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Chapterr  1 

Introductio n 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. 
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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 Krypto n 

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. 





Chapterr  2 

Deep-Inelasticc Scattering 

CalvinCalvin and Hobbes by Bill  Watterson 
©2003©2003 Universal Press Syndicate 

2.11 Inclusive Deep-Inelastic Scattering 

Inn this section a review is given of the theoretical framework used to describe unpolarized 
inclusivee deep-inelastic scattering of a lepton off a nucleon. The relevant kinematic variables 
aree introduced, which are used to express the lepton nucleon cross section. The nucleon 
structuree functions are interpreted within the framework of the Quark Parton Model with 
correctionss given by the theory of Quantum Chromo-Dynamics. 

2.1.11 Kinematic variables 

Inn lepton-nucleon Deep-Inelastic Scattering (DIS), a high-energy lepton with momentum k 
andd energy E emits a virtual photon of four-momentum q. The photon is then absorbed 
byy a target nucleon of four-momentum p, as shown in Fig. 2.1. The outgoing lepton with 
momentumm k' and energy E' is detected under an angle 0. 
Thee hadronic final state X produced by the fragmentation of the target nucleon has a total 
invariantt mass denoted by W and a four-momentum px- If the hadrons produced in the final 
statee X are not differentiated, the type of reaction is called inclusive. The measurements of 
thee incoming and outgoing lepton energy, E and E', and the scattering angle 9 completely 
definee the inclusive reaction. With the four-momentum transfer in the scattering process, i.e. 

7 7 
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leptonn k 
k' k' 

nucleonn p 
— — 

Figuree 2.1: Deep inelastic lepton nucleon scattering diagram in lowest order QED. 

thee four momentum of the virtual photon, given by q = k - k' the invariant variable Q2 and 
thee energy transfer v are defined as: 

Q22 S - g
2^4££ ' s i n2 ( 0 / 2 ), (2.1) 

vv EE TLl'ÊE-E'. (2.2) 

Itt is useful to introduce two dimensionless variables x and y, referred to as the Bjorken 
scalingg variables, expressed by the equations: 

QQ22 Q2 

XX ~ 2p~^~2MÏ' ( 2 3 ) 

PP  Q lab v 

VV = ~ - = -^- (2.4) 
pp  k E 

Thee energy transfer v in the laboratory (lab) system is constrained between zero and E, 
thereforee the kinematic range of y is 0 < y < 1. Since both Q2 and v are positive, x has to be 
positivee too. The other constraint on x comes from the invariant mass squared of the initial 
virtuall  photon nucleon system, which must be equal to or greater than the target nucleon 
masss square: 

WW22 = (p + qf =M2 + 2Mv -Q2> M2. (2.5) 

Usingg Eq. (2.3) this inequality gives x < 1, therefore 0 < x <  1. In the case of elastic 
scatteringg (W2 = M2) from Eq. (2.5) it follows that x = 1. 
Forr a fixed beam energy E (= 27.5 GeV at HERMES) the kinematics of inclusive DIS are 
determinedd completely by the measured variables (£", 9). This pair of variables is usually 
convertedd into {y, Q2). Fig. 2.2 illustrates the allowed range of these deep-inelastic scatter-
ingg variables for the HERMES experiment. The dash-dotted lines represent the geometrical 
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Figuree 2.2: Kinematic plane of deep-inelastic scattering at E = 27.5 GeV. For given Q2 and 
vv values, all the other variables are defined. Lines of constant x, 6, W and y are 
shown. shown. 

boundariess of the detector acceptance. The dotted line at W2 = 4 GeV2 sets the limi t be-
tweenn the DIS and the nucleonn resonance regions. The dashed line at y = 0.85 represents the 
cutt used in the analyses presented in this thesis to exclude the kinematic region where QED 
radiativee corrections become prohibitively large. 

2.1.22 Unpolarized DIS cross section 

AA cross section is denned in order to describe the probability that a given scattering process 
iss observed. For the photon exchange process illustrated in Fig. 2.1 the double differential 
crosss section with respect to x and Q2 is obtained by summing over all final states (including 
theirr spin) and averaging over the spin orientation of the initial particles [12], 

dxdQdxdQ2 2 

22™™22 J_ LTW 
(2ME)(2ME)22 x2Q2 "" ' 

(2.6) ) 

wheree a — 1/137 is the electromagnetic coupling constant. The leptonic tensor L  ̂ de-
scribess the leptonic vertex of the process, while the hadronic tensor W  ̂ carries information 
onn the hadronic structure of the nucleon. 
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Thee hadronic tensor cannot be calculated from our knowledge of the incoming and outgo-
ingg fermions, as the hadron does not represent an elementary point-like particle, which is at 
thee basis of the expression for the leptonic tensor. However, using symmetry arguments and 
QEDD conservation laws the hadronic tensor can be expressed in terms of four scalar functions 
dependingg on v and Q2, which describe the electromagnetic structure of the nucleon. If the 
productt is taken with the leptonic tensor, and the average over the incoming lepton helicity 
statess is evaluated, the contributions of two out of these four structure functions vanish. By 
choosingg to express W  ̂ in two dimensionless structure functions F\ and F2 the differential 
crosss section is given by [12]: 

dd22vv 27TO2 (" 2 2 F2(Q
2,x) ( Mxy\ 

(2.7) ) 

Photo-absorptionn cross section 

Thee optical theorem allows to extract the hadronic tensor W  ̂ for lepton nucleon scattering 
fromm the imaginary part of the hadronic tensor T v̂ for Compton scattering using the relation 
WpvWpv =Im[7)u,]/27r. A graphical expression of this theorem is shown in Fig. 2.3. 

nucleon n ^ ^^  __ nucleon ^M K m^m^  *^- ^ 
w w |JV V Im[T , , JIVV  J 

Figuree 2.3: Graphical representation of the optical theorem. The left diagram represents the 
DISDIS scattering process, the right one is the diagram for Compton scattering. 

Whenn performing inclusive measurements the experimentally accessible quantity is in fact 

Imp)*]--
Thee cross section of Eq. (2.7) can alternatively be described in terms of absorption cross 
sectionss for longitudinally (CTL) and transversely (erT) polarized photons: 

(Pa (Pa 
e WW r(aT(X^)+eaL(X,Q^ 

wheree F describes the flux of virtual photons and e their degree of polarization: 

c == 4 ( l - y ) - g 
4(11 - y) + 2y* + % 

(2.8) ) 

(2.9) ) 
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withh e = 0 corresponding to purely transverse polarization. Given the three possible photon 
polarizationn states 

44 = , E% = -^{JQ2 + V2,W,V) (2.10) 

theree are two spin-orientations of a target with spin  that contribute to the transverse cross 
section,, and only one to the longitudinal: 

tt T T 
°T°T = 0^1/2+  a: 

1 1 
2 ^ 1 /22 'ru3/2) 

==  7r(F1 + 5 l - 7 2
5 2 ) + 7 r ( F1 - 5 l + 7252) = 27rF1, (2.11) 

OLOL = ^i/2 = M-Fi + ^~p-F2), (2.12) 

withh 72 = %, and g\ and g2 the spin-dependent structure functions. The labels of the 
twoo cross section components can be understood as follows. 'Transverse" refers to e  (and 
ee = 0), implying that the direction of the electric and magnetic fields are transverse to the 
directionn of motion, as for the real photon case, while "Longitudinal" refers to e$ implying 
thatt the electric and magnetic fields are oscillating in the direction of motion. 
Fromm Eq. (2.11) it can be seen that Fi(Q2, x) represents the transverse component of the 
crosss section (modulo a constant), while the longitudinal component is proportional to the 
structuree function FL(Q

2, x), defined as: 

FFLL{Q{Q22,x),x) = (1 +7
2 ) F2{Q

2,x) - 2xFl{Q\x). (2.13) 

Thee structure function F2{Q
2, x) is a mixture of the transverse and longitudinal component. 

Thee ratio of longitudinal to transverse photo-absorption cross sections, R is given by 

«(*,<?*)) = ^ = M  ̂ (2.14) 
aaTT 2xF1(x,Q2) 

(l(l  + >y2)F2(x,Q2) 
"""  2xF1(x,Q2) ' ' ^ ^ 

wheree Eq. (2.15) is obtained from Eq. (2.14) using the relation (2.13). From Eq. (2.15) the 
relationn between the two structure functions Fi and F2 is seen to be given by Fi = ^n+m * 
whichh substituted in Eq. (2.7) gives the expression for the differential cross section as a 
functionn of F2 and R: 

<Pa<Pa 2ira2 F2(Q
2,x) (\ + eR{x,Q2)\ 

—— (2.16) dxdQdxdQ22 Q4 x \l + R{x,Q2) '' AA{T {T 
Thiss expression is used in the analysis of inclusive DIS on nuclei presented in chapter 5. 
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2.1.33 Quark Parton Model 

Thee Quark Parton Model (QPM) is used to describe the absorption of the virtual photon with 
thee nucleon constituents. The quarks (partons) are assumed to be point-like particles carry-
ingg spin |. In the Bjorken limit of Q2 and v going simultaneously to infinity the structure 
functionss F\ and F2 can be expressed as 

FF22(x)(x) = Eejxg/Ca:), (2.17) 

ƒ ƒ 

Fi(x)Fi(x) = ^ ( s ) . (2-18) 

withh Q/(x) the momentum distribution of a quark of flavor ƒ and e f the quark charge in 
unitss of electron charge. Eq. (2.18) is known as the Callan-Gross relation. In the QPM the 
structuree functions are only dependent on the dimensionless variable x, which is interpreted 
ass the fractional momentum carried by the struck parton. Increasing the spatial resolution 
off  the scattering process by increasing Q2 leaves the structure function unchanged, since the 
quarkss in the QPM are assumed to be point-like. 
Thiss Bjorken scaling behavior has been confirmed experimentally in good approximation. 
Scalingg violations are, however, observed for large and small values of Q2, where F2(x) 
becomess Q2 dependent. 
InIn the QPM a value for R can be derived. Substituting die Callan-Gross relation into Eq. 
(2.15),, it can be noted that in the Bjorken limit the structure function R goes to zero: 

R=R=OL^OL^ = 0 ( 2 1 9) 

Thee fact that R vanishes in the QPM can be traced to the spin \ character of the partons. 

2.1.44 Scaling violations and pQCD 

Thee scaling violations in the QPM are explainedd by Quantum Chromo-Dynamics (QCD) in 
termss of gluon radiation. A process which is better resolved when the photon wavelength be-
comescomes small, or alternatively Q2 becomes large. The Q2-dependence of F2(x) is calculable 
inn QCD. When structure functions are known for a certain value of Q2, tiiey can be evolved 
too other Q2 values using the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations 
[13,, 14, 15]. 
Att low Q2 the wavelength of the virtual photon becomes so large mat the partons inside the 
nucleonn are not fully resolved any longer. As a result the nucleon is probed as a whole. The 
validityy range for die QCD-extended QPM is not precisely known, but it is assumed to be 
validd for Q2 > 1 GeV2, which corresponds to a spatial resolution of about 0.2 fm. However 
comparisonn of experimental data to QCD analyses [16] suggests that the DGLAP equations 
cann be applied down to a Q2 of 0.3 GeV2. 
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2.22 Semi-Inclusive Deep-Inelastic Scattering 

Inn the previous section inclusive reactions have been considered where the only particle de-
tectedd is the scattered lepton. If in addition to the scattered lepton also one of the produced 
hadronss is identified the event is called semi-inclusive. A schematic representation of a semi-
inclusivee event in lowest order QED is given in Fig. 2.4. The hadron carries information on 
thee flavor of the struck quark. The flavor dependence of Semi-Inclusive Deep-Inelastic Scat-
teringtering (SIDIS) can only be exploited for hadrons originating from struck quarks. These 
so-calledd current fragments must be separated from the ones originating from the target rem-
nantss (target fragments). The separation between the current and target fragmentation do-
mainss is accomplished by imposing requirements on the kinematics of the detected hadrons, 
e.g.. by requiring that the hadrons are relatively fast in the laboratory frame. For this purpose 

(E\\ K') 

leptonn (E, K) 
Y ** (v> q) 

2iv v 
s : : 

nucleonn (M, p) 
U=tU=t ] [ 

hadronn (E^j^) 

Fragments s 
Current t 
Fragments s 

Figuree 2.4: Semi inclusive deep-inelastic lepton nucleon scattering diagram in lowest order 
QED. QED. 

aa lower limit is set on the fractional energy transferred from the virtual photon to the hadron, 
zz = Eh/u. 
Thee separation between current and target fragmentation can also be based on the Feynman 
scalingg variable xF — pn/W, with pfj the component of p"h parallel to the direction of the 
virtuall  photon. In general the requirement XF > 0 selects the current fragmentation domain. 

2.2.11 Semi-Inclusive DIS cross section 
Inn semi-inclusive deep-inelastic scattering it is assumed that the timescale for the absorp-
tionn of a virtual photon is very short as compared to the timescale needed for the quark to 
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fragmentt into a hadron. The fragmentation process is not calculable in pQCD since it in-
volvess long distance processes, and thus corresponds to very low Q2 values where pQCD 
techniquess cannot be used. Therefore, the fragmentation process in semi-inclusive scattering 
iss parameterized by fragmentation functions Dhj(Q2, z), which represent the probability that 
aa quark of flavor ƒ fragments in a hadron of type h with a fraction z of the virtual photon 
energyy (Eh = zv). The kinematic dependence of the fragmentation function involves only 
QQ22,, which represents the effect arising from gluon radiation of the struck quark, similar to 
thee scaling violations discussed in section 2.1.4 for the structure functions. 
Inn the QPM the cross section for the process eN —y ehX is assumed to be the product of 
thee differential inclusive cross section, already presented in Eq. (2.7), and the fragmentation 
probabilityy to find a hadron h originating from a quark of any flavor ƒ. 

d*a{eNd*a{eN ->• ehX) _ <Po{eN -> eX) Zfe}qf{x,Q2)Dh
f(Q

2,z) 
dxdQHzdxdQHz ~ dxdQ2 Y,je2

fqf{x,Q2) " ( 2 ' 2 0 ) 

Heree it is assumed that the quasi-free scattering process (related to the quark momentum 
distributionn qf(x)) and the fragmentation process (described by the fragmentation function 
Dj(z))Dj(z)) enter as two independent factors in the cross section (at the flavor level). This is 
knownn as factorization*. 
Fromm Eq. (2.20) the hadron multiplicity per DIS event is obtained: 

MM (r)2 * 1 cfojeN^ehX) _SdxJ2fe
2qf(x,Q2)Dh

f(Q
2,z) 

MMM>M> zz>->- aa dQ2dz ~ JdxZfe
2
fqf(x,Q2) ' ( 2 ' 2 1 ) 

wheree a represents the differential inclusive DIS cross section ^ ^ f e r ^ -

2.2.22 Hadronization in the nuclear  medium 

Whenn embedded in a nuclear medium, the hadronization process is influenced by quark en
ergyy loss through gluon radiation and multiple quark-nucleon scattering as the quark propa
gatess through the medium. Furthermore, hadron-nucleon interactions also affect the process 
iff the hadron is formed while still inside the nucleus. The primary experimental observable to 
accesss the hadronization process is the multiplicity of hadrons produced on a dense nucleus 
ass compared to the one produced on deuterium. In the absence of any kind of attenuation 
producedd by interactions in the medium these two quantities would be identical (i.e. the ratio 
off the two multiplicities would be unity). This ratio of hadron multiplicities or attenuation 
ratioratio is defined as 

/ 11 d2a{eN-+ehX) \ 

^.(».")=):^.'i^J*.. (2-22) / 11 cP<r{eN-+ehX)} 
dzdudzdu } j3 

'AA recent HERMESdata has shown some evidence (see Ref. [17]) that the hadron multiplicity is also 
ar-dependentt at high z, which would represent a breaking of the factorization assumed in Eq. (2.20). 
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wheree the derivative with respect to Q2 is substituted by the one with respect to v because of 
thee further application of this equation. The v and z dependence of the attenuation ratio can 
bee used to investigate the nature of the hadron formation mechanism. 
Thee process of hadronization can be described in terms of the hadron formation time TJ, the 
timee between the moment that the quark is struck by the virtual photon and the moment that 
thee final hadron is formed. Fig. 2.5 shows the quark propagating over a distance // = CTJ 
beforee the hadron is formed. Hard partonic interactions are also drawn as gluon exchange 
lines.. Not shown are possible interactions of the produced hadrons with the medium, subse-
quentt to its formation. 

Figuree 2.5: Representation of the hadron formation process in the nuclear medium. 

Dependingg on the nuclear size and the formation length the hadron may still be formed in-
sidee the nucleus and therefore interact with the nucleons. These interactions are described by 
hadron-nucleuss cross sections. This process is referred to as nuclear rescattering or absorp-
tion.. While different theoretical models are used to describe the hadron formation process 
correspondingg to different descriptions of the hadron formation time, the nuclear absorption 
off  the formed hadron in the medium is always described by the same formalism which is dis-
cussedd below. In subsections 2.2.3 and 2.2.4 a collection of theoretical models is presented 
whichh describe both the partonic and hadronic part of the hadronization process. 

