial energy in that
material.

Hadrons interact strongly with the nuclei of the passive layers, elastically and inelastically
resulting in a shower which is determined by the interaction length of the passive layer,
;. The interaction length A; is much larger than X, for the same material and hence
hadronic showers will develop more slowly than electromagnetic ones. Since the hadronic
showers tend to be more spread out laterally than the electromagnetic showers, hadronic
showers are topologically distinguishable from electromagnetic showers.

The energy absorbed in the passive layers is measured in the active layers. Several methods
can be applied in order to measure the absorbed energy. In the H1 detector, mainly the
liquid-filled ionisation chambers are used to count the number of charged shower particles
entering the active layers from the passive layers.
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The calorimeter system of the H1 detector comprises four calorimeters. The Liquid Ar-
gon Calorimeter (LAr), which covers the central and forward regions. The “spaghetti”
calorimeter SPACAL covers the backward region. The PLUG calorimeter covers the very
forward region closest to the beam pipe (0.6° < 6 < 3.5°) closing the gap between the
forward part of LAr and the beam pipe. The energy leakage through the LAr is detected
by the Tail Catcher (TC). TC is only important for jets with very high energies (above
120 GeV).

4.4.1 The Liquid Argon Calorimeter

The LAr [?] calorimeter covers a large part of the solid angle around the interaction point
of ep collisions with an angular coverage 4° < 6 < 154°. The main advantages of LAr are
ease of calibration, high stability, possibility of fine granularity and homogeneity of the
response. The LAr is located in a cryostat inside the solenoid coil to minimise the amount
of the dead material in front of the calorimeter. The total thickness of the LAr varies
between 4 to 8 interaction lengths (). It is composed of two sections, an electromagnetic
calorimeter (ECAL) with lead absorbers and a hadronic calorimeter (HCAL) with steel
absorbers. The ECAL and HCAL are segmented into about 45000 cells. These cells
consist of high voltage planes and read out pads.

For easier handling, the LAr calorimeter is divided into 8 wheels that are shown in Fig.
4.8.

e Backward Barrel Electromagnetic calorimeter (BBE),
e Central Barrel calorimeter modules (CB1, CB2, CB3),
e Forward Barrel calorimeter (FB1, FB2),

e Outer and Inner Forward calorimeters (OF, IF).

In the radial direction, all wheels except the BBE and OF are composed of an ECAL and
a HCAL, respectively. The OF consists of two HCAL and the BBE of one ECAL. The
wheels are divided into eight octants in the azimuthal angle ¢. The shape of the BBE
octants is made such that the BBE has a 16-fold symmetry. The regions between modules
are problematic for the measurement due to energy losses and inactive materials. These
gaps between the wheels are called z — cracks, between the octants ¢ — cracks.

With the test beam measurements [7,?] an electromagnetic energy resolution of

de(E) 0.12
= @ 0.01 (for electron), 4.5
= e ( ) (4.5)
and a hadronic energy resolution of
Ohad(E 0.50 :
rat(E) _ @ 0.02 (for pion), (4.6)

E  \JE[GeV]
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were determined.

4.4.2 The SPACAL Calorimeter

In the backward region, the LAr is complemented by the SPACAL [?] which covers the
polar angle range 153° < 6 < 177.5° that implies a coverage in photon virtuality of
1 < Q% <100 GeV? . The SPACAL was installed in the 1994/1995 shutdown, replacing
the previous backward calorimeter (BEMC [?]). The purpose of SPACAL is the detection
of electrons scattered at small angles (large polar angles #). In addition, it allows the
measurement of backward jets. Fig. 4.9 shows the location of the SPACAL in the H1
detector.

The SPACAL, like LAr, is a non-compensating® sampling calorimeter with an electro-
magnetic and a hadronic section. Both parts are fabricated using grooved lead plates
and long scintillating fibres (hence so-called “spaghetti”). The incident particles cause
electromagnetic and hadronic showers in the lead. The detection of those particles is done
by the excitation of the molecules in scintillator material. The collection of scintillation
light is done at the backward end of the fibres. The scintillation light is collected by
photomultiplier tubes where the light is converted into electrical signals.

The electromagnetic energy scale calibration is done by comparing the energy deposit of
reconstructed electrons with the expectation determined by the double angle method [118]
in neutral current DIS events. The neutral current DIS events are also used to calibrate
the hadronic energy scale by requiring the transverse momentum of the hadronic final
state to balance that of the calibrated scattered electron [119]. The electromagnetic part
is composed of 1192 cells of size 4.05 x 4.05 cm?. This ensures a good spatial resolution.
The depth corresponds to 27.5 radiation lengths. The fine granularity allows for a good
e/m separation. In the test beam measurements, an energy resolution of the SPACAL for
electrons [120]

der(E) 0.07
- 3 0.01, 47
E E [GeV] 4.7
and for single charged pions [121]
Onaa(E) 050 000 (4.8)
E E [GeV] ’

was determined. In the same test beam setup the time resolution of SPACAL was deter-
mined to be d.y; = 0.38 £0.03 ns [122]. As a consequence, the SPACAL provides a precise
time-of-flight measurement, that can allow the rejection of non-ep background, which is
asynchronous to the nominal bunch crossings of 96 ns.

