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Chapterr 1 

Introduction n 

TheThe most beautiful experience we can have is the myste-
rious.rious. It is the fundamental emotion which stands at the 
cradlecradle of true art and true science. Whoever does not 
knowknow it and can no longer wonder, no longer marvel, is 
asas good as dead, and his eyes are dimmed 

AlbertAlbert Einstein 

Thee visible universe has a variety of structures composed of the same matter that is also at 
thee basis of life. The understanding of the structure of matter is one of the most important 
andd fascinating quests of modern physics. In particular particle physics is addressing this is-
suee by searching for and investigating the most fundamental constituents of matter and their 
interactions. . 
Sincee the 1960s it was hypothesized that the constituents of atomic nuclei (protons and neu-
trons)) and other strongly interacting particles (collectively known as hadrons) have an inter-
nall  structure. The elementary constituents of a hadron were first referred to as quarks by M. 
Gell-Mannn [1] and G. Zweig [2] in the constituent quark model, and later as partons by R. 
Feynmann [3] who introduced the parton model. In both models the constituents of hadrons 
aree point-like spin-1/2 particles carrying a fraction of the electric charge e, and are distin-
guishedd by different flavors. But while in the constituent quark model only 3 quarks share 
thee total mass of a nucleon (proton or neutron), the parton model predicts a nucleon to be 
madee of a huge number of quark-antiquark pairs of very small mass. These two models were 
subsequentlyy merged into the Quark-Parton Model. 
Startingg from the late 1960s experiments have provided evidence in support of the existence 
off  constituents of the nucleon by exploiting the high resolution of virtual photons probing 
nucleonn structure in deep-inelastic electron scattering. As the experimental data [4] were in 
agreementt with the kinematic dependencies predicted by Bjorken [5] and Callan & Gross [6] 
onn the basis of the Quark-Parton Model, first compelling evidence for the existence of quarks 
camee available. When investigated with a high resolution (corresponding to less than 1/10 
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off  the nucleon size) the quarks behave as free particles, a phenomenon known as asymptotic 
freedom.freedom. But because quarks are only observed as composite particles, they are apparently 
keptt together by a very strong force which prevents them from being observed as isolated 
particles,, an effect known as confinement. To describe the very peculiar behavior of quarks 
att large and small distance scales a new theory was required, Quantum Chromo-Dynamics 
[7,8],, which describes the strong interactions between the quarks in terms of the exchange of 
aa bicolor-charged particle, namely the gluon. The strength of the interaction is given by the 
strongg coupling constant as, which as opposed to the electromagnetic coupling constant a, 
becomess weaker with decreasing distances. This behavior explains the asymptotic freedom 
off  quarks [7, 8]. 
Whenn choosing a less high resolution, corresponding to a larger distance scale, the onset 
off  confinement is expected to become visible. Under these conditions as increases up to 
valuess close to unity and a perturbative treatment of QCD is no longer possible. While a 
lott is known about the perturbative (or short-distance) properties of QCD, the understanding 
off  the non-perturbative (or long-distance) aspects of QCD and hadron structure is still very 
limited,, and is therefore mostly based on phenomenological models. It is the purpose of 
thiss thesis to collect new data on hadronic structure in deep inelastic scattering to further our 
understandingg of non-perturbative QCD. 
Inn deep-inelastic electron scattering the interaction between an electron and a nucleon is 
mediatedd by the exchange of a virtual photon (E2 ^ c*p2). If the virtuality of the photon 
(thee square of its four-momentum Q) is high, the internal quark structure of the nucleon 
iss probed. After absorbing the virtual photon, the quark is ejected from the nucleon with 
highh kinetic energy. Because of the confinement property the kinetic energy of the quark is 
transformedd into potential energy which increases with growing distance between the struck 
quarkk and the nucleon remnant. According to the "string model" description of this process 
aa new quark-antiquark pair is created when the increase in potential energy is large enough, 
thee string breaks eventually leading to the formation of a "jet" of hadrons. This is the com-
monn way to describe the process of hadron formation (or string fragmentation). However, 
thee time evolution of the process cannot be calculated rigorously in this framework since it 
occurss on a large distance scale. 
Thee detection of hadrons in the final state of a deep-inelastic scattering event (i.e. semi-
inclusiveinclusive deep-inelastic scattering) enables the experimental study of the fragmentation pro-
cess.. By embedding the formation of the hadron in the nuclear medium an additional degree 
off  freedom becomes available to modify or influence the process att femtometer length scales. 
Thiss idea was first explored in the 1980s with inclusive deep-inelastic scattering experiments 
onn nuclear targets which led to the discovery of nuclear effects such as the EMC effect [9]. 
InIn a similar way, it will be shown how semi-inclusive deep-inelastic scattering on nuclear 
targetss gives access to new information on hadron formation times and parton energy loss 
mechanismss by measuring the attenuation of hadrons (i.e. the reduction of the hadron multi-
plicity)) on various targets. 



Introduction n 3 3 

Apartt from their intrinsic interest, measurements of the hadron formation time and parton 
energyy loss mechanisms in dense media are relevant for the relativistic heavy-ion collision 
experimentss which try to identify a new state of matter, i.e. the quark-gluon plasma [10]. The 
hadronn formation time needs to be known in order to estimate the amount of normal hadronic 
interactionss occurring when the hadron traverses a dense nuclear medium. The amount of 
energyy lost by a quark propagating through the static nuclear medium is expected to be 
muchh smaller than the energy lost in hot dens matter due to the expected higher gluon den-
sity.. Hence, comparison of partonic energy loss mechanisms in semi-inclusive deep-inelastic 
scatteringg on nuclei, and relativistic heavy-ion collisions can be used to obtain evidence for 
thee existence of the quark-gluon plasma. 
Thee possibility to identify various hadron types allows one to make a distinction between the 
pion,, kaon, proton and anti-proton formation times, and to use possible differences to disen-
tanglee formation time models and various energy loss mechanisms. In QCX> it is predicted, 
forr instance, that the dominant contribution to partonic energy loss is proportional to the 
squaree of the radius or A2/3 (where A is the mass number), while traditional hadronic energy 
losss mechanisms lead to a proportionality of A1/3. The experimental data presented in this 
thesiss are used to distinguish between these two processes, by studying the ^-dependence of 
semi-inclusivee deep-inelastic scattering. 
Asidee from the study of relatively long-lived particles, such as TT, K and p, also fast de-
cayingg particles or resonances carry information on hadron structure and non-perturbative 
QCD.. One of the most fascinating topics in this field is the possibility to identify gluonic 
excitationss of hadronic matter, also known as glueballs, predicted theoretically but not yet 
convincinglyy proven experimentally. Because the lowest mass glueball is predicted to have 
scalarr quantum numbers (JPC = 0++) mixing effects are expected between the pure gluon 
statee and the scalar gg-mesons in the same mass range (0.9 - 1.8 GeV). It is, therefore, of 
greatt importance to have a very precise understanding of the structure of all scalar states in 
orderr to identify the scalar glueball. 
Forr these reasons the production of the /o(980) scalar meson has been studied -for the first 
time-- in deep-inelastic positron scattering on various nuclear targets. The ^4-dependence of 
thee production is of particular interest as it offers a new degree of freedom in studying the 
structuree of the /b(980) meson. 
Thee work described in this thesis is thus meant to address two problems in non-perturbative 
QCDD by studying hadron attenuation in the nuclear medium and the production of the light-
estt scalar meson, the /0(980), in semi-inclusive deep-inelastic scattering. The kinematic 
regionn covered by the HERMES experiment is particularly suited for this type of measure-
mentss because the hadron formation length at the HERMES incident positron energy (about 
277 GeV) is on the order of 5 fm, which is comparable with nuclear dimensions. At higher 
energyy the hadron is formed outside the nucleus therefore processes of hadron rescattering 
aree suppressed, which are used as a filter for the hadron formation process. 
Inn this work data are presented which are collected on various atomic nuclei. The nuclei 
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chosenn as target need to be gaseous in order to enable injection into the HERMES target cell. 
Amongg the heavy nuclei this limits the choice to noble gases such as helium, neon, argon, 
kryptonn and xenon. At HERMES data have been taken on 2H, 3He, 14N, 20Ne and ^Kr nu-
clei.. In this thesis the results obtained on various gases are shown, but the emphasis is on the 
kryptonn data. For that reason some additional information on this element is given below. 

Thee element Krypton 

Atomicc Number: 

Atomicc Symbol: 

Atomicc Weight: 

36 6 

Kr r 

83.80 0 

Krypton,, from the Greek word kryptos (hidden), was discovered in 1898 by Ramsay and 
Traverss in the residue left after liquid air had nearly boiled away. Krypton is present in the 
airr at the level of about 1 ppm. The atmosphere of Mars has been found to contain 0.3 ppm of 
krypton.. Solid krypton is a white crystalline substance with a face-centered cubic structure 
whichh is common to all the "rare gases." Krypton is one of the noble gases, it is characterized 
byy its brilliant green and orange spectral lines. 
InIn 1960 it was internationally agreed that the fundamental unit of length, the meter, should 
bee defined in terms of the orange-red spectral line of  86Kr. This replaced the standard meter 
off  Paris, which was defined in terms of the length of a bar made of a platinum-iridium alloy. 
Kryptonn is used in certain photographic flash lamps for high-speed photography. Its use has 
thuss far been limited because of its high cost. Krypton gas presently costs about 30 Euro/1. 
Thee most important use is in flashing stroboscopic lamps that outline airport runways. 
Inn this thesis the krypton gas is always referred to as ^Kr, but in nature the krypton gas is 
aa mixture of six stable isotopes with atomic numbers between 78 and 86. Seventeen other 
unstablee isotopes are known. 
Naturallyy occurring krypton, in fact used in the present experiment, has the following natural 
abundances:: 0.35% (78), 2.27% (80), 11.56% (82), 11.55% (83), 56.90% (84), 17.37% (86), 
wheree the isotope number is indicated between brackets. For the purpose of the present work 
thiss mixture is approximated by assuming that the single isotope 84Kr is used. This is justified 
byy the fact that the rms nuclear radius of  84Kr is 4.237 fm [11], while the weighted average 
rmss radius of the six isotopes is 4.236 fm. Since density and size are the relevant properties 
off  the nucleus in the work described in this thesis, the negligible difference between these 
twoo values allows one to approximate the used isotope mixture by 84Kr. 

Thee outline of this thesis 

InIn order to address the two major topics of this work, a theoretical introduction on inclusive 
andd semi-inclusive deep-inelastic scattering is given in chapter 2, followed by a presentation 
off  the theoretical models available to describe hadron formation in the nuclear medium. In 
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thee same chapter the present knowledge on light scalar mesons is also reviewed with refer-
encess to recent experimental findings at CERN. In chapter 3 the physics motivation, principle 
off  operation and design of a new silicon detector, the Lambda Wheels, are presented. This 
detectorr will make it possible to extend the studies presented in this work to other hadrons 
inn the future. For instance, studies of the A-hyperon will become possible thanks to the in-
creasedd statistics which will be obtained with the Lambda Wheels. In chapter 4 a selection 
off  studies which characterize a prototype module installed and operated at HERMES in the 
yearr 2000, is presented. 
Thee evaluation of the hadron attenuation ratios requires a detailed study of inclusive deep-
inelasticc scattering, since the hadron multiplicities are defined with respect to the inclusive 
crosss sections. For that reason chapter 5 is devoted to inclusive DIS studies on nuclear tar-
gets.. The known EMC effect is reproduced by the HERMES data, which are found to be 
consistentt with the world parameterization of inclusive cross section ratios after correction 
forr radiative processes and for a serious detector inefficiency, which went previously unno-
ticed. ticed. 
Thee main topics of this thesis are addressed in the next two chapters. Chapter 6 presents 
thee results on nuclear attenuation on 84Kr. The measurement of nuclear attenuation for pi-
ons,, kaons, protons and anti-protons is achieved using a Ring Imaging Cerenkov detector. 
Thee formation time for the various particle types is extracted from phenomenological fits 
too the data. Combining the present analysis on 84Kr with the published results on 14N the 
^.-dependencee of the attenuation is determined and compared to various model predictions. 
Inn this way first evidence is found in favor of the QCD predicted A2/3 dependence for the 
hadronn attenuation. 
Inn chapter 7 the reconstruction of the /0(980) scalar meson signal in the semi-inclusive two 
pionn decay channel, /0(980) —  7r+ir~ is described. The production of the /b(980) scalar 
mesonn is confirmed on various gas targets, and the ^-dependence of its mass and yield is 
studied.. The dependence of /O(980) leptoproduction on several kinematic variables is com-
paredd to the prediction of a deep-inelastic scattering based Monte Carlo generator. In the last 
chapterr the main conclusions of this work are summarized. 