Nuclearr  absorption 

Afterr its formation in a nucleus A the hadron undergoes nuclear absorption if the formation 
timee is short enough. The absorption can be factortorized out of the attenuation ratio R t̂t 

ass expressed in Eq. (2.22), the factor is referred to as AfA. If no medium modification 
off  the fragmentation or distribution function occurs, the attenuation ratio R%tt is entirely 
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describedd by the nuclear absorption [18,19] (i.e. i?£tt = .A/A). It has to be noted that both the 
fragmentationn function and the nuclear absorption factor are phenomenological quantities. 
Therefore,, more or less strength can be given to either one or the other in order to describe 
thee effect of the nuclear medium on the hadron multiplicity, as it is shown in the following 
comparisonn of various models. 
Thee factor A/A can be evaluated according to the procedure given in Ref. [18]2 

.A/AA - \êb r°dypA{biy) [SA(biy)}
A-\ (2.23) 

JJ J-00 

wheree pA(b, y) is the nuclear density normalized to 1 at transverse and longitudinal coordi-
natess (b, y)3. The quantity SA (6, y) is the survival probability of a hadron produced at (b, y). 
Thee exponent A — 1 (with A the atomic number of the target A) accounts for die fact that the 
producedd hadron can interact with the remaining A —I nucleons in the nucleus. The survival 
probabilityy is given by: 

roo roo 
SSAA(b,(b, y) = \-ak dy'pA(b, y')Ph(y' - y), (2.24) 

JJy y 

withh Ph{y' — y) the probability to find a hadron which had traveled a distance (y' — y) in the 
nucleus.. If T/ is used to indicate the time after which the hadron is formed, and If = cry, 
Ph{y'Ph{y' — v) is usually expressed as: 

PPhh(y'-y)=l-e-«-M(y'-y)=l-e-«-Mllf.f. (2.25) 

Theoreticall  models for  the hadronization process 

Overr the past 30 years a number of model predictions for the space-time behavior of hadro-
nizationn has been developed. First phenomenological models were proposed to describe the 
formationn time on the basis of the various interactions of the hadron constituents before the 
hadronn is formed and the hadron interaction after formation (nuclear absorption). The two-
timescalee model based on the LUND string model is presented as an example in section 2.2.3. 
Moreover,, attempts to model the attenuation effects in analogy to the Q2-rescaling descrip-
tionn of the EMC effect are presented as well in the same section, as the nuclear absorption part 
inn this model is treated in the same phenomenological approach. Later QCD-based models 
weree developed in an attempt to incorporate aspects of QCD in the description of the hadro-
nizationn process. The gluon Bremsstrahlung and the fragmentation function modification 
modelss are examples discussed in section 2.2.4. 

2Notee that the exponent A — 1 is used here instead of the more adequate exponential form for the survival 
probabilityy suggested in Ref. [11]. This has been done in order to be able to compare the present analysis to 
thee published results on 14N [20]. 

3Typically,, a Woods-Saxon shape is used for the nuclear matter density pA = Po/(l + e^r-rA^ao), with TA 
thee nuclear radius parameter and oo the surface thickness parameter [18]. For a spherically symmetric nucleus 
thee radius parameter is derived from the impact parameter b and the longitudinal coordinate y according to 
rr 22 = tf+y2. 
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2.2.33 Phenomenological models 

Two-timescalee model 

Inn the string-fragmentation model a quark with sufficient kinetic energy moves away from 
ann other constituent of the nucleon, and its potential energy increases with growing distance. 
Whenn the potential energy is high enough to create a qq pair the string that connects it to the 
restt of the nucleon can break to form new quarks which subsequently become hadrons. 
Thee formation of the hadron is divided into two phases (two-timescales), a time rc in which 
thee first constituent of the hadron is formed, and a second phase in which a string is formed 
betweenn the first and second constituent [19]. The first constituent is assumed to interact 
withh the medium with a strength given by an unknown cross section aq. The string in the 
secondd phase propagates in the medium with an interaction cross section as until the final 
hadronn is formed after a total time period rf, known as the formation time. Fig. 2.6 sketches 
thee two phases of the hadron formation process according to this model. The hadron will 
alsoo interact with the medium, with a cross section ah representing the well known hadron-
nucleonn interaction. In this framework the formation time is given by the expression: 

firstt pre-hadronic 
constituentt state hadron 

°h h 
> > 

Figuree 2.6: Sketch of the two phases of hadron formation assumed in the two-timescale model. 

EEhh zv 
rr ff-T-Tcc== TT== TT,, (2-26) 

withh the string tension given by k = 1 GeV c fm"1. In practice various expressions have 
beenn used for the hadron and constituent formation times [18, 19, 21, 22]. In the model there 
iss a set of parameters (Cq) which control the form of the distribution of hadrons containing 
flavorflavor q. Here, we present the expression for the constituent formation time obtained from 
Ref.. [19] when setting Cq = 1, as it reproduces the z dependence of the existing data [19]: 

,.. I M * 2 ) - l + ^ f ^ (2.27) 
l-zl-z22 ) k 

Thee corresponding ^-dependence of 17 and rc is plotted in Fig. 2.7. It is noted that in the limit 
zz _+ if Tc _̂  !£ (l _ z). The two unknown cross sections aq and as are introduced in order 
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Figuree 2.7: The formation time (multiplied by k/v) as a function of z as predicted by the 
two-timescaletwo-timescale model [19] using Eq. (2.27). The total hadron (dashed line) and 
constituentconstituent (solid line) formation times are presented. For comparison the curve 
TT oc (1 — z) is plotted as a dotted line. 

too obtain the most general description of hadron attenuation phenomena. However, from the 
comparisonn to existing data [23] it turned out that the cross section of the pre-hadronic state 
aass could be taken as equal to the final hadronic cross section, thus restricting the effective 
hadronn formation to time T, SS TC. AS a consequence, it follows that the formation time is 
expectedd to be proportional to (1 - z) for large values of z. Moreover, the value obtained from 
thee comparison to the data for the quark-nucleon interaction cross section aq is consistent 
withh zero [20]. In this way the two-timescale model effectively reduces to a one time-scale 
model,, and nuclear absorption is responsible for the entire hadron attenuation. Also note that 
thee model is taken to be flavor independent. 

Flavorr  dependent string model 

Thee flavor dependent string model is an expanded version of the two-timescale model for 
nuclearr attenuation, which takes into account the flavor content of hadrons [24]. The model 
iss applicable to all string-produced hadrons and is not only valid for the leading hadron as 
alll  the other models described in this subsection. The formalism is the same as that of the 
two-timescalee model with the string tension fc taken to be 1 GeV/fm and the total4 hadronic 
crosss sections for different particle types fixed by the experimental values: 

"Thee total hadronic cross section is the sum of elastic and inelastic cross sections. 
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aavv++  = a*- = 25 mb; aK+ = 17 mb; aK- = 23 mb. 

Differentlyy from the two-timescale model the flavor dependent quark-nucleon cross section 
iss assumed to be non-zero and is parameterized as a function of me constituent formation 
lengthh (or time). The authors claim that tiieir model is applicable in die domain z > 0.2 and 
QQ22 > 0.3 GeV2. The z restriction is introduced to limit the maximum number of hadrons 
producedd per string to diree which is accounted for in the calculation. The requirement on 
QQ22 limits the model to a region in which the hadron-nucleon interaction is considered to be 
Q2-independent.. Hence, the Q2-dependence of the model is restricted to the quark-nucleon 
interaction. . 

Reseatingg model 

Inn die rescaling model [25] (and its more recent update Ref. [26]) die nuclear absorption is 
treatedd in the same way as in die two-timescale model. Moreover, possible modificationss of 
thee distribution and fragmentation functions in nuclei are accounted for. 
Iff  distribution and fragmentation functions are modified in nuclei Üiis is possibly caused by 
partiall  deconfinement effects. The confinement scale in nuclei, AA, is assumed to be effec-
tivelyy larger dian die one in free nucleons, A0, due to die overlap of neighboring nucleons 
inn the nucleus. A scale factor £A(Q) can be defined to describe die change from A0 to A A 
forr nucleus A. Moreover, in Ref. [25] it is assumed mat the distribution and fragmentation 
functionss at an arbitrary value of Q2 can be obtained by means of die DGLAP evolution 
equationss using £AQ2 instead of Q2, i.e. die Q2 value is rescaled in the medium: 

qf(x,Qqf(x,Q22)) = qf(x,UQ)Q% (2-28) 

DfDfAA(z,Q(z,Q22)) = Dh
f(z,U(Q)Q2)- (2-29) 

««(Op) ) 

Thee scale factor £A(Q) = [f^J 2a* (Q) > 1 is taken from die partial deconfinement model 
(PD)) [27], where Q0 is the physical tiireshold of hadron production. 
Apartt from deconfinement effects die rescaling model includes nuclear absorption which is 
implementedd in roughly die same way as described above. In Ref. [25] only die inelastic 
crosss sections were taken for die hadron-nucleon interaction Oh, however, in the more recent 
Ref.. [26] die total hadron-nucleon cross sections are used. The string (or pre-hadronic) cross 
sectionn is set equal to die hadronic one, dierefore die pre-hadronic state and die final hadron 
aree treated essentially as the same object by the model. The formation time is given by Eq. 
(2.27).. The string constant k is fixed to 0.4 GeV/fm, which is much smaller than the value 
usedd for k in die string model. Nuclear absorption is treated as a multiplicative factor applied 
too tiie multiplicity ratio calculated with modified distribution and fragmentation functions. 
Givenn die above parameters, predictions are made using die rescaling model for the v and z 
dependencee of die attenuation ratio at die EMC kinematics which are compared to die pub-
lishedd EMC data [23]. The results are shown in Fig. 2.8. The rescaling of fragmentation and 
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distributionn functions describes the kinematic behavior of the 63Cu data well, also without 
anyy nuclear absorption factor. However, it can also be seen that data at low v and z are 
overestimatedd by the model, in this region the effect of nuclear absorption could be more 
relevant. . 

2.2.44 QCD inspired models 

Gluonn Bremsstrahlung model 

Thee production of fast leading mesons in nuclei is described in terms of a modification of 
thee fragmentation function in the medium due to energy loss caused by gluon radiation, in 
combinationn with hadron rescattering [22]. The approximation is made that the medium 
modificationn of the distribution function q\(x, Q2) is negligible. If it is also assumed that 
onee flavor is dominant in the fragmentation process, the summation in Eq. (2.20) reduces to 
onee term, and the attenuation ratio can be written as: 

lA|A A DDnn/*(z) /*(z) 
A/A A (2.30) ) 

wheree the factor A/A accounts for nuclear absorption and Dh)A is the nuclear modified frag-
mentationn function. The modification is evaluated by calculating the energy loss due to gluon 
radiation,, which is proportional to the energy of the virtual photon, the time during which 
thee struck quark propagates freely before the hadron is formed and the fraction of energy 
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Figuree 2.8: Rescaling model predictions for the attenuation ratio as a function of v (left) 
andand z (right) without nuclear absorption, compared with the EMC results [23]. 
TheThe solid curve are obtained in the partial deconfinement model (PM), while the 
dasheddashed curves in the maximal deconfinement model (MD) overestimate the atten-
uationuation of the data. Plots from Fig. 3 ofRef [26]. 
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carriedd by the hadron: 
dE dE 

~~dt ~~dt 

ev(lev(l — z) 
(2.31) ) 

wheree e = 4a<,(fcf.)/3ir is calculated perturbatively, with the running QCD coupling constant 
a„(fcf.)) fixed to as{kl) for values of the quark transverse momentum kT < k0. The value of 
thee gluon-gluon correlation radius k0 « 0.7 GeV is chosen such that the amount of energy 
radiatedd per fm in this model is in agreement with the string tension used to describe the 
softt part of hadronization in the framework of color strings, dE/dt « 1 GeV/fm, [22]. From 
Eq.. (2.31) the authors of Ref. [22] derive a distribution of formation times from which the 
followingg average formation time is derived: 

TfTf = Cft V(l (2.32) ) 

withh ch the formation time constant expressed in fm G e V ^ c "1 . The dependence of the 
formationn time on Q2 is supposed to be small. The z dependence of Eq. (2.32) can be 
understoodd in terms of the following argument. The maximum energy which a hadron of 
observedd total energy Eh = zv may have lost by gluon radiation is (1 - z)v. A high z hadron 
carriess most of the virtual photon energy, and therefore has to be formed fast, otherwise gluon 
radiationn would have reduced its energy. The hadrons formed early inside the nucleus have 
moree time (length) to reinteract with the nuclear constituents, and therefore they get more 
stronglyy suppressed. This dependence suggests that a stronger attenuation at high z should 
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Figuree 2.9: Dependence of the Gluon Bremsstrahlung model [22], on v (left) and z (right). 
TheThe predictions for the attenuation ratio are compared with existing data [23, 28]. 

bee observed in the data. 
Thee v and z dependence of the attenuation ratio as predicted by this model are compared to 
existingg EMC and SLAC data [23, 28] in Fig. 2.9. The decrease of the attenuation ratio i?£tt 

att large values of z is shown to be larger for smaller average energy. However, the absence 
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off  data above z = 0.8 makes it impossible to verify or falsify the predicted z dependence. 
Usingg the expression for the formation time as given by Eq. (2.32) the factor MA is evaluated 
usingg a similar approach as was discussed in section 2.2.2, assuming oh — 25 mb. Nuclear 
absorptionn of formed hadrons is found to be the dominant mechanism of this model, while 
thee energy loss due to gluon Bremsstrahlung has a small effect on R*u [29]. 

Fragmentationn function modification model 

Inn this model parton multiple scattering inside a nucleus is assumed to cause modifications 
off  the fragmentation functions and of their perturbative QCD evolution [10]. When a parton 
iss produced in the nuclear medium it undergoes multiple scattering and induced radiation 
whichh modifies the DGLAP evolution of the fragmentation functions. The in-medium mod-
ifiedd fragmentation function becomes softer. This softening can directly be related to energy 
losss of the leading quark due to soft gluon emission. The dominant diagrams contributing to 
thee modification are schematically shown in Fig. 2.10. Diagram (a) corresponds to rescat-
teringg of the struck quark from a gluon, but does not involve gluon radiation. This process 
causess the broadening of the momentum distribution of the leading hadron (or jet). The 
secondd diagram (b) is the rescattering with another quark, which causes the mixing of frag-
mentationn processes originating from a (anti)quark or a gluon, i.e. D%(z) and D*{z), in the 
evolutionn equations. The last diagram (c) is a higher-twist correction of (a), which involves 
gluonn radiation. The corresponding term gives the dominant higher-twist contribution in the 
QCDD evolution of Z)J(z). Due to the fact that emitted gluons and leading quarks propagate 
coherentlyy through the nucleus the last term is also affected by large interference effects. 
Thiss effect is known as Landau-Pomeranchuk-Migdal (LPM) interference. The modified 
fragmentationn function in a medium with atomic number A can be expressed in terms of the 
fragmentationn function in vacuum plus a modification term, 

D?D?AA(z,(z, Q2) = Dh
f(z, Q2) + ADh

f(z, Q2). (2.33) 

Thee in-medium modification term is proportional to the square of the nuclear size rA = 
r00 A1?3, according to 

rvv2 2 

ADADhh
ff(z,Q(z,Q22)) ex -^Adh(z,x,Q2), (2.34) 

wheree xA = hc/mp rA, C is the quark-gluon correlation strength parameter, and Adh is the 
nuclearr size independent modification. As a result the model predicts that the fragmentation 
functionn depends on the nuclear medium as A213. The quadratical dependence on the nuclear 
sizee comes from the LPM interference. Furthermore, the modification of Dh

f(z) increases for 
smalll  i>, or alternatively for increasing x = Q2/2Mv, as shown in Fig. 2.11, through the 
xx dependence of Adh(z, x, Q2). The model accounts also for the in-medium modification 
off  the parton distribution functions. The quark-gluon correlation strength is the only free 
parameter,, which was tuned to reproduce the published HERMES 14N data [20]. A value of 
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Figuree 2.10: Dominant terms in the modification of the fragmentation function, according to 
thethe model ofRef. [10]. 

Ca\Ca\ = 0.00065 GeV2 was obtained [30]. 
Partemm energy loss due to gluon radiation is the dominant mechanism of this model in ac-
countingg for the attenuation effects. The modification of the fragmentation function can be 
rewrittenn as an approximation in terms of the energy loss AE/E as: 

ADADhh
ff(z) (z) -D -D 

I-AE/EI-AE/E \l-AE/E 
(2.35) ) 

Fromm the proportionality of the average energy loss to the quark-gluon correlation strength 
(AE(AE oc Ca2.) the value of dE/dx « 0.3 GeV/fm has been extracted for the average energy 
losss by a quark propagating through the 84Kr nucleus. This number can be directly related to 
thee energy of radiated gluons, which is of great importance for studies in relativistic heavy-
ionn physics where the change of gluon density could be used as a possible probe for the 
existencee of the quark gluon plasma. Furthermore, the parton energy loss per unit of length 
dE/dxdE/dx is predicted to grow as the nuclear radius [10, 31]. Therefore, the total energy loss 
byy gluon radiation AE scales with r\, or alternatively with A2/3. 

Alll  the models presented in this section give a reasonable description of the data available 
onn hadronization in nuclei. Most of the calculations are yielding attenuation ratios which 
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Figuree 2.11: Prediction of the fragmentation function modification model [10], for the modifi-
cationcation term as a function of z for different values ofBjorken x. 

aree close to each other, despite the fundamental differences in the physical mechanisms ex-
ploitedd to describe the same effect. A clear example is the contradiction between the gluon 
Bremsstrahlungg model in which rescattering of formed hadrons is the dominant mechanism, 
andd the fragmentation function modification model, in which the effect of nuclear attenua-
tionn is explained entirely by gluon radiation. 
Predictionss from these models for the hadron attenuation in 14N and 84Kr are compared to 
thee HERMES data in chapter 6. 

2.33 Hadron spectroscopy 

Thee QCD structure of hadrons can be investigated using two complementary methods: 

•• in inclusive deep-inelastic scattering the short-distance (corresponding to high Q2) 
dynamicss of quarks and gluons is studied; 

•• the long-distance (or valence-like) structure of hadrons can be accessed with semi-
inclusivee deep-inelastic scattering as discussed in the previous section, or with hadron 
spectroscopyy by studying the mass spectrum of hadrons. 

AA significant fraction of the hadrons observed in deep-inelastic scattering comes from the 
decayy of a large variety of short lived particles, called resonances. The study of those meson 
andd baryon resonances is hoped to reveal information on the structure of the resonances and 
theirr production mechanism. The most important issue in hadron spectroscopy is the search 
forr missing resonances, such as hybrids and glueballs which are predicted theoretically but 
aree still not conclusively observed experimentally5. Moreover, the structure of some states, 

5Forr a recent overview of glueball searches see Ref. [32] 
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suchh as the scalar mesons, is not well understood. Hence, more experimental information is 
required. . 
Thee surprising development, which is reported in chapter 7 of this thesis, is that additional 
informationn on the structure of scalar mesons can be obtained from unpolarized DIS data on 
nuclearr targets. 
Ass an introduction to the data presented in chapter 7, in this section a sketch is given of 
theoreticall  models trying to explain and predict the properties of scalar mesons. 
Inn the Constituent Valence Model [33] (CVM) the valence content of a meson is understood 
too be a quark and an anti-quark. Within this framework it is possible to describe meson 
masss spectra and various decays for almost all observed mesons. It is therefore understand-
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Figuree 2.12: Possible configuration for the lowest energy scalar mesons nonet. 

ablee that mesons which do not fit  in the CVM description, like exotic hybrid mesons (with 
quantumm numbers not possible in the CVM, i.e. JCP = 1"+) and glueballs ("pure gluonic" 
states)) have attracted a lot of attention. In this respect the scalar mesons (Jcp = 0++), are a 
continuouss source of controversy, as their structure remains unclear. In order to characterize 
themm it has been tried to find the candidates for a scalar meson nonet with masses below 
16000 MeV in the framework of the CVM. 
Inn the constituent valence model the total angular momentum (J = 0) of the 3P0 qq state6, 
whichh is the scalar meson, arises from oppositely oriented orbital momentum (L = 1) and 
spinn (S = 1) components. Since the scalar mesons have a unit of orbital angular momen-
tum,, the mesons of this group are expected (by the CVM) to be heavier than the vector CPi) 
mesons.. Hence, the mass of the qq scalar mesons was expected to lie in the domain 1.2-1.5 
GeVV Here, the first controversy arises since experimental findings yield at least two 0+ + 

mesonss with masses below 1 GeV. One of the two isosinglets of this group is the /0(980). 
Alsoo the isotriplet state a0(980) is found to be relatively light. Furthermore, if all the ob-
servedd 0++ mesons with masses below 1600 MeV are used to construct a nonet as the one 
proposedd in Fig. 2.12 [34], two observed resonances (see PDG) remain which do not fit  in 
thee classification, the /0(400 - 1200) and /0(1370) scalar mesons. These two resonances 

6Thee notation reads: 2 i + 1 P j , where L is the orbital, P the spin, and J the total angular momentum. 



26 6 2.3.. Hadron spectroscopy 

0755 0.8 0.85 0.9 0 95 I 105 1.1 1.15 12 I 25 M(GeV> 

Figuree 2.13: Two-pion invariant mass spectrum observed in photoproduction on a beryllium 
targettarget at an energy En = 220 GeV [42]. The data are presented after the sub-
tractiontraction of a smooth polynomial background. 

aree sometimes referred to as a broad "sigma" resonance [34] and some authors identify the 
/o(1370)) as the lightest glueball [35], but this is by no means established. 
Thesee and other discrepancies from the CVM predictions led to various alternative interpre-
tationss for the structure of the light scalar mesons in terms of non-qq objects: like multi-quark 
statess [36], glueballs mixed states [37], vacuum scalar state [38] or KK molecules [39]. 
Inn order to understand better the structure of the scalar mesons a much better knowledge is 
requiredd on each of the observed mesons. In this sense the unexpected observation of the 
/o(980)) in DIS data is very fortunate, as it enables us to obtain novel information on the 
structuree of this scalar meson. 
Inn the following subsection a part of the existing experimental data on the /0 (980) meson is 
reviewed,, including recently obtained data from e+e~ collisions [40] and ^-scattering [41]. 

2.3.11 Production of the scalar meson /0(980) 

Thee main observed decay mode of the Jo (980) is the two-pion channel: f0 —> int. No mea-
surementt of the branching ratio exists so far, but several observations of the /0(980) and of 
thee kinematic dependence of the produced yields are available in the literature. 
Onee of the first direct observations of the /0(980) scalar meson in a photoproduction experi-
mentt was reported in 1997 by the E687 collaboration at Fermilab [42]. Fig. 2.13 shows the 
two-pionn invariant mass spectrum after subtraction of a smooth polynomial background in 
thee /0(980) mass range. A Breit-Wigner fit  has been used to extract a pole mass of 0.968
0.00055 GeV and a width of 0.050  0.0024 GeV. 
Inn 1998 the OPAL collaboration published measurements of kinematic dependencies of the 
/o(980)) yield from e+e~ collisions with a center-of-mass energy corresponding to the Z° 



Deep-Inelasticc Scattering 27 7 

mass.. The data were compared to JETSET 7.4 Monte Carlo calculations [40]. The good 
agreementt with these LUND string-model based MC calculations is shown in Fig. 2.14. The 
kinematicc dependencies of the /o(980) are compared to those of well established conven-
tionall  mesons such as the /2(1270) and the 0(1020) with masses close to that of the /o(980). 
Thiss led to the conclusion that the OPAL measurements are consistent with a conventional 
descriptionn of the f0 meson in terms of a normal 3P0 qq state. 

Moree recently the NOMAD experiment has presented a more complete mapping of the kine-
maticc dependencies of the f0 (980) scalar meson as deduced from charged current interactions 
inn neutrino-nucleon scattering. As an example the Pf dependence is reproduced in the right 
panell  of Fig. 2.15, while the left panel shows the n+n" invariant mass spectrum with three 
distinctt peaks corresponding to the positions of the p°(770), /0(980) and /2(1270) mesons. 
Alsoo in the case of the NOMAD experiment a good agreement was found between most of 
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Figuree 2.14: Left: measured multiplicity distribution for f0, f2 and <j>  meson production at the 
OPALOPAL experiment at CERN [40]. The data are plotted versus the scaled mo-
mentummentum of the two particles system xp. Right: ratio of multiplicity distributions 
andand JETSET 7.4 simulations as a function of the rapidity gap Ay. On the left the 
datadata are also compared to the JETSET 7.4 MC prediction. 

thee measured distributions and the LUND Monte Carlo simulation. For future reference the 
slopee of the P4

2-distribution for Pf <  0.5 GeV2 is quoted here, b = (5.3  0.2) GeV"2. 
Althoughh the results from OPAL and NOMAD seem to show that the /0(980) is probably a 
normall 3 P 0 qq-state, the data cannot exclude other interpretations in the absence of MC gen
eratorss based on the models from Ref. [36, 39], for instance. Recent data published by the 
KLOEE collaboration ([43, 44]) instead, suggest that the / 0 nature could be consistent with a 
qqqqqqqq model description as in Ref. [36]. Hence, the nature of the Jo (980) remains an unre-
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Figuree 2.15: Left: NOMAD data for the two-pion invariant mass spectrum as derived from 
v-scattering,v-scattering, at Ev = 30-60 GeV on a target consisting mostly of carbon, [41]. 
Right:Right: the Pf dependence of the extracted ƒ o yield is compared to the LUND 
simulation.simulation. The dashed line represents the result of the fit by the function ae~bPt. 

solvedd issue. 
Itt has been suggested that the environment in which the /o(980) is produced can be used to 
determinee some of its properties and may thus help to identify its dynamical structure [39]. 
Byy measuring the nuclear dependence of ƒ o (980) leptoproduction, one can make a distinc-
tionn between models assuming a relatively large size of the /0(980) -as would occur for a 
KKKK molecule- and other models. In the former case, Close has suggested that a large A-
dependencee should occur [39]. In the experimental results presented in chapter 7, this novel 
degreee of freedom is used when studying the nature of the /0(980) scalar meson. 



Chapterr  3 

Thee HERMES experiment 

'EPMHY,,'EPMHY,, in Greek mythology, messenger of the gods, 
thethe son of the god Zeus and ofMaia, the daughter of the 
TitanTitan Atlas. As the special servant and courier of Zeus, 
HermesHermes had winged sandals and a winged hat. 

Inn order to perform at HERA Measurements of nucleon Spin structure, the HERMES experi-
mentt was designed and built. The HERMES detector is located at one of the four experimen-
tall  halls of the HERA electron-proton collider at DESY, as illustrated in Fig. 3.1. At HERA a 
polarizedd 27.5 GeV electron/positron beam and an unpolarized proton beam (920 GeV) are 
available.. The proton beam passes unused through the HERMES detector. Instead a fixed 
polarizedd target is introduced into the electron/positron beam. Many different measurements 
cann be carried out at HERMES on various properties of the nucleon related and unrelated to 
spin,, such as the flavor asymmetry of the sea quarks [45], the exclusive vector-meson lep-
toproductionn [46] and hadronization in nuclei [47]. For this purpose data are collected with 
polarizedd and unpolarized gaseous targets including 1H, 2H, 3He, 4He, 14N, 20Ne and 84Kr. 
Becausee the physics analyses presented in this thesis are based on data obtained with unpo-
larizedd targets, no details are given on the polarized target or beam polarization techniques in 
thee following sections. Details on the equipment needed for the polarized measurements can 
bee found in [48,49, 50]. In this chapter a brief description is given of the (unpolarized) target 
set-upp at HERMES (sect. 3.1), and a more general description of the detector is presented. 
Somee details are given on the techniques used to identify scattered and produced particles in 
deep-inelasticc lepton scattering. 

29 9 



30 0 3.1.. The target 
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Figuree 3.1: The HERA storage ring with its four experimental sites. Only the electron beam 
isis shown, with its spin direction symbolized by the small arrows. Two spin rotators 
ensureensure that the electron beam is longitudinally polarized at HERMES. 

3.11 The target 

Thee HERMES target consist of an open ended storage cell [51] internal to the HERA positron 
ring.ring. Using an Unpolarized Gas Feed System (UGFS) it is possible to deliver 'H, 2H, 4He, 
14N,, 20Ne or 84Kr gases with total areal densities between 1015 and 1016 nucl/cm2 to the 
storagee cell. The pressure in the UGFS is regulated via a diaphragm and a termo-valve in 
orderr to supply a constant density to the cell. The flow rate through the diaphragm can be 
measuredd with two barometers, by the pressure dependence of the diaphragm conductance. 
Fromm the flow rate the target density for each gas can be evaluated given the cell conductance. 
Unfortunatelyy this method gives an uncertainty on the absolute value of the target density of 
aboutt 20%, mostly due to the uncertainty on the diaphragm and the cell conductances [52]. 

3.22 The spectrometer 

Thee HERMES spectrometer is designed to perform asymmetry measurements in inclusive 
Deep-Inelasticc Scattering with high precision. In addition, hadronic products of the scatter
ingg processes can be reconstructed over a wide kinematic range, opening the possibility to 
carryy out semi-inclusive measurements as well. 

Thee HERMES spectrometer is a standard forward angle detector, symmetric about a central, 
horizontall shielding plate in the magnet. Both HERA beam pipes pass through the detector in 
thee gap between the top and bottom part. A diagram of the spectrometer is shown in Fig. 3.2. 
Thee front tracking chambers are used to determine the polar (8) and the azimuthal (cj>) scat-
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teringg angles. The combination of the trajectories reconstructed by the chambers before and 
behindd the magnet give the particle's momentum. In addition, three proportional chambers in 
thee magnet help to merge front and back tracks and make it possible to track low momentum 
particless that do not reach the rear section of the spectrometer. 
Particless with scattering angles within 0 mrad in the horizontal direction and between 
+(-)400 and +(-)140 mrad in the vertical direction are accepted. Together these boundaries 
leadd to a polar angular acceptance of 40 < 0 < 220 mrad. 

3.2.11 Tracking 

Thee first detector shown in Fig. 3.2, right after the target cell, with the name Lambda Wheels 
(LW)) is the newly installed silicon detector. The LW are operational since 2001 but havee not 
beenn used for measurements so far due to an extended period without beam at HERA which 
startedd in Sept. 2000. More information on this new detector is given in the next chapter. 
Afterr the LW in the drawing are shown die detectors of the front tracking system. The com-
binedd information from the micro-strip gas counters (VC1/2), drift vertex chambers (DVC) 
andd front drift chambers (FC1/2) provide the reconstruction of the vertex position in the tar-
get,, and the definition of the scattering angle1. The part of die track reconstructed in die back 
driftt chambers (BC1/2 and BC3/4) add me information of die magnetic deflection to obtain 
diee particle momentum. The back chambers also identify the hit in the particle identification 
detectorss (PID) which can be associated witti a particular track. The orientation of the wires 
off  all tracking detectors is either vertical or tilted by 30° left or right. Like die rest of die 
spectrometerr me tracking system is symmetric about the beam plane. 
Momentumm and angular resolution for positrons is limited by Bremsstrahlung and multiple 
scatteringg in the material of the target cell walls, as well as of the first tracking detectors. The 
momentumm resolution is 0.7-1.25% over me entire kinematic range of the experiment, while 
thee scattering angle resolution is better tiien 0.6 mrad [48]. 

3.2.22 Particle identification 

Thee particle identification (PID) system at HERMES consists of four components and was 
designedd to identify the DIS positron (or electron) witfi high efficiency and low hadron con-
tamination. . 

Thresholdd and Ringg Imaging Cerenkov detector 

Thee Cerenkov detector is used for die separation of leptons from hadrons and for pion identi-
ficationfication in me momentum range between 4 and 14 GeV. Electromagnetic radiation (Cerenkov 

'Inn practice most analyses presented in this thesis are based on using either the FC1/2 alone, or a combina-
tiontion of VC1/2 and FC1/2. 
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Figuree 3.2: Side view of the HERMES spectrometer. Both axes give the actual distance in 
metersmeters with respect to the HERMES interaction point. 

light)) is emitted when a particle traverses a medium with a velocity larger than the speed of 
lightt in that medium, v > - with n the refraction index of the medium. The existing threshold 
Cerenkovv detector was replaced in 1998 by a dual radiator Ring Imaging Cerenkov (RICH) 
too provide particle identification for pions, kaons and protons in the momentum range from 2 
too 15 GeV [53]. The detector uses two radiators, a wall of silica aerogel tiles at the entrance 
off  the detector, followed by a volume filled with C4F10, a heavy fluorocarbon gas. The pho-
tonn detector consists of 1934 photomultiplier tubes (PMT) located above (below) the active 
volumee for the top (bottom) part of the detector. The Cerenkov light cones are imaged onto 
thee PMT by a spherical mirror array located at the rear of the radiator box. In Fig. 3.3 a 
schematicc drawing of the main components of the (upper half of the) RICH are shown. 
Differentt Cerenkov angles are produced in the aerogel and the heavy gas depending on the 
indexx of refraction as cos#c = c/nv. Moreover, the size of the angle has a different mo-
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Figuree 3.3: A cut away schematic view of the (top) RICH counter. 

mentumm dependence for pions, kaons and protons, as is shown in Fig. 3.4. These differences 
alloww the identification of the different particle types with an efficiency of 98% for pions, 
87%% for kaons and 92% (82%) for protons (antiprotons)2. 

Transitionn Radiation Detector 

Thee purpose of the Transition Radiation Detector (TRD) is to provide a pion rejection factor 
off  at least 100 for electrons or positrons. The efficiency above 5 GeV for electron/positron 
detectionn is above 90%. Transition radiation is emitted when a charged particle crosses the 
boundaryy of materials with different dielectric constants. At 5 GeV the energy loss (dE/dx) 
off  a pion in the detector is approximately 11 keV, while an electron deposits about twice as 
muchh energy due to transition radiation and the relativistic rise in dE/dx. 
Thee detector consists of 2 halves of 6 sandwich modules alternating radiator material and 
X-rayy detectors. The signal from the TRD is obtained by the combination of 5 out of 6 
modules,, where the one which received the largest signal is rejected. This method is called 
thee truncated-mean average, and is meant to reduce proton-hadron signal overlap. 

2Thee RICH efficiencies reported here are evaluated in the specific case of the analysis presented in chapter 
6. . 
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Figuree 3.4: The Cerenkov angle 6 versus hadron momentum for the aerogel {upper band) and 
CiFioCiFio gas radiators (lower band). The data shown are based on a Monte Carlo 
simulation. simulation. 
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Figuree 3.5: Analogue signals from the four Particle Identification Detectors in HERMES. The 
MonteMonte Carlo results of the separated signals of hadrons and DIS positrons are 
shownshown for each of the four detectors. In this simulation the threshold Cerenkov 
detectordetector is used rather than the RICH which was installed in 1998. 
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Pre-showerr  and Calorimeter 

AA lead glass calorimeter and a pre-shower hodoscope are used in the first level trigger to 
identifyy scattered positrons or electrons based on the difference between electromagnetic 
andd hadronic shower in a localized energy region (> 3.5 GeV for unpolarized targets). The 
calorimeterr is also used to measure the energy of the scattered leptons, and photons from ra-
diativee decay of w° and rj  mesons. The energy resolution of the calorimeter is parameterized 
ass [54] 

tt om = + ( 2 . . 5 ) P 6 ] . (3A) 
\\ E /caio sJE[GeV] 

Thee depth of each of the 9x9x50 cm3 glass blocks corresponds to 18 radiation lengths. 
Thee electrons therefore will lose all their energy in the calorimeter while the hadrons will 
depositt only a fraction of their energy. The ratio Efp can be used to distinguish electrons 
fromm hadrons, where E is the deposited energy in the calorimeter and p the momentum 
determinedd by the spectrometer. 
Thee pre-shower detector consists of a 1.1 cm Pb layer in front of the hodoscope denoted by 
H22 in the diagram. The passive radiator initiates electro-magnetic showers that deposit more 
energyy for leptons in the scintillator than other minimum ionizing particles (hadrons). While 
pionss deposit only 2 MeV, positrons are distinguished by a broad distribution with a mean 
depositedd energy of about 20-40 MeV. The pre-shower resolution adds to the calorimeter 
oncee resulting in the total energy resolution given by [54] 

a(E)a(E) _ (<r(E)\ 10.0 0 

Particlee identification scheme 

Inn order to discuss the overall particle identification properties of the HERMES spectrometer, 
thee results of a Monte Carlo simulation of the yield of each PID detector for hadrons and 
leptonss separately are given in Fig. 3.5. The signals from the four detectors are usually 
combinedd using a likelihood method, which allows to convert the observed signal strengths 
intoo true probabilities for hadron or lepton identification using Bayes' theorem: 

wheree <$' is the flux of particles of type i which is (generally) a function of momentum 
andd scattering angle, and £*  is the likelihood for observing a particle of type i for which 
thee amplitude of the signal in a given detector is taken. The PID function which is used in 
practicall  data analyses, is evaluated according to: 

pepe £e $e 
PIDD = log10 ^ = log10 - ^ + log10 ^ , (3.4) 
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wheree Ve  ̂ is the probability that the reconstructed particle is a lepton(hadron), and Ve + 
VVhh = 1. For the ratio of likelihoods j£ the signals from the various PID detectors are 
combinedd as follows [55]: 

rere re re re re 
l o 6 100 rh — 1O610 rp rp rP + 1 OSl0 7 ^ 

* -- ' "Cal ' ^ P re ' *"Cer ^ T RD 

== PID3 + PID5, (3.5) 

wheree PID3 indicates the sum of the 3 likelihoods of Cerenkov, Pre-shower and Calorimeter 
andd PID5 the sum of the 5 likelihoods of the TRD modules according to the truncated-
meann method. In the analysis performed after the year 1998 the Cerenkov likelihood is 
removedd from the PID scheme and a new function called PID2 is defined containing only the 
calorimeterr and pre-shower information, while the RICH information is analyzed separately 
ass explained in the next subsection. In order to be able to select well defined regions of 
thee yield of all PID detectors the electron efficiency e and hadron contamination h can be 
calculatedd from the probability functions defined in Eq. (3.3) as follows: 

// rfPID Te N 
-- - ™^t  ̂ ( 3 6 ) r r 

J-c J-c 

dPIDdPID Ve N 

poo poo 

// dPID Vh N 
hh = ^ m , (3-7) 

// dPID N 
JPlDJPlDcut cut 

wheree the integrals are evaluated using only the PID variables implicitly defined in Eq. (3.5), 
andd TV is the number of particles at a given PID value. With this method it has been found 
thatt electrons and positrons can be identified with an efficiency of more than 98% and a 
hadronn contamination of less than 1%. 

RICHH particle identification 

Thee RICH PID combines the information from the reconstructed angles and the unknown 
thresholdd behavior of the response of both radiators, the aerogel and the C4Fi0 gas. Two 
methodss are used to combine all this information into a particle identification response: In-
versee Ray Tracing (IRT) and Direct Ray Tracing (DRT) [53]. For the purpose of the present 
analysiss only the DRT method is applied, which is further described in Ref. [56]. 
Forr each hit in the PMTs one aerogel Cerenkov angle and one gas Cerenkov angle is recon-
structed.. The average angles resulting from the IRT method are compared to the simulated 
curvess of Fig. 3.4 at the measured momentum with a likelihood analysis to obtain the prob-
abilityy that a given hadron produced the track. The likelihood algorithm defines for a known 
particlee flux $t , a set of probabilities P*t for a true particle of type t to be identified as a 
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particlee of type z (i.e. 7r, K, p, or X) if the average angle reconstructed with the IRT method 
iss < 6 >. This set of identification probabilities is a 4x3 matrix since it includes also the 
probabilityy that a particle of type t is not identified by the RICH (type X, or unknown): 

P(n,K,p)P(n,K,p) = 

PZ PZ 
p? p? 
PI PI 
p? p? 

P% P% 

PPPPK K 

P$ P$ 

P* P* 
11 P pK pK 

P P 

f f 
f f 

(3.8) ) 

However,, what is needed in an analysis in order to extract the information of the true particle 
typee is the complementary matrix of true type probabilities Q\ that a particle is identified as 
typee i if it is truly of type t: 

QlQl Qx 

c&c&  QK (3.9) ) 
Q**  QK 

Q(TT,K,P)=Q(TT,K,P)= Q\ Q* 

 Qp QP 

Thee diagonal terms of the left 3x3 matrix are the purities for a certain data sample, the 
off-diagonall  terms are the contaminations. The columns of the P and the Q matrices are 
normalizedd to unity. The relation between the P and the Q matrices is given by the Bayes' 
theorem: : 

Q\Q\ = 
PIPI  * « (3.10) ) 

E,E, p; ' 
wheree $t is the relative flux of hadrons of type t = n,K,p and i is the identified type 
(i(i  = 7T, K, p, X). For each kinematic interval in momentum of the data sample in which the 
fluxess are calculated, the relation between the vectors of the numbers of true N and identified 
II  particles is given by: 

NN = QÏ (3.11) 

orr in terms of a matrix product, 

[N[NKtKtNNKlKlNNpp]]  = 
QlQl Qï Ql Qx 
QlcQlc QK &K QX 

\_Q;\_Q; Q? QP
P <& 

IK IK 

h h 
lx lx 

(3.12) ) 

Eq.. (3.12) is applied to the data in chapter 6 to identify pions, kaons and protons. Currently 
thee P matrices used for the HERMES RICH detector are binned in momentum and also in 
trackk multiplicity to account for events with overlapping rings. While the P matrices are 
onlyy dependent on the detector response, the Q matrices combine the performance of the 
detectorr to the relative particle fluxes of a data sample and therefore are analysis dependent. 
QQ matrices are binned in momentum, track multiplicity and particle charge, to account for 
differencess in the fluxes of opposite charges. 
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3.2.33 The luminosity monitor 

AA measurement of the integrated luminosity recorded during a certain time period is needed 
ass a relative normalization factor to compare cross sections from different data sets, i.e. 
differentt spin states or different target gases. The luminosity accounts for differences in 
targett thickness, beam intensity and beam position. The measurement is based on elastic 
scatteringg of beam positrons from atomic target gas electrons (Bhabha scattering). However, 
itt should be noted that the named process e+e~ —• e+e" is indistinguishable from processes 
involvingg the annihilation of an electron and positron into two photon pairs e+e~ —>  77 
becausee the luminosity monitor cannot separate electrons from photons. The coincidences 
off scattered particles are detected in two arrays of 3 x 4 calorimeter blocks placed at z = 7.2 m 
fromm the center of the target and positioned at 3 cm left and right from the center of the beam 
pipee during standard data taking. During injection and dumping of the beam the luminosity 
detectorr is moved to a larger distance. The hit distribution in the calorimeters is shown in 
Fig.. 3.6. Coincident pairs are selected requiring two signals with energy above 5 GeV in both 
thee left and right calorimeter. An average rate of about 150 Hz provides a statistical accuracy 
off the luminosity measurement of 1% for every 100 s. It is noted that due to geometry and 
calibrationn differences care should be taken when data from different years are normalized 
byy means of the luminosity monitor (see section 5.2.4). 
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Figuree 3.6: Hit distribution in the calorimeter blocks of the luminosity monitor. The zero posi-
tiontion in x and y indicates the center of the beam pipe 
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3.33 Data acquisition 

3.3.11 TWgger 

Thee HERMES first level trigger consists of discriminated signals from the hodoscopes plus a 
column-wisee summed calorimeter signal and, in the years before 1998, the Cerenkov counter 
signal.. The decision to initiate digitization and readout of an event is made within about 400 
ns.. In this way various triggers are constructed such as one for DIS events, photo-produced 
hadrons,, etc. 
Thee DIS trigger is the one most relevant for the analyses presented in this thesis. It requires 
aa hit in each of the three hodoscopes HO, HI and H2, plus energy deposition in one of 
thee calorimeter columns above threshold. As a clock to synchronize the trigger the HERA 
electronn bunch timing is taken. The calorimeter threshold for unpolarized data taking is 
sett to 3.5 GeV, which equals a cut at y < 0.87. Such a setting suppresses the charged 
hadronicc background by a factor of more than 10 in the trigger. The pre-shower threshold 
iss set below the level of minimum ionizing particle to suppress hadronic showers depositing 
enoughh energy. The requirement of a signal in the hodoscope HI ensures a complete track 
behindd the spectrometer magnet and helps to suppress neutral particle background. A time 
windoww set around the HERA clock signal works efficiently to suppress the background from 
protonss coming from the HERA proton ring passing through the detector in the opposite 
direction. . 

3.3.22 Data acquisition system 

Thee HERMES Data AcQuisition system (DAQ) consists of two separated parts, the front-
endd electronics located in a trailer close to the experimental area and the online workstation 
cluster.. The connection between the two is realized with optical fibers. The maximum DAQ 
throughputt is 1.5 Mbyte/s. Raw events are collected online and separated in runs, of about 
4500 Mbyte recorded data. During the time needed for die digitization and readout of the 
detector,, no new trigger can be accepted, leading to a trigger dead time. For each trigger a 
deadd time fraction Si is defined as: 

**  = 1 - | JK (3.13) 
gen gen 

wheree T^. and Tjen are the number of accepted and generated triggers of type i respectively. 
Thee dead time fraction is dependent on the trigger rate. For each trigger a value of 5{ is given 
everyy 10 seconds, the period of time (chosen arbitrarily) referred to as a burst. Data are 
normallyy analyzed which have 5* above 0.5, but a typical value for the dead time is higher 
(i.e.. for the DIS trigger dead time around 0.9). 
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Siliconn detector  at HERMES 
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(Speculum(Speculum veritatis, XVIIsec.) 

Duringg the year 2001 a new detector has been installed in the front region of the HER-
MESS spectrometer as part of a general upgrade project. A wheel-shaped array of silicon 
counterss was placed right after the target chamber and before the standard tracking detec-
tors.. The aim is to increase the detector acceptance and in particular to augment by a factor 
off  four the yield of reconstructed A-hyperons. The increase of events containing A-hyperons 
iss needed to obtain additional and qualitatively new information on the spin structure of the 
nucleonn and some other baryons. The motivation of the project is briefly summarized in 
sectionn 4.1. 
Ann increase of the A statistics is also of interest for the study of nuclear effects at HER-
MES.. As discussed in detail in chapter 6 the study of nuclear attenuation effects for different 
hadronn types, has provided evidence that baryons have longer formation times than mesons. 
Att present the only baryons for which such an evidence exists are protons and anti-protons. 
Thee possibility to extend these studies of possible meson-baryon differences with measure-
mentss on hyperon (A, £*, H) formation times is a very attractive perspective for the nearby 
future. . 

41 1 
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Thee bulk of this chapter is devoted to a description of the Lambda Wheels detector system. 
Detailss on the chosen double-sided silicon strip detector are given in section 4.2, which also 
containss a description of the general working principle of silicon detectors. In section 4.3 the 
designn of the Lambda Wheels themselves is presented, whereas some results obtained with 
aa prototype of a single module which was operated in the year 2000, are the subject of the 
lastt section of this chapter. 
Itt is noted that the design, construction and commissioning of the Lambda Wheels silicon 
detectorr at HERMES is a large collaborative effort involving several institutions (NIKHEF, 
PNPI,, University of Niirnberg-Erlangen). In this chapter only those studies are presented 
whichh were carried out by the author of this thesis. Related results describing other aspects 
off  this work can be found in the PhD thesis of J. Visser [57] (Silicon test counter), D. Hees-
beenn [58] (Tracking and efficiency) and A. Reischl [59] (Commissioning). 

4.11 Physics motivation 

Thee observation of hyperons in deep-inelastic scattering gives access, due to their strangeness 
content,, to novel aspects when studying the spin structure of baryons. Moreover, experimen-
tall  evidence in the past 30 years has shown that the A-hyperon, as well as other hyperons 
(e.g.. E, £), is a self-analyzing particle [60, 61, 62]. A particle is self-analyzing when its 
polarizationn can be measured from the angular distribution of its decay products. The polar-
izationn of thee A particle can be measured from its dominant hadronic decay: A —> p+n~ and 
AA —> p + 7r+. Because of the parity-violating nature of the weak decay, the proton is pref-
erentiallyy emitted in the direction of the spin of the A. Defining 90 as the angle between the 
protonn momentum and the A-polarization vector P\, the angular distribution of the emitted 
protonss can be expressed by 

dN dN 
== N0(l + aPA cos60), (4.1) 

acosoQ acosoQ 

wheree a = 0.642  0.013 is the asymmetry parameter of the parity-violating weak decay of 
thee A-hyperon [63] and NQ is a normalization constant. 
Bothh the strangeness content and its self-analyzing nature make the A-hyperon a unique tool 
inn spin physics. It allows studies of various subjects, such as the strangeness polarization in 
thee nucleon, the polarization of the sea quarks, gluon polarization, the spin structure of the 
A-hyperon,, charm threshold production and transversity. It goes beyond the scope of this 
thesiss to discuss all these subjects. In the following subsections only two have been selected: 
transversityy and Ac threshold production. 
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4.1.11 Transversity 

Apartt from the structure functions F 2̂(x) and 01,2(2:) already introduced in chapter 2, there 
iss a third leading twist structure function hi (x) known as transversity distribution. At present 
noo data are available on /ti(x), but theoretical predictions suggest that the tensor charge 5Hq 

iss considerably larger than the longitudinal quark spin contribution AS9. This is due to the 
absencee of gluon-splitting in the transverse case, which also results in a relatively weak Q2 

dependencee of hi (x). 
Becausee of its chiral-odd nature the hi (x) structure function can be accessed in semi-inclusive 
DISS only if combined with a chiral-odd fragmentation function. The transverse spin transfer 
fromfrom a u quark to the A, öD* is such a function. 
Inn the QPM the spin of the A is entirely due to the strange quark, while the up and down 
quarkk polarizations are zero. Assuming instead SU(3) flavor symmetry, up and down quarks 
alsoo contribute to the A polarization. This is important as, due to the larger charge factor, the 
upp quark will dominate interactions in which spin is transfered to the A. 
Assumingg u-quark dominance [64] the measurement of FA with an unpolarized target and a 
longitudinallylongitudinally polarized beam gives direct information on the longitudinal spin transfer from 
aa u-quark to a A-hyperon, 

P^pP^pBBPPBBD(y)^,D(y)^, (4.2) 

wheree D(y) is the depolarization factor, PB the beam polarization, and ps the beam direc-
tion.tion. Measurements (at HERMES [65]) have shown that ^5"- » 0, but the precision of these 
dataa is still very modest. Here future LW-data will certainly contribute. 
InIn the case of unpolarized beam and transversely polarized target instead, the A polarization 
iss expressed by [64]: 

P^pAl-DW)^P^pAl-DW)^00^.^. (4.3) 

Iff  the fragmentation function  ̂ can be estimated from other sources this expression gives 
accesss to the transverse spin distribution of «-quarks in the nucleon (™), which is the domi-
nantt contribution to the transverse structure function hi(x) = 5q(x) = l(^5u(x) + ^öd(x) + 
I5s(x)). I5s(x)). 
Itt is noted that the observation of ~$- « 0 does not imply that  ̂ is small as well, since 
thee longitudinal result may well be caused by a subtle cancellation between various heavy 
hyperonss (that decay in a A) involving different gluon contributions that are absent in the 
transversee case. 
Transversee polarization data collected using the LWs will thus give access to transversity 
throughh Eq. (4.3). 
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4.1.22 Open charm production 

Inn the production of open charm the cc pair in which the virtual photon fluctuates gives 
riserise to two charmed baryons (e.g. 7*  ->• cc -»• £>~A+). The large mass of the e-quark 
setss the hard scale of the process. Therefore, it is possible to describe photo-production 
off open charm with a perturbative expansion in the QCD framework, while the same does 
nott apply to photo-production of lighter quarks. The HERMES energy domain for charm 
photo-productionn is relatively low, and covers the threshold region. At threshold all the 
constituentt quarks of the target must act coherently, as all available energy must be used in 
thee heavy quark production process, but the precise mechanism is at present not understood. 
Iff the dominant production mechanism of open charm production near threshold is photon-
gluonn fusion [66], this process is sensitive to the gluon polarization in the nucleon (^p) 
providedd that the measurement is performed with polarized beam and target. However, other 
mechanismss may also contribute to open charm production near threshold, such as multi-
quark,, gluonic, or hidden-color correlations in hadronic or nuclear wave functions [67]. The 
largee anticipated yield of A+ -hyperons using the Lambda Wheels at HERMES will make it 
possiblee to shed some light on its production mechanism, and possibly extract information 
onn {*§)  [58]. 

4.22 Silicon detectors: principl e of operation 

Detectionn of charged particles and electromagnetic radiation is made possible by their in
teractionn with matter. Charged particles and electromagnetic radiation can ionize atoms and 
producee free electric charge carriers. The current induced by the drift of such carriers can be 
measured.. The application of semiconductors for the measurement of position and energy 
iss motivated by the high electron density, low ionization energy (3.6 eV compared to 30 eV 
forr AT detectors), and high mobility for both electrons and holes. All these characteristics 
ensuree a high precision and fast response in a detector. This section summarizes the basic 
semiconductorr physics, and introduces the elementary structure of semiconductor devices. 

4.2.11 Basic semiconductor  physics 

Thee physical principle applied in a semiconductor detector is the fact that a charged parti
clee traversing a material ionizes and produces electron-hole pairs along its track, in number 
proportionall to the energy loss. If an electric field is present in the ionization region the 
producedd charges are separated before they recombine and they drift in opposite directions 
towardss the electrodes where they are collected. The collected charge produces a current 
pulsee of a few ns on the electrode, the integral of this pulse signal equals the total charge 
generatedd by the incident particles. 
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Inn a silicon detector the p+n diode is reversed-biased by a high voltage V applied to the junc-
tionn side of a silicon layer of thickness d, such that an active area of thickness I is depleted 
off  all mobile charge carriers. In the depleted region an electric field E is present which has 
itss maximum at the junction side and it linearly decreases to zero at the ohmic contact. The 

p(n) ) electricc field determines the speed of the positive (negative) electric charges vv
t̂ in a given 

material.. The basic structure of a silicon detector is shown in Fig. 4.1. The readout electron-
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Figuree 4.1: Schematic representation of the basic operation of a silicon detector. The electron-
holehole pair created in the depleted region is collected and converted into a signal by 
thethe readout electronic. 

icss consist of a charge integrating amplifier followed by a shaping amplifier. 
Threee parameters can be optimized when choosing a semiconductor: the average ionization 
energyy Eion necessary to produce one electron hole pair, the mobility of charges in the ma
teriall fjP^E = Vfrl} t, and the size of the region where the electric field E can be generated 
II  < d. Silicon is considered to be a good semiconductor, with low average Eion = 3.6 eV and 
aa mobility of the same order for electrons and holes (fin = 1350 cm2A's, p? > 480 cm2A's). 
Thee number of collected charges depends on the thickness I of the depleted region, which 
needss to be maximized for a better performance of the detector. The size of the depleted 
regionn is a function of the bias voltage [68], 

l(V)l(V) = 
VV + Vo 

VdepVdep + V0 

1/2 2 

vv < vrfcp 

VV > V*p 

(4.4) ) 

(4.5) ) 
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withh Vo the contact potential and V  ̂ the depletion voltage for which I = d. In general, the 
biass voltage and depletion voltage are much larger than the contact potential and the approx-
imationn Vo « 0 can be used. In this approximation the size of the depletion is proportional 
too \/V\ A bias voltage smaller than the depletion voltage causes a reduction of the signal. 
Iff  the signal becomes too small with respect to the noise of the electronics the operation of 
thee detector becomes impossible. Hence, an important parameter in the construction and 
operationn of a silicon detector is the ratio of the signal to noise amplitudes. The amount 
off  noise is related to the detector capacitance, the readout amplifier, and the leakage current 
generatedd in the silicon layer under the influence of the bias potential. An increase of leakage 
currentt and capacitance generally implies an increase of noise. Attention should be given to 
thee design of a detector in order to minimize the noise level of the electronic circuit. More-
over,, during the operation of the detector the optimal value for the bias voltage and working 
temperaturee need to be chosen. 

Characterizationn of silicon 

Thee characterization of silicon detectors consists of three basic measurements: backplane 
capacitance,, interstrip capacitance, and leakage current. First the detector capacitances are 
addressed. . 
Thee total capacitance of a detector is given by the sum of backplane and interstrip capaci-
tance.. The interstrip capacitance is larger, and it is found to be a linear function of the strip 
widthh and pitch [69]. The capacitance of the metal strip to the backplane is discussed in 
moree detail since it is the dominant contribution in describing the voltage dependence of the 
totall  capacitance in the range of interest for die operation of the detector. Assuming a plane 
capacitorr with parallel electrodes of area A, the backplane capacitance is defined as: 

Cback{V)Cback{V) = frfOjT^, (4.6) 

wheree er = 11.9 is the permittivity of silicon. For large bias voltages one has CW^V) oc 
\j\/V.\j\/V. As illustrated in Fig. 4.2 the relation between the capacitance and the voltage is 
linear.. For V > V^p the thickness of the depleted region becomes constant and therefore 
alsoo the capacitance. Small additional contributions can cause a deviation from the constant 
behaviorr which are not addressed here (see for instance Ref. [68]). While for V = 0 the 
valuee of the capacitance is determined by the contact potential. 

Leakagee current 

Thee total current generated in a detector is the sum of various contributions. Because of 
thee large depletion volume usually tlie largest current source is the generation of electron-
holee pairs in absence of an ionizing particle traversing the active volume. Defects close to me 
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Figuree 4.2: Schematic view of the voltage dependence of capacitance (solid line) and leakage 
currentcurrent (dot-dashed line). 

middlee of the band gap are efficient electron-hole generation centers. The volume component 
off  the leakage current can be expressed as a function of voltage and temperature [68]: 

Iva(V,T)Iva(V,T) = qoAm1^- (4.7) 

withh T9 and lg(V) the generation lifetime and width respectively. In general the generation 
widthh is not equal to the whole depletion width, only for high voltages they approach each 
other:: lg(V) « 1{V) and therefore IVoi °< W, as shown in Fig. 4.2. There is a limit for 
thee increase of the bias voltage above depletion which is defined as the breakdown voltage. 
Whenn the bias voltage gets close to the breakdown voltage the slope of the leakage current 
curvee becomes steeper. Normally it is preferable to operate a detector below this point. 
Thee intrinsic carrier concentration n̂  is proportional to the effective density of states in the 
conductionn (Nc) and in the valence (Nv) bands, and to the band gap energy, Eg, defined to be 
thee minimum energy needed to excite an electron from the valence into the conduction band. 
Inn the literature, [70], values for the band gap energy are given at room temperature (20°C) 
wheree £^=1.12 eV. It is seen that the leakage current increases with the silicon temperature 
accordingg to the exponential term in Eq. (4.8). 

4.2.22 Basic detector  structure 

Thee basic detector configuration was already presented in Fig. 4.1. The diode consists of a 
highlyy doped p+ region, connected to a very low-doped n" one and a highly doped n+ layer 
whichh gives the possibility to create a metallic contact with the electrode. The semicon-
ductorr is sandwiched between two aluminum electrodes and the whole detector is operated 
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inn reverse bias mode. The electron-hole pairs generated by charged particles or radiation 
passingg through the depleted region are separated by the electric field, and drift towards the 
electrodes. . 

Figuree 4.3: Basic structure of a DC p-n junction detector, of which the junction side is split up 
inin strips. 

Stripp detectors 

Semiconductorss play an important role in modern high precision tracking measurements. To 
obtainn information on the track of a single particle passing the detector the p side of a p-n 
junctionn detector as the one described above can be divided into narrow strips. The width of 
eachh strip can vary between 20 and 5000 //ra. In the case of the HERMES Lambda Wheels 
detectorr a strip width of 160 /im was chosen, and each strip has a separate analogue read out. 
Inn a detector with strips of this size the position of the particle's track can be determined by 
interpolatingg the signals deposited in adjacent strips. A schematic view of a widely used sil-
iconn micro-strip detector is given in Fig. 4.3. This type of detector only uses the information 
off  the p-strips for position determination. If also the n+-doped backside of the detector is 
equippedd with a strip shaped read out, a second coordinate can be obtained by interpolating 
alsoo the signal induced on the ohmic side. A p-doped conductor (called a p-stop, not shown) 
iss needed to separate two adjacent n+-strips which would otherwise be short-circuited by the 
electronn accumulation. 
AA further improvement in the 2D position reconstruction can be obtained by using pixel de-



Siliconn detector at HERMES 49 9 

tectors.. As an example the ATLAS pixel detector will have pixel sizes of 50 x 300 /im2 [71]. 
Thiss configuration resolves the ambiguities that occurs in double sided strip detectors when 
moree than one track per event hits the same detector. 

4.33 Detector  description 

Thee Lambda Wheels are a detector system for minimum ionizing particles, with the main 
purposee of reconstructing tracks of decay products of slowly decaying particles through the 
determinationn of the secondary vertex of processes like A0 —> pn~ or KQ

a -)• 7r+7r". 
Thee wheels are located inside the same vacuum vessel as the beam, just downstream of the 
targett chamber, as presented in Fig. 4.4. The beam (going from left to right in the figure) is 
separatedd from the main volume by the target cell, the target extension-piece, the Wake-Field 
SuppressorSuppressor (WFS) and the beam-pipe. The pumping holes in the WFS are covered by a fine-
meshh gauze, and the pumping cross is separated from the target chamber by a similar screen. 
Twoo detector layers are placed at z = 45 cm and z = 50 cm from the center of the target. The 
overalll acceptance of the HERMES spectrometer is increased such that now 75-80% of all A 
particless resulting from the decay of a A+-particle, for instance have a decay pion traversing 
thee Lambda Wheels. 
Siliconn counters were chosen because their size, granularity and vacuum properties match 
thee requirements for this detector. The particular shape of the wheels and the design as an 
assemblyy of identical modules is meant to fit the pre-existing pumping cross chamber. The 
thicknesss of the silicon is chosen to be 300 pm. All electronic and mechanical structures are 
locatedd on the outside periphery, out of the acceptance of the rest of the spectrometer. The 
availablee radius for the silicon detectors was limited to about 17 cm. The inner radius of 4.5 
cmm is fixed by the size of the silicon wafers from which the detectors are cut (6 inches). 
Inn Fig. 4.5, the Lambda Wheels acceptance is compared with the box acceptance of the spec
trometerr calculated at different z values starting from the beginning to the end of the target 
cell.. The increase in acceptance achieved with the installation of the new silicon detector 
shiftss the limit of the vertical opening angle from 9y < 140 mrad to 9y < 270 mrad. 
Thee silicon is cut in a trapezoidal shape, with an apex of 30°, a base of 85.3 mm, and a top of 
23.22 mm. This detector is cut out of a 6 inch n-type silicon wafer. Both sides of the detector 
havee a strip pitch of 160 pm and the strips are oriented parallel to the oblique sides of the 
trapezoid.. This configuration was chosen so that all the strips could be electrically connected 
fromm the outside ring, with the disadvantage that it causes a little variation in position reso
lutionn across the detector surface. The strips on the front and back of one detector cross each 
otherr under the angle of 30°, creating a grid for the position reconstruction of a track. The 
stripss are biased via 2 Mfi resistors and 499 strips per side are AC-coupled to the read-out 
electronics,, creating a total active area of 93%. The strips on the n-side are isolated from 
eachh other by p-stops around each strip individually, and a single p-strip around all strips. 
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Figuree 4.4: Schematic diagram showing the position of the Lambda Wheels detector in the 
HERMESHERMES target area. On the bottom of the figure the cross-sections of the parts 
closestclosest to the beam are shown on the same scale. 

Thee finished detector was passivated with a 2 /im thick silicon-oxide layer. 

4.3.11 Cooling system 

Thee cooling system for the silicon detector is located in a secondary vacuum and connected 
too the ultra-high vacuum of the accelerator. It is capable of removing up to 100 W of heat 
fromm the LW detector at a temperature of -35°C. The system consists of two loops. The 
firstfirst one is a closed internal loop which cools the detectors and front-end electronics. In this 
loop,, which crosses the vacuum envelope, alcohol is flowing, cooled by an open external 
loopp which uses a water cooling line. The flow of alcohol is maintained by a rotary pump 
positionedd at the top of the closed loop. The heat pump between the internal loop operating 
att low temperature, and the external one which is operating just below 10°C, consists of a set 
off  Peltier modules. The cooling power of these modules is controlled by the current passed 
throughh them, which gives the possibility to stabilize the temperature of the detector. The 
Peltierr modules are housed in a secondary vacuum to reduce the dispersion of heat due to 
thee contact with the environment. A schematic diagram of the cooling system is presented 
inn Fig. 4.6. 



Siliconn detector at HERMES 51 1 

Figuree 4.5: Comparison of the size of the Lambda Wheels detector at z=45 cm, with the stan-
darddard HERMES acceptance. Solid box: acceptance from the center of the target 
(z=0(z=0 cm), dashed box: from the upstream end of the target (z=-20 cm), and dotted 
box:box: from the downstream end of the target (z=20 cm). The target density drops 
linearlylinearly to zero from the center of the target to z=20 cm. The ellipse in the center 
showsshows the size of the target extension-piece at z=45 cm. 

Peltierr  elements 

Peltierr elements consist of two different materials through which an electric current is passed. 
Inn this circuit heat is absorbed or generated at the contact area of the two unlike materials, 
dependingg on the direction of the electric current. This phenomenon is known as the Peltier 
effect.. Depending on the relative directions of the electric and heat currents a small amount 
off  heat is absorbed (electric current parallel to heat flow) or generated (anti-parallel). This 
secondd effect is known under the name Thomson effect. Both effects are proportional to 
thee current. Finally, the electric resistance of the materials causes the generation of Joule 
heat,, which is proportional to the square of the current. The Peltier effect removes heat from 
onee end of the module, which is used to cool the internal loop. The same amount of heat 
iss produced at the other side which is cooled by the cooling water line. The amount of heat 
removedd is 11.5 WA" 1 for a single Peltier module. Part of this cooling is used to compensate 
thee Joule heating, which is divided almost equally between the hot and cold ends of the 
module,, and the heat conducted through the module when a temperature difference between 
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Figuree 4.6: General layout of the cooling system. The two vacuum volumes are shown, the 
ultra-highultra-high vacuum connected to the pump cross chamber and the secondary vac-
uumuum where the rotary pump (P) and Peltier elements (PM) are located. 

thee two sides is maintained. The conductance is about 0.42 WK _ 1, and the electric resistance 
off  the module about 2.6 fl. In the operating conditions about 25 W of cooling power (at -
10°C)) per Peltier module is available. In that case 160 W of power must be removed by the 
coolingg water. This requires a flow of about 0.35 m3hr_1 for a temperature rise of 4 K (for a 
totall  of ten Peltier elements). 

4.44 Detector studies 

Inn the year 2000 a prototype Lambda Wheels module was installed in the HERMES vacuum 
vessel.. The performance of this module was studied with the aim of extracting information 
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Figuree 4.7: Leakage current versus square root of bias voltage, for one (prototype) silicon 
module.module. The lines represents linear fits to the data below and above the depletion 
voltage,voltage, and below the breakdown voltage. 

onn the properties of the silicon wafer. The results of a limited number of studies are pre-
sentedd in separate subsections below. From the dependence of the leakage current and the 
detectorr capacitance on the bias voltage the depletion voltage is extracted. Also reported is 
thee dependence of the leakage current on the module temperature. The radiation damage 
off  the silicon is discussed in terms of an increase of leakage current with time. In the last 
subsectionn a measurement of the signal to noise ratio is given. 

4.4.11 Capacitance and leakage current measurements 

Thee expected dependence of the leakage current on the bias voltage below depletion is ex-
pressedd by Eq. (4.7). On the prototype module the leakage current is measured as a function 
off  the square root of the bias voltage at a fixed temperature of 24°C. The resulting data are 
plottedd in Fig. 4.7. The change in slope at about 30 V shows the transition to the fully de-
pletedd zone. By raising the bias voltage above this value another transition can be seen as a 
secondd change of the slope of the data above 50 V. This is a hint of the breakdown voltage. 
Thee precise value of the depletion voltage of a detector can be extracted from the dependence 
off  the measured capacitance on the bias voltage (see Fig. 4.2). Such a measurement was per-
formedd on the two silicon wafers constituting one module. The highest of the two measured 
valuess of the depletion voltage was used for the entire module. An example of the extracted 
dataa for one wafer is given in Fig. 4.8 where the depletion voltage is found at 38.6 V. 
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Figuree 4.8: Backplane capacitance versus bias voltage for one wafer of the prototype silicon 
module.module. The lines represent linear fits to the data below and above the depletion 
voltage.voltage. The measured depletion voltage is represented by the crossing point of 
theftsthefts at 38.6 V. 

4.4.22 Temperature dependence of the leakage current 

Thee temperature dependence of the leakage current can be used to extract the value of the en-
ergyy gap Eg in the silicon. If the leakage current is plotted versus temperature at a fixed bias 
voltagee (see left panel in Fig. 4.9), an exponential fit  using Eq. (4.8) allows to extract values 
forr the band gap energy Eg and the leakage current at infinite temperature, I0 = qoA-*—-. 
Thee values of Eg extracted from temperature scans of the leakage current on the prototype 
modulee are shown in the right panel of Fig. 4.9 for various values of the bias voltage. The 
extrapolatedd value at VBias — 0 V is Eg = 1.02 eV. Once the parameters for the temperature 
dependencee are fixed, the leakage currents can be evaluated at a reference temperature and 
thee voltage dependence at that fixed temperature can be used to extract the generation life-
timee Tg using to the voltage dependence given by Eq. (4.7). An example is given in the left 
panell  of Fig. 4.10 for T = 0 °C. The slope of the line represents the ratio q0Ani/Tg, which 
iss reported in the right panel for various values of temperature. The typical exponential de-
pendencee on the temperature is shown by the data in the right panel of Fig. 4.10. 
Thee generation lifetime is the average time between the production of two subsequent electron-
holee pairs from one defect in the silicon, and is defined as rg — rii/G  where m is the intrinsic 
carrierr concentration and G is the generation rate of electron-hole pairs in a region com-
pletelyy depleted of carriers (such as a depletion region under reverse bias)1. The higher the 

rr gg has some relation with, but is usually quite different from, the recombination lifetime. 
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Figuree 4.9: Extraction of the band gap energy Eg from the temperature dependence of the 
leakageleakage current at a fixed value of the bias voltage (left panel). The curve is an 
exponentialexponential fit to the data using Eq. (4.8). In the right panel, the values of Eg 

extractedextracted at various values ofVsias are fitted with a line to obtain the extrapolated 
valuevalue of Eg at zero Vsias-
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Figuree 4.10: Left panel: extraction of 'rg from the voltage dependence of the leakage current 
evolvedevolved at a fixed value of temperature using Eg and IQ as obtained from Fig. 4.9. 
RightRight panel: various values of the ratio qoArii/Tg extracted from the linear fit to 
thethe voltage dependence at different temperatures. 

electron-holee pair production rate the higher is the leakage current, which means that com-
paringg different silicon wafers, the ones with larger T9 should be chosen for the detector 
construction. . 
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Figuree 4.11: Leakage current measured as a function of bias voltage of the prototype module, 

rightright after an involuntarily loss of the HERA positron beam in the vicinity of the 
HERMESHERMES target cell (April 13, 2000) and, a few days later (April 25, 2000). 

4.4.33 Radiation damage 

Thee high radiation dose received by a semiconductor detector operated in the vicinity of a 
high-energyy electron beam may alter the characteristics of the silicon. Two types of radia-
tionn damage can be distinguished [72]: displacement effects and long-term ionization effects. 
Thee first kind occurs when atoms in the crystal lattice are displaced from their normal sites 
byy radiation. This may cause long-lived changes of some of the semiconductor properties, 
whichh may disappear again after some time if the silicon is kept at a higher temperature (an-
nealing).. Long-term ionization effects are provoked by radiation on insulating material, e.g. 
SiC>22 used as the dielectric in the coupling capacitor. Radiation can cause electron-hole pairs 
too be trapped changing the state of the material permanently. These mutations can affect the 
electricc properties of the semiconductor adjacent to the insulator through the modification of 
thee electric field. 
Ass mentioned in section 4.2 the leakage current defines the limits of the performance of the 
detector.. An increase of the leakage current due to collected radiation on the silicon would 
reducee the signal to noise ratio of a silicon counter depleted with a fixed bias voltage. In 
orderr to estimate the time evolution of this kind of radiation damage, measurements of the 
leakagee current were performed on the prototype module during its time of operation. As a 
resultt of these studies it was noticed that a high dose of radiation concentrated in a short time 
(i.e.. an accidental beam loss in the HERMES target area) causes an increase of the leakage 
currentt which recovers within a few days. Fig. 4.11 shows one example of such an event. 
Thee beam was lost in the vicinity of the target cell on April 13th. The leakage current was 
measuredd right after the beam loss event, and the current was found to be higher than normal. 
Afterr a few days the leakage current was back to the nominal values as shown by the data 
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Figuree 4.12: Collected radiation dose in the vicinity of the Lambda Wheel prototype module 
accumulatedaccumulated over one year of data taking at HERMES. 

obtainedd from measurements on April 25th at the same module temperature. 
Thee radiation dose collected in the vicinity of die prototype module was monitored for a pe-
riodd of one year using glass dosimeters sensitive to photons and neutrons. A set of dosimeters 
wass left in the beam area for about 1-2 months. Fig. 4.12 shows the integrated radiation dose 
collectedd by each set in units of Gy/week as a function of time. An almost constant dose of 
aboutt 0.5 Gy/week is seen in the whole period apart from one event where a very high dose 
wass collected in a short period of time (mid September 1999). This high dose was related to 
severall  subsequent beam losses in the HERMES area. Unfortunately the high dose collected 
duringg the April beam loss is not visible, since the radiation dose was averaged over a much 
longerr period of time (from the beginning of March to the end of May) due to the impossi-
bilityy to access me experimental area and collect the dosimeters. 
Too prevent accidental losses of the beam a system was developed, which triggers a controlled 
dumpp of the beam in case of equipment failures or high induced radiation levels due to an 
unexpectedd beam loss. The Beam Loss Monitor (BLM) [73] is a set of ionization chambers 
whichh measure radiation in the vicinity of the LW detector. If the signal exceeds a fixed 
threshold,, a trigger is transmitted to the dump-kicker, which is located in the West-area of 
thee HERA ring, and the beam is dumped. The operation of the BLM and dump kicker pre-
ventss most accidental beam losses which otherwise could have caused a high radiation level 
leadingg to (reversible) radiation damage, and enhanced noise levels. The long-term (or per-
manent)) radiation damage due to the constant dose of radiation collected over time during 
normall  data taking cannot be prevented. This radiation determines the life time of the de-
tectorr (which is presently estimated to be larger than the duration of the HERMES run II 
(2002-2006)). . 
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Figuree 4.13: Left: pulse height spectrum of the LW prototype detector. The solid line is a fit 

usingusing an exponential shape for the background and a Landau curve for the high 
ADCADC data. Only data from the long strips have been used. Right: measured 
signal-to-noisesignal-to-noise ratio for the LW prototype detector. The data are plotted versus 
thethe strip number. Higher strip numbers correspond to short strip lengths. 

4AA4AA Signal to noise ratio 

Usingg the ADC data collected with the prototype module the pulse height distribution con-
tainingg both signal and noise events is illustrated in the left panel of Fig. 4.13. The noise 
off  the system has been measured calculating the RMS value of the signal using a random 
triggerr instead of the physics trigger. In that case the readout is triggered during the period 
nott in coincidence with the time slots in which the beam is colliding with the gas stored in 
thee target cell. The resulting signal-to-noise ratio is shown as a function of strip number in 
thee right panel of Fig. 4.13. On average the signal-to-noise ratio is consistent with 10 which 
iss in accordance with the design specifications. The rise of the signal-to-noise ratio with 
increasingg strip number is related to the decrease of the strip length (and hence a decreasing 
capacitance)) across the module. 

4.55 Outlook 

Inn parallel with the test of the prototype module the construction of the remaining 12 mod-
uless (plus 2 spares) for the complete LW detector was completed in the year 2001. At the 
beginningg of 2002 the complete array of modules was installed at HERMES together with 
thee BLM . Since then the commissioning of the detector has continued with the development 
off  the tracking and slow-control software. The full scale data taking is expected to begin in 
thee year 2003. 

c/D D 



Chapterr  5 

Inclusivee DIS on nuclei 

SeSe la prudenza dunque e' tanto necessaria in questioni 
scientifiche,scientifiche, dove spesso il  riprware ci permette di cor-
reggerereggere gli sbagli del provare, indirizzandoci ad una 
giustagiusta conclusione, ben maggiore circospezione occorre 
nelnel trarre le conseguenze, allorquando il  raziocinio si 
protraeprotrae sulla base difatti poco accertabili, di opinioni, 
didi congetture, di analogie e sotto I 'influenza di senti-
mentimenti assai variabili. 

AchilleAchille Sclavo 

5.11 Introductio n 

Thee multi-GeV energy length scale at which deep-inelastic scattering (DIS) is typically em-
ployedd to study the partonic structure of nucleons greatly differs from the multi-MeV length 
scalee relevant to the atomic nucleus. Hence, the ^4-dependence observed in the structure 
functionn F2{x) [9] was unexpected and thus stimulated the search for similar behavior in its 
longitudinall  and transverse components, FL(x) and Fi(x). As expressed by Eq. (2.15), these 
structuree functions are related to the ratio R of longitudinal to transverse photo-absorption 
crosss sections. Previous measurements at HERMES seemed to indicate a nuclear dependence 
off  R in deep inelastic positron scattering on 14N and 3He [74]. In order to further study a 
possiblee A-dependence of R, data on heavier nuclei are required. During a dedicated run 
inn October 1999 data were collected at HERMES on an unpolarized natural Kr target. This 
chapterr reports the analysis of these data and the reanalysis of the previously taken 14N data. 
Thesee analyses led to the conclusion that the previously observed .4-dependence of R was 
causedd by an instrumental effect. In fact, by combining the newly analyzed HERMES data 
onn inclusive DIS off nuclei with existing NMC data on neighboring nuclei [75, 76, 77] it is 
foundd that RA « RD down to Q2 = 0.5 GeV2. 

59 9 
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Inn section 5.2 the data quality and kinematic restrictions used in this analysis are presented. 
Thee most important corrections that were applied to the data are explained in subsection 5.2.1 
(photonn shower correction) and subsection 5.2.2 (radiative corrections), respectively. A sum-
maryy of the systematic studies performed on the data sets can be found in subsection 5.2.3. 
Thee systematic uncertainties on the inclusive cross section ratios are listed in section 5.3 and 
thee actual results of the analysis are presented in section 5.4. Data are shown for the cross 
sectionn ratios aKr/aD, <7N/<7D

 an<*  ^He/^D- Values for the ratio R are extracted using the 
methodd described in [78], i.e. by using a two parameter fit of the c dependence of CTA/<TD

 at 

constantt values of z. 

5.22 Cross section rati o OA/CD 

Thee ratio of inclusive DIS cross sections on a nucleus A and deuterium D (=2H) follows from 
Eq.. (2.16) and is given by: 

<7AA Ff(l+eRA){l  + RD) 
aDD F2

D (1 + RA){1 + eRD) (5.1) ) 

withh RA and Rn the ratio of longitudinal to transverse photon absorption cross sections for 
nucleuss A and for deuterium. Inclusive DIS events on 84Kr, 14N, 3He and D are used to 
extractt the cross section ratios CKF/ÖD, 0N/ÖD and OH^/C-Q. It is noted that 84Kr and 3He are 
non-isoscalarr nuclei, i.e. nuclei with a number of neutrons different from the number of 
protons.. All the cross sections are defined as cross sections per nucleon, and are therefore 
correctedd for the difference in the number of the two nucleon types in the nucleus: 

_.. —nucleus 

£**  = £A ( (5 2) 
CTCTDD Zov +(A- Z)an' 

wheree ap and an are the DIS cross sections for proton and neutron. In practice the measured 
crosss section ratio is multiplied by the following factor to correct for non isoscalarity: 

0DD Vcr D/mea5 Z&P + {A- Z)an' 

wheree Z = 36 for ^Kr and Z = 2 for 3He, and on/ap is obtained from the known cross 
sectionn ratio U-QJGV [79]. 
Inn this section all aspects of the data analysis are discussed, including event selection, radia-
tivetive corrections, normalization, and systematic studies. 

Eventt  selection 

Dataa collected on 14N, 3He and D in the year 1997 and on 84Kr and D in the year 1999 are 
usedd in this analysis. Starting from a few million DIS events for each target type, the final 
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numberr of analyzable events is obtained by filtering out the ones that are corrupted due to 
malfunctioningg spectrometer components, voltage interrupts or other causes leading to miss-
ingg or incorrect information for the event reconstruction. 
Thee analysis is based on two data sets: the cross section ratio CTN/ D̂ is evaluated using 
eventss selected from the /zDSTs1 of the 97b4 production for both gases, 14N and D, while 
eventss were selected from the /JDSTS of the 99b2 production for both ^Kr and D to obtain 
<TW<7D.. Since the 14N data were collected in three different periods during the year 1997 
att different target densities, a more detailed study on the consistency of these three periods 
iss presented in one of the following subsections. Data onM K r were collected in a dedi-
catedd high density run of three days during which the detector performance was carefully 
monitored.. Therefore, almost no data had to be rejected due to some detector component 
failure.. It would have been natural to use the already analyzed deuterium data set also to 
measuree the cross section ratio CTKT/CTD- However, inconsistencies in the data sets, which 
aree discussed in a dedicated subsection, indicated that data from different years could not be 
used.. Therefore, the deuterium data from the standard polarized data taking before and after 
thee dedicated ^Kr run were used. The data quality criteria for this analysis are presented in 
thee next paragraph followed by a description of the kinematic requirements imposed on the 
data. . 

Data-quality y 

Thee target was required to be either polarized or unpolarized deuterium, unpolarized nitrogen 
orr unpolarized krypton (as determined from the target type information in the field labeled 
g lUnpo l.. iGasType of the /iDSTs). In order to define a good event the DIS trigger 
(triggerr 21, as defined in subsection 3.3.1) must have fired and the event was contained in a 
burstt that passed the following burst-level data quality requirements: 

•• the burst was part of a run which was marked as analyzable in the logrun.new file (i.e. 
thethe data-quality was marked to be good in the log-book); 

•• the burst was not affected by HV trips in the tracking chambers; 

•• the GMS2 indicated that the calorimeter, the luminosity monitor, and the pre-shower 
detectorss were fully operational during the burst; 

•• the TRD was fully operational during the burst; 

•• the burst length was between 0 and 11 seconds; 

•• the DAQ live-time for trigger 21 was greater than 0.5. 

'/jDSTT refers to micro Data Summary Tape which are tables in ADAMO format containing information 
off the triggered events synchronized with the detector status after a preliminary off-line analysis has been 
performed. . 

2GMSS is the Gain Monitor System which measures the stability of the response of the various particle 
detectors. . 



62 2 5.2.. Cross section ratio CTA/OD 

Constraintss on the positron kinematics 

Eachh event contained at least one e+, as identified by a cut on the value of the PID variable 
(seee section 3.2.2). The exact value of the cut depends on the kinematics. While PID > 1 
iss appropriate for ^Kr, PID > 2 has to be used for the other two datasets. The following 
constraintss on the scattering angle and the vertex position are imposed: 

•• The origin of the reconstructed track has to be within the target cell: 
|2i(e+)|| < 18 cm and |^T(e+)| < 0.75 cm, with zL the longitudinal and zT the trans
versee vertex coordinate with respect to the interaction point. 

•• Fiducial cuts are chosen such as to require that the e+ track is inside the HERMES box 
acceptance. . 

Kinematicc requirements are imposed on Q2, on W2 to exclude the resonance region, and on 
yy to limit the size of the radiative corrections: 

 Q2 > 0.3 GeV2 

 W2 > 4 GeV2 

•• y < 0.85 
•• The energy of the cluster of hits (i.e. non-zero ADC values) in the calorimeter must 

correspondd to £,
ca(0(e

+) > 3.5 GeV to enforce a common trigger threshold between 
thee unpolarized and polarized data. 

Thee result of this event selection procedure is presented in table 5.1, where the remaining 
numberr of DIS events (in units of 106) for each target gas is presented. 

1997 7 

1999 9 

1 4N N 

3.1 1 

84Kr r 

1.5 5 

D D 

3.6 6 
1.1 1 

Tablee 5.1: Number of DIS events in units oflO6 that remain for each gas type after application 
ofof the data quality and kinematic requirements. 

5.2.11 Photon shower  corrections 

Inn order to extract deep inelastic lepton scattering cross sections radiative processes and lo
call inefficiencies that may contribute to the total measured DIS cross section need to be 
discussed.. Radiative background and their correction is the subject of the next subsection, 
whilee the present subsection deals with a detector inefficiency caused by the radiated pho
tons.. In inelastic processes such photons are mostly emitted in the direction of either the 
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Figuree 5.1: The Bethe-Heitler cross section for UN in two different coplanar kinematic con-
ditionsditions labeled by the values of x, Q2 and y. The continuous curves include the 
effectseffects of the nuclear form factor. 

beamm lepton (initial state radiation, ISR) or the scattered lepton (final state radiation, FSR). 
Onn the other hand hard photons associated with nuclear elastic scattering, i.e. Compton 
scattering,, are emitted typically at very small angles. The Bethe-Heitler cross section for 
radiativee elastic processes predicts that in kinematic conditions corresponding to quite small 
valuess of x, the Compton peak becomes much more prominent compared to ISR and FSR, 
simplyy because smaller values of Q2 become kinematically available, and the cross section is 
proportionall  to a factor 1/Q4. This is illustrated in Fig. 5.1, which shows the Bethe-Heitler 
crosss section in two different kinematic situations, assuming that the emitted photon lies in 
thee lepton scattering plane. When multiplying the Bethe-Heitler cross section by the nuclear 
formm factor only the Compton peak is left. At low x and Q2 the Compton photons are emitted 
att very small angles as can be seen from Fig. 5.1. These energetic photons from nuclear tar-
getss have a high probability of hitting the detector frames surrounding the beam line in front 
off  the spectrometer magnet, and may produce extensive electromagnetic showers. In such a 
casee the high multiplicity seen by the tracking detectors makes it impossible to perform track 
reconstruction.. This will result in a large inefficiency in particular in the kinematic region 
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wheree these photons are emitted, i.e. corresponding to small values of a; and Q2. 
Correctionss for these process-specific inefficiencies must be applied, since they increase in 
severityy as the Z of nuclear targets increases. A Monte Carlo simulation is needed to estimate 
thee inefficiency due to event losses. A GEANT-based Monte Carlo was set up that includes 
aa detailed geometry description of the detector frames and the beam pipe. The probability 
off  photon emission is modeled following the description of Mo and Tsai [80], and has been 
carefullyy compared to other calculations of radiative processes. The resulting reconstruction 
efficienciess £A for target nucleus A compared to that for deuterium are shown in Fig. 5.2 as 
aa function of x for the different target materials used in this analysis. The reconstruction 
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Figuree 5.2: Ratio of track reconstruction efficiencies in XH, 3He, 14/V and 8iKr with respect to 
thatthat in deuterium as a function ofx. 

lossess are strongly dependent on target material and on y, and consequently on x and Q2. 
Notee that these reconstruction efficiencies, which have been determined from a Monte Carlo 
simulation,, include not only the tracking efficiency but also geometric acceptance effects. 
Thee Monte Carlo was tuned to reproduce the efficiency observed in a sub-sample of the data 
whichh was reconstructed by comparing the yield in the detector halves above and below the 
beamm pipe using them as independent detectors. For about 50% of the events with a hard 
radiatedd photon the resulting electromagnetic shower is contained in one detector half while 
thee scattered electron is found in the other. Such events are normally rejected at HERMES as 
itt is required that the maximum number of tracks (MAXMU L cut) is below 22. This event 
topologyy can be extracted from the data by applying requirements on the number of tracks 
inn the top or in the bottom detector separately. This method has been applied both to the 
dataa and the Monte Carlo, and thus provides a good measure of the quality of the simulation. 

Q Q 
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Figuree 5.3: Comparison between data (points) and MC simulation (histogram) for the frac-
tionaltional change in the yield ratios due to the photon shower effect when treating 
thethe upper and lower HERMES detector halves independently. The hatched area 
representsrepresents the statistical error in the MC simulation. 

Reasonablee agreement between the data and the simulation is found for all target materials 
iff  the yields from the two detector halves is averaged, as shown in Fig. 5.3 for 14N and 84Kr. 
Iff  instead of the average the absolute yield ratios for upper and lower detector are compared 
too the Monte Carlo results, a difference is observed between the yields in the two detector 
halvess which is attributed to a relative misalignment between the two detectors. The effect 
off  this misalignment is discussed in section 5.2.3. 

5.2.22 Radiative corrections 

Thee radiative correction needs to account for three different processes in which a photon is ra-
diated.. The elastic scattering of the positron on the nucleus as a whole, the quasi elastic inter-
actionn of the positron with one of the nucleons inside the nucleus, and the inelastic scattering 
off  the positron on a single quark. These contributions are calculated using the TERAD code, 
aa code based on the method outlined in Ref. [81, 82, 83]. The elastic form factors, which 
aree different for different nuclei, were taken from the literature [84, 85, 86, 87]. For the 
quasi-elasticc tails, the nucleon form factor parameterization of Gari and Kriimpelmann [88] 
wass used. The reduction of the bound nucleon cross section with respect to the free nucleon 
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Figuree 5.4: Radiative background cross sections (elastic: full circles, quasi-elastic: open 
squares,squares, inelastic: full triangles) compared to the Born DIS cross section (stars) 
forfor D (left) and MKr (right), evaluated for E = 27.5 GeVat a fix value ofy. 

onee (quasi-elastic suppression) was evaluated using the results of a calculation by Bernabeu 
[89]]  for deuterium, and a non-relativistic Fermi gas model for 3He, 14N and 84Kr [90]. 
Thee evaluation of the inelastic QED processes comprising the full radiative correction re-
quiress the knowledge of both F2 and R over a wide range of x and Q2. The structure func-
tionn F°(x, Q2) was described by a Regge motivated parameterization of the proton structure 
functionn F%(x, Q2) [91] multiplied by the NMC measurement of F2

D / F| [79]. For the struc-
turee function Ru(x, Q2) the Whitlow parameterization [92] was used. The nuclear structure 
functionss F^(x, Q2) were taken from phenomenological fits to the NMC [75, 76, 77] and 
SLACC [93, 94] data, while RA{x, Q2) was assumed to be equal to Rn{x, Q2). To get an im-
pressionn of the relative importance of the various contributions to the radiative background 
crosss sections, the elastic, quasi-elastic and inelastic cross sections are presented as a func-
tionn of x for a fixed y value and compared to the respective Born DIS cross section for two 
differentt nuclei (D and 84Kr) in Fig. 5.4. As can be seen from Fig. 5.4 radiative corrections 
doo not cancel in the ratio aA/aD because the yield of radiative events associated with elastic 
scatteringg scales nonlinearly with Z2. At small values of x and Q2, corresponding to large 
valuess of y, the contribution from radiative elastic scattering becomes large. In this kine-
maticc region, some of the associated energetic photons are radiated at small scattering angles 
whichh can produce electromagnetic showers responsible for the large detector inefficiencies 
treatedd in the previous subsection. 

Sincee elastic and quasi-elastic tails are an additive background to the Born DIS cross sec-
tions,, they need to be subtracted from the measured cross section. The treatment of the 
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inelasticc tail is more complicated. An unfolding procedure would be needed to properly cor-
rectt each a;-bin for both the loss of inelastic events due to migration to lower a;-bins and for 
thee gain of events due to the migration of events from higher x-bins into the bin of interest. 
Inn order to further understand this point, it is useful to identify the three main components 
makingg up the difference between the Born and the measured DIS cross section on a proton, 
whichh are illustrated in Fig. 5.5: 

a)) Schwinger correction [80], 
b)) loss of cross section due to radiation of photons after the positron interaction, 
c)) increase of cross section due to radiation before the positron interaction, 

(a)) Schwinger correction (b) final-state radiation (c) initial-state radiation 

Figuree 5.5: Most important DIS processes contributing to the radiative corrections. 

Thee contributions a) and b) are directly proportional to the Born cross section, while c) 
correspondss to x, Q2 values different from, but close to the x, Q2 values measured for a given 
dataa point. The latter contribution is proportional to the Born cross section at somewhat 
lowerr x, Q2 values, which on average leads to an increase of the cross section. This is 
thee part which should be treated with an unfolding approach. This procedure requires a 
quitee complicated mathematical exercise, which was considered to be unnecessary since the 
effectt on the results would not be larger than the quoted systematic uncertainties. Instead 
aa simplified method was adopted where all the radiative backgrounds actually "seen" in the 
experimentt are subtracted from the measured yield. Two equations can be written to link the 
measuredd yields to the Born cross sections for each target gas: 

**  = (sBorn̂ Born + fbg^g) 

YYBB = (^orn<<rn+£b
D

g<), (5-4) 

wheree the yield Y = N/L is given by the number of DIS events divided by the (dead time 
correctedd ) integrated luminosity, and ÊBornf&al  a re m e reconstruction efficiencies for Born 
andd background events of target material A and D, respectively, as described in the previous 
subsection.. The terms £bg

( ' oü ' in the Eq. (5.4) have to be replaced by £el' Vel' ' + 
G °° V + £inei  CTinei ' if  e a cn contributing term is made explicit. The remaining small 
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radiativee contributions (vacuum polarization, electroweak interference term and hadronic 
vertexx contributions) are treated in the same way as the inelastic radiative contribution. For 
simplicityy these contributions are simply included in a^m \ 
Defining g 

pp _ X— — ^BorngBorn + £bg°"bg {t- <--. 
«meass ~ v n ~ cD „D  . cD „T>  ' ^'0> 

11 SBorn°Born "•" ^bg^bg 

thee ratio of Born cross sections can be derived with simple algebra, 

«"Bornn _ flmeas ƒ f D , £bg°"bg 1 ^bg^bg ^ , - f i . 
„T>„T>  - cK KBorn + _D p ^ D i • v J ° J 
°Bornn SBorn \ CTBorn ^meas «Born / 

Thiss expression has been used in the actual evaluation of the cross section ratio. More details 
cann be found in Appendix A. 
Forr high-Z targets such as krypton, the probability for the exchange of more than one-photon 
becomess non-negligible. The corresponding amplitudes lead to a destructive interference 
withh die leading one photon exchange amplitudes. For the dominant contribution to the 
radiativee correction - the elastic radiative tail - this effect has been estimated using the dis
tortedd wave function metiiod [95], resulting into a 5-10% reduction of the radiative elastic 
tail.. Other contributions, which are proportional to Z • a, might not be negligible but could 
nott be estimated. 

5.2.33 Systematic studies 
Ass part of the analysis, several systematic studies were performed on the data to verify that 
thee observed cross section ratio is not biased by other detector effects. The results of these 
studiess are reported in the following paragraphs. 

Comparisonn of top and bottom detectors 

AA misalignment in the relative position of the two halves of the detector with respect to the 
beambeam pipe was already known to exist from previous HERMES analyses [96]. This effect has 
alsoo been investigated for the present data. The separate extraction of the yield ratio VA/VD 

forr top and bottom detectors shows a large difference in the low x region. This is illustrated 
inn Fig. 5.6 were the ratio of yield ratios YKT/YD for bottom to top detector half is displayed 
ass a function of x. It is seen that the effect of the misalignment increases as x decreases. 
Thiss can be explained from the configuration of the HERMES spectrometer as being due to 
aa different lower 9 limit in the two data samples, since low x is strongly correlated to low 
0.0. A misalignment of 1 mm in the vertical direction of one half of the detector could lead 
too an effect on the yield ratio of the size displayed in Fig. 5.6 [97]. Because a correction 
off the misalignment would lead to very large systematic uncertainties in the low x domain 
(thuss hiding any possible physics information), it was decided to restrict die analysis to x 
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Figuree 5.6: Ratio of yield ratios ofMKr to Dfor top and bottom detector halves versus x. 

valuess greater than 0.01. Above this limit the difference between top and bottom yield ratios 
iss much smaller and the effect can be included in the calculation of the uncertainties. To 
accountt for the error introduced by the misalignment the statistical uncertainty of the data 
iss scaled with the square root of the x2 value calculated assuming that the top and bottom 
detectorr measurements of me cross section ratios should be consistent (see Appendix A). 

Variatio nn of the zi cut 

Sincee the collimators in front of the target cell generate events which contribute to the back-
groundd of the DIS sample, it was verified that the resulting cross section ratios were indepen-
dentt of the cut on the longitudinal vertex coordinate (zL). This study was a leading-lepton 
analysiss performed with a PID cut of 2.0. The negative zL cut (from the side of the collima-
tor)) was changed in steps from -5 to -18 cm. The result of this study shows that to a level of 
lesss than 0.9% there is no contamination from the collimators in the chosen sample. 

Variatio nn of the PID cut 

Sincee the hadron contamination can be large in the low-a; bins of interest, the cross section 
ratioss were evaluated for various values of the PID cut. In this leading-lepton analysis the 
standardd cuts were used. The PID cut was raised from 1 to 4. The results show that there is 
aa difference of about 0.1% if the value of the PID cut is varied in this range. 
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Chargee symmetric background contribution 

Inn the standard analysis only leading leptons which pass the DIS cuts are counted. In this 
wayy no correction is made for positrons originating from the 7 —\ e+e~ processes. This 
backgroundd contribution can be corrected for by counting all electrons and then subtracting 
themm from the total number of positrons. The numbers obtained with and without the charge 
conjugatee background subtracted were compared. The result of this comparison indicates 
thatt the two extracted ratios are consistent with each other at the 0.1% level. 

Variatio nn of calorimeter  threshold 

Sincee the calorimeter threshold used in collecting the polarized D and unpolarized MKr data 
differed,, the knee of the threshold efficiency curve for the two datasets differed as well. This 
differencee may alter the ratio of DIS events in the (x, <32)-bins which contain a significant 
amountt of low momentum events. To check that this difference is not affecting the cross 
sectionn ratio, the analysis was repeated with a higher threshold settings by imposing a lower 
yy cut of 0.83 instead of 0.85. This cut corresponds to a calorimeter energy cut of 4.68 GeV. 
Previouss studies have shown that the trigger is nearly 100% efficient for particles with mo-
mentaa of more than 1.0 GeV above the threshold setting. The reduced efficiency below this 
valuee does not affect the deduced cross section ratios to more than a 0.2%, as emerged from 
thee analysis with the two different y cuts. 

5.2.44 Normalization issues 

Nitrogenn to deuterium rati o 

Thee analysis of the nitrogen data was previously presented in Ref. [78]. There an overall nor-
malizationn correction of 1.014 was quoted to account for the disagreement at mid-x between 
thee cross section ratio CTN/^D measured at HERMES and previous measurements. During 
thee review of the 14N/D analysis, special attention was given to the understanding of this 
disagreement.. The dependence of the yield on the rates in the luminosity monitor shows a 
decreasee of about 2% of the yield going from low rate corresponding to low target densities 
(10+133 nucl/cm2) to high rates obtained with a target density of about 7 • 10+14 nucl/cm2. In 
additionn to this linear drop of the yield, two periods were identified with a significant nor
malizationn deviation as compared to the bulk of the data. In Fig. 5.7 the rate dependence of 
thee yield is shown for the deuterium data, and for three different periods in which nitrogen 
dataa were collected at different target densities. The three periods are separated in time by 
aa few months during the year 1997. Period 2 shows two different normalization levels, and 
wass therefore divided into two separate periods: 2a and 2b. For period 2a a normalization 
factorr of 1.054 is needed to be in agreement with the rest of the data, while for period 2b 
thee deviation is much larger, i.e. a factor of 1.14 is necessary. One possibility to explain 
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Figuree 5.7: Deep inelastic scattering yield of nitrogen and deuterium versus the rate observed 
inin the luminosity monitor. In the top panel the uncorrected data are presented 
(since(since the symbols are indistinguishable the different periods as indicated by the 
arrowsarrows have different shades of gray), while a normalization factor of1.054 (1.14) 
forfor period 2a (2b) is applied to obtain the data shown in the bottom panel. 

suchh a deviation is a hydrogen gas contamination of the nitrogen gas. This would result in 
aa different kinematic dependence of sample 2 with respect to the other  samples. Such a de-
pendencee is observed only for  period 2b as reported in Fig. 5.8, where the uncorrected cross 
sectionn ratio is presented for  the three different periods as a function of x. The entire period 
22 was removed from the nitrogen sample because of the supposed gas contamination, which 
couldd not be verified by independent checks, such as an analysis of the content of the gas 
bottlee used. A total of 125 runs were rejected leaving a total of 2.4 millio n DIS events to be 
analyzed. . 
Afterr  rejection of the contaminated period the nitrogen and helium data both exhibit a some-



72 2 5.2.. Cross section ratio CTA/OD 

whatt lower normalization with respect to existing data. Most likely the remaining effect has 
too be attributed to the calibration of the luminosity monitor. As discussed in more detail in 
thee next section, for the year 1997 a MC study would be needed to properly recalibrate the 
responsee of this device. Instead, in the present work a normalization factor of 1.009 was used 
forr both the 14N and 3He cross section ratios, which is obtained from the comparison to the 
NMCdataa in the region 0.1 < x < 0.3. 
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Figur ee 5.8: Nitrogen to deuterium cross section ratio (without radiative corrections) for data 

collectedcollected in 3 different periods. Period 2a is multiplied by a normalization factor 

ofof 1.054, period 2b by a factor of 1.14. 

Krypto nn to deuterium ratio 

Thee 1997 unpolarized deuterium dataset was the one first used to evaluate the cross section 
ratioo CTKr/öD, because it was also used when evaluating the cross section ratio <7N/CTD. The 
resultss obtained for the uncorrected yield ratio of  84Kr to D versus x are shown in the left 
panell  of Fig. 5.9, where the 1997 dataset for deuterium was used (production 97b4)3. A 
non-isoscalarityy correction is applied to the 84Kr data in Fig. 5.9 (and in the following fig-
ures)) according to Eq. (5.2) to account for the difference in proton-neutron content of the 
84Krr nuclei. This correction increases the data by up to 5% in the high x region. The HER-
MESS data are compared to published data on 56Fe, 108Ag and 119Sn from other experiments. 
AA 5-7% difference in the overall normalization with respect to the existing data is observed 
inn the mid-x range. For comparison the uncorrected 14N to D yield ratio, normalized by a 
factorr of 1.009, is shown in the right-hand panel of Figure 5.9. While the nitrogen data are 

3Inn this plot as in the two to follow, data are presented for completeness also in the region x < 0.01. Even 
thoughh in the section presenting the results of the analysis (section 5.4) these points are rejected as explained 
inn section 5.2.3 
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Figuree 5.9: Left: krypton to deuterium (1997) yield ratio (full circles) compared to the exist-
inging data on similar targets. Right: nitrogen to deuterium (1997) yield ratio (full 
circles)circles) compared to existing data on 12C. The CTN/CD data are normalized by a 
factorfactor of1.009. No efficiency nor radiative correction is applied to the data. 

inn agreement with existing high-z data, this is not the case for the krypton data. The cause of 
thee difference in the normalization of data collected in different years was attributed to the 
behaviorr of the luminosity monitor. A detailed series of systematic studies of the behavior of 
thee luminosity detector was performed, including an estimate of a possibly required accep-
tancee correction. It was concluded that there are two possible effects which may give rise to 
differentt acceptance corrections for the luminosity detector in different years: 
1)) The luminosity rate may depend on the x and y position of the beam which on average 
weree different in the two years; 
2)) The luminosity monitor may have had a different position with respect to the beam due to 
aa misalignment of the detector (year to year correction). 
Separatee correction factors need to be evaluated for these effects. Correction 1) was obtained 
fromm explicit measurements of the x and y dependence of the rates in the luminosity detec-
tor.. The effect of changes in beam slope is corrected for by using two separate functions for 
variationss of the x- and y-beam slope. While the variation of the z-slope during standard 
highh density data taking is normally about 100 /irad, it was 300 /jrad for the krypton data. 
Thiss accounts for a total shift of the yield of about 1%. The y-slope correction was found 
too be less significant, since the variation during data taking was <50 //rad. In the case of 
thee 1999 (polarized) deuterium data, the beam position was kept at a stable position. The 
correctionn on the yield is thus negligible. When applying these corrections and evaluating 
thee UKF/CD ratio by taking data consistently from the same year (1999), the raw cross section 
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Figuree 5.10: Comparison of the krypton to deuterium (1999) yield ratio (full circles) to pub-
lishedlished data on: Sn (NMC, open squares), Ag (SLAC, open circles) andFe (EMC, 
openopen stars). No efficiency nor radiative correction is applied to the data. 

ratioss are found to agree with existing data for x > 0.03 (see Fig. 5.10). Below this z-value 
thee photon shower correction is very important and thus needs to be applied before the data 
cann be compared. 
Forr the calculation of the second correction (2) a Monte Carlo simulation is needed which is 
underr development at the moment. Since the position of the luminosity monitor changed be-
tweenn 1997 and 1998, it is presently impossible to get the correct relative normalization for 
thee data taken in these two periods. The same problem is not encountered when comparing 
thee D and 84Kr data both collected in 1999. For this reason the 1997 dataset was not used to 
obtainn the ratio aKr/aD. 

5.2.55 PID flux factors 

Usingg two different target gases (84Kr and D) a flux factor correction to the PID value is 
necessary.. As discussed in section 3.2.2 the likelihood for properly identifying a particle in 
thee different detectors has to be corrected by a factor which accounts for the actual particle 
fluxess (see Eq. (3.4)). The flux factors <j>  are calculated from the data as: 

log! ! loSioo ii  =  lQgio zr nnh h 
(5.7) ) 
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withh ne the number of leptons and nh the number of hadrons. From the obtained flux factor 
valuess the PID for each particle was recalculated as: 

PIDD = PID2 + PID5 + log10 <f>.  (5.8) 

Fromm the new PID distributions the efficiencies and contaminations for ^Kr and D were 
calculatedd for different PID cuts using Eq. (3.6) and Eq. (3.7). The table below shows the 
resultt for the efficiencies and contaminations for two values of this cut. The chosen PID cut 
usedd for both polarized deuterium and krypton is PID > 1. 

Pffi»2 2 

p n »i i 

tKr tKr 

0.95 5 

0.98 8 

ÊD 2 2 

0.92 2 
0.98 8 

hKr hKr 

0.001 1 
0.004 4 

hoho2 2 

0.009 9 
0.01 1 

Tablee 5.2: Calculated lepton efficiency (e) and hadron contamination (h)for 84 A> and D using 
twotwo different PID cuts. 

Afterr applying the flux factor corrections in the PID scheme the cross section ratios change 
lesss than 2% in the low x region and considerably less for higher value of x. 

5.33 Uncertainty in the cross section ratio 

Thee main source of systematic uncertainty is the correction for radiative effects, which is 
addressedd in the second part of this section. The other main uncertainty stems from the 
photonn shower correction, which is related to the detector misalignment as the MC statistics 
iss not a limiting factor. The detector misalignment contribution was already described in 
sectionn 5.2.3. The corresponding uncertainty is included in the statistical error. An additional 
sourcee of systematic error in the data is the rate dependence of the yield of the luminosity 
monitor.. After correcting for the luminosity acceptance the 84Kr dataset still contains a 
smalll  rate dependence: at higher luminosity rates the MKr yield is lower with respect to that 
att lower rates. The overall variation amounts to 2%, which gives a systematic uncertainty 
contributionn 5L = % for the ^Kr data. Similar variations are seen also in the 14N data 
samplee while for 3He the quoted normalization uncertainty is about 0.5%. The polarized 
deuteriumm data were all collected at standard ABS density, corresponding to low rates in the 
luminosityy detector, which leads to no relevant variation in the yield. 

Systematicc uncertainties on radiative corrections 

Thee systematic uncertainty due to radiative corrections is estimated using the upper and 
lowerr limit of the used parameterizations and also alternative parameterizations [92,98,99] 
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forr all the input parameters to the TERAD code, such as the parameterizations for RD and 
F2

A/F2
D.. No uncertainty could be assigned to the missing radiative correction contributions 

fromm multi-photon exchange (Coulomb distortion). 
Thee resulting uncertainty on the cross section ratio crKT/aD is about 6% at small x, quickly 
fallingg to values smaller than 1% for x > 0.06. Since the radiative corrections are smaller 
forr 14N and 3He, the uncertainties due to radiative corrections for ON/ÖD and crHe/aD are 
alsoo smaller, i.e. about 3% at the lowest x value. Table 5.3 summarizes the sources of sys-
tematicc uncertainties and their average effect on the ratio R, separately for ^Kr, 14N and 
3He.. A complete list of the total systematic uncertainty in each x bin can be found in 
Appendixx B, in tables B.l - B.3 (more complete tables for (x,Q2) bins can be found in 
http://www.nikhef.nl/~erikag/Analysis/inclusive.html). . 
Itt is concluded that the average systematic uncertainty on R amounts to 2.5% for crKr/£>D, 
1.6%% for aN/<7D and 0.9% for crHe/crD. 

Source e 

Radiativee correction 

Photonn shower corr. 

Top/Bottomm alignment 

Luminosityy monitor 

PIDcut t 

Chargee symmetric bg. 

Calorimeterr threshold 

Total l 

Errorr in % 

^Kr/<7D D 

1.4 4 

0.4 4 

1.4 4 

1.0 0 

<0.3 3 

0.1 1 

<0.2 2 

2.5 5 

aaNN/a/aD D 

0.6 6 

0.4 4 

0.4 4 

1.0 0 

<0.3 3 

<0.1 1 

1.6 6 

<7He/<?D D 

<0.1 1 

<0.1 1 

<0.3 3 

0.5 5 

<0.1 1 

<0.1 1 

0.9 9 

Tablee 5.3: Sources of systematic uncertainties for o"He/fD> CTN/CD andaKr/vD- The numbers 
givengiven are the average over the x and Q2 range covered by the present analysis. 

5.44 Results 

Forr completeness the studies presented in the previous sections (with the exception of section 
5.3)) were based on the entire x range covered by the HERMES experiment, 0.003 < x < 0.7. 
Thee results discussed in this section only cover the x-region above 0.01 to avoid the region 
wheree the detector misalignment effect (see section 5.2.3) is not under control. The results 
forr the cross section ratios crKr/0D» CTN/̂ D and OHe/̂ D are presented in Fig. 5.11 as a func-
tionn of x. The expressions used to extract these data and those presented in the remainder 

http://www.nikhef.nl/~erikag/Analysis/inclusive.html
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off  this section, and evaluate the corresponding error bars are described in full detail in Ap-
pendixx A. These formulae include all effects discussed in the previous sections. Also shown 
aree the results of the NMC [75,76,77], and SLAC [93,94] measurements for crHe/<7D, <TC/<TD 

andd <7Sn/<TD, where the NMC values for aSn/^D have been obtained from the measurements 
off  osnfoc and OC/OD> The crN/aD and aHe/^D results have been renormalized by 0.9% to 
matchh the NMC and SLAC data at mid-a: (i.e x = 0.1) as described in subsection 5.2.4. For x 
valuess below x = 0.1 the present data on 14N/D and ^Kr/D are slightly below the NMC data, 
butt consistent within the present statistical and systematic uncertainties. 

QQ22 and e dependence of crKr/0D and <7N/CD 

Too understand better die small discrepancy between the HERMES and NMC data at low val-
uess of x the Q2 dependence of the cross section ratios is displayed in Fig. 5.12 for o-afoD, 
andd in Fig. 5.13 for aKt/^D for fixed small ranges in x. Also shown are the data from 
NMCC on 12C and 119Sn. It is noted mat the HERMES data for x < 0.08 show an edge effect 
att the highest Q2 values in each bin. This effect is believed to be due to an imperfect cor-
rectionn for the photon shower inefficiencies. In the case of ^Kr/D the difference from the 
NMCC measurements is accentuated by the positive small Q2 dependence of the 119Sn/D data. 
Whilee no significant Q2 dependence is observed in the cross section ratio of  14N/D, the large 
uncertaintyy on the uKi/D data does not allow to discriminate between a flat Q2 dependence 
andd an extrapolation of me positive Q2 dependence as indicated by the NMC osnfoD mea-
surements. . 
Inn order to extract the longitudinal to transverse cross section ratio R{x, Q2), the e depen-
dencee of the cross section ratio has been evaluated as well. 
Fig.. 5.14 shows the c dependence of the cross section ratio for 14N/D, while the e dependence 
off  me ̂ Kr/D data is shown in Fig. 5.15. Note that the e dependence is not independent from 
thee Q2 dependence, i.e. small e values correspond to large Q2 values and vice versa. 
Thee solid curves in Fig. 5.14 and Fig. 5.15 represent a two-parameter fit of the e dependence 
basedd on Eq. (5.1), where the free parameters correspond to FA/FD and RA/RD- The pa-
rameterizationn for Rn from Ref. [92] has been used. In general, the cross section ratios are 
welll  described by the fits. 
Fig.. 5.16 shows the extracted F2 ratio for 14N/D (top panel) and MKi/D (bottom panel) in 
comparisonn with the parameterization of the NMC data for 12C/D and 119Sn/D. The parame-
terizationss are in good agreement with the F2 ratios extracted from die HERMES data. 
Thee super ratio RA/RD extracted from the same fit is presented in Fig. 5.17, where the HER-
MESS results are compared to other published results. Existing data are usually represented in 
termss of AR = RA - Rn- The published values of AR [93, 101, 100] have been converted 
too RA/RD using a parameterization for RD [92]. The systematic uncertainty on the extracted 
ratioss F2

A/F2
D and RA/RD is determined by the variation of the fit results when performing 

mee fit on OA/OD plus and minus the systematic uncertainty described in section 5.3. The re-
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Figuree 5.11: Ratio of inclusive cross sections per nucleonfor deep-inelastic lepton scattering 
fromfrom nucleus A and D versus x. The data have been corrected for radiative ef-
fects,fects, photon shower inefficiencies and other detector effects described in section 
5.2.5.2. The error bars represent the statistical uncertainties. The systematic un-
certaintiescertainties are given by the error bands (ordered according to the legend). The 
curvescurves represent a parameterization of the NMCdata. Also shown are the results 
ofof the NMC[75, 76, 77], and SLAC [93, 94] measurements. 
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Figuree 5.12: Q2 dependence of the cross section ratio CTN/CD for small ranges in x. The 
correctionscorrections applied to the data are listed in the caption of Fig. 5.11. The average 
xx value for each x bin is listed in each panel. The HERMES i4N data have been 
normalizednormalized by a factor 1.009. The NMC 12C data are taken from Ref [76]. 
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Figuree 5.13: Q2 dependence of the cross section ratio CTKI/O'T) for small ranges in x. The 
correctionscorrections applied to the data are listed in the caption of Fig. 5.11. The average 
xx value for each x bin is listed in each panel. The NMC 119Sn data are taken 
fromfrom Ref. [77]. 
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Figuree 5.14: c dependence of the cross section ratio a^/oj) for small ranges in x. The average 
xx value is listed in each panel. The HERMES 14N data have been normalized 
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whilewhile the dashed curves represent one-parameter fits based on the same equation 
wherewhere the parameter F^/F  ̂ is fixed to the NMC value for 12C (shown as an 
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Figuree 5.16: Top panel: the ratio -F2
A/.F2

D extracted from a fit to the HERMES UN/D data 
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thethe ratio F2

A/F2
D for the HERMES 8iKr/D data compared to NMC parameter-

izationization of the n9Sn/D data (solid line). The error bars represent the statistical 
(including(including the correlated error in RA/RD) and systematic uncertainty added in 
quadrature. quadrature. 

suitingg uncertainties have been included in the error bars shown in Fig. 5.16 and 5.17. Their 
numericall  values are listed together with the values of F^/F® and RA/RD in table B.4 in 
Appendixx B. Al l data for RA/RD are found to be consistent with unity within errors. 
Thee uncertainty in the extraction of the super ratio RA/RD can be reduced by fixing the 
valuee of the ratio FA /F2

D in the fitting function given by Eq. (5.1) to the corresponding 
NMCC value for each bin in x. From the evidence shown in Fig. 5.16, the ratio F^/F® is seen 
too be consistent with the parameterization of existing data. Since the F2 ratio is considered 
too be Q2 independent, the F2

A /F2
D NMC data (open squares) plotted in Fig. 5.14 and 5.15 
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Figuree 5.17: The super ratio RA/Rofor siKr, uNand 3He, as extracted from a two parameter 

fitfit  of the HERMES <7A/CD data. The open triangles (12C) and crosses (^He) 
havehave been derived from the NMC data using Eq. (5.1). The SLAC [93] and 
otherother NMC data [100] displayed have been derived from published values of 
ARAR = RA — RD and a parameterization [101] for RD. The inner error bars 
representrepresent the statistical uncertainty and include the correlated error in F^/F®. 
TheThe outer error bars represent the quadratic sum of the statistical and systematic 
uncertainties. uncertainties. 

havee been evaluated at the average Q2 value of HERMES. This allows to perform a fit with 
onlyy one free parameter, thus increasing the precision on the extracted ratio RA/RB. The 
resultss of the new fit to the HERMES data with the value at e = 1 fixed to the NMC value 
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Figuree 5.18: The super ratio RA/RD far UN and 3He (top panel), and siKr (bottom panel) 
asas extracted from a one-parameter fit of the HERMES OA/O~D data. Existing 
datadata from other experiments are presented as well; the description is found in the 
captioncaption of Fig. 5.17. The inner error bars represent the statistical uncertainty. 
TheThe outer error bars represent the quadratic sum of the statistical and systematic 
uncertainties. uncertainties. 

aree displayed in Fig. 5.14 and 5.15 as dashed lines. The resulting values for RA/RD are 
shownn as a function of Q2 in Fig. 5.18. In the 1-parameter fit effectively information on 
CTA/CTDCTA/CTD obtained by NMC at high e is combined with information obtained at lower e values 
inn the present experiment. Also in this case the value of RA/RD is found to be consistent 
withh unity, but the uncertainties involved in the data on heavy nuclei are still very large. 
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Figuree 5.19: Comparison between different extraction methods for the super ratio RA/RB 
onon UN. Top: results obtained using either the one (solid circles) or two (open 
circles)circles) parameter fit shown in Fig. 5.14. Bottom: the solid squares represent the 
resultresult of the Rosenbluth-type of analysis. 

Ann alternative method to combine HERMES and NMC data is a Rosenbluth separation: only 
usingg NMC