As mentioned earlier, with the installation of the new magnets, the SPACAL had to be

4Non-compensating term means that the energy response of the calorimeter is different for electrons
and pions entering the calorimeter with same energy.
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Figure 4.9: The location of SPACAL in the H1 detector.

modified during the HERA II running period. In particular, some modules of the hadronic
part were removed by lowering the range to 153° < 6 < 174° [123].

4.5 Luminosity Measurement

An essential part of a cross section measurement is the accurate determination of the
integrated luminosity which corresponds to the amount of collected data. Integrated
luminosity £ is the integral over the instantaneous luminosity L, which connects the cross
section ¢ and event rate dN/dt:

dN
B 4.
pn o (4.9)

Integration over the whole measurement yields N = £ - 0. Hence this equation shows
how the luminosity can be measured. If the cross section of a process is well known from
theory, the event rate of the process can be used to obtain the luminosity.

The luminosity in H1 is measured by counting the rates of the Bethe-Heitler (BH)
bremsstrahlung process (ep — epy) [124]. This process is a reference process with a
theoretically well known cross section and an experimentally clean signal. The main
background source to BH process is bremsstrahlung from the beam pipe residual gas;
eA — eyA. In order to exclude the background processes, the electron pilot bunches are
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used. The H1 luminosity system serves for several purposes:

Online and offline luminosity measurement,

Energy measurement of scattered electrons at small angles and tagging of photo-
production events,

Initial state radiation measurement,

Electron beam monitoring for HERA.

The layout of the luminosity system is shown in Fig. 4.10. The electron tagger (ET)
and photon detector (PD) are the two principal components of the system. The ET was
installed at z = —5.4 m, where scattered electrons are directed into its acceptance by the
beam optics. The PD was placed next to the proton beam pipe at z = —101.8 m for
HERA II. Determination of the luminosity is done with two different methods. Online
luminosity measurement is done with the coincidence method where the simultaneous
detection of outgoing photons and scattered electrons is required. In the single-photon
method, used for the offline luminosity measurement, the number of BH events with a
certain photon energy above the threshold is counted.
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Figure 4.10: The luminosity system. The ET is placed at -5.4 m, PD is at -101.8 m for
HERA II.

4.6 Time-of-Flight System

The rejection of background originating mainly from non-ep interactions is vital in order
to record efficiently ep scattering events. The major source of such interactions is beam
gas or beam wall collisions. The Time-of-Flight (ToF) system is used to reject such
background interactions.

The ToF system shown in Fig. 4.11 consists of plastic scintillation detectors placed at var-
ious locations around the H1 detector: within the backward iron endcap (BToF), within
the unused gaps of the Plug absorber (PToF) and close to the forward muon detector
(FToF). The non-ep interactions can produce significant signal in the central detectors,
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but arrive at a time |z|/c before or after the desired ep interactions (z is the position of
the ToF along the beam line).
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Figure 4.11: The Time-of-Flight system.

4.7 'Trigger and Data Acquisition

Every bunch crossing of HERA can lead to ep interactions, i.e., a decision needs to be
taken every 96 ns whether the detector information is to be recorded. The time of 96 ns
corresponds to the very high beam crossing frequency 10.4 MHz. The detection of the
interesting physics events from the genuine ep collisions is a challenge for the H1 detector
since the background is orders of magnitude higher than the expected rate of ep collisions.
Due to hardware and cost limitations the rate at which events can be permanently stored
is about 20 Hz. Thus, the H1 trigger system [125,116] which is used for the online selection
of genuine ep collisions, consists of several levels, denoted L1 to L.4. Only after an event
has been accepted by all these four systems, it is written to tape and analysed by the
offline reconstruction. An illustration of the data flow through the H1 trigger system is
shown in Fig. 4.12.

The first level trigger, L1, consists of around 200 trigger elements providing information
from different parts of the detector. These elements are combined into 128 subtriggers, the
majority of which are designed to select a variety of different physics processes, although
some are used to monitor background and trigger efficiencies. An event is kept if one of
128 subtriggers (S0-S127) has fired. The decision of L1 takes 22 bunch crossings (2.3 us),
so all of the information from subsequent bunch crossings is kept in a pipeline, ensuring
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new data can be constantly taken. This causes a free deadtime on L1 trigger. The trigger
elements are linked logically and the L1 decides whether an event is rejected or accepted.
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Figure 4.12: An illustration of the data flow through the H1 trigger system.

More complex decisions than possible in L1 can be taken at the second level trigger L2.
The L2 is constructed of two different processor systems as topological triggers L2TT [126]
and neural network triggers L2NN [127]. These systems confirm or falsify the decisions of
L1 within 20 ps. L2TT uses a grid in (0, ¢) on which signals are projected to discriminate
against background events and to select events of interest. L2NN makes use of neural
network algorithms applied to the information delivered by the detectors. When the L2
trigger accepts an event, the time consuming treatment of the information coming from
the detectors starts.

The third level trigger L3 was designed to further select events within 800 us [128]. L3
may interrupt the time consuming detector readout and prematurely end the dead time.
In the HERA I running period the L3 trigger was not used. Instead, the L2 was configured
to meet the maximal L4/5 input rate. In the HERA II running period L3 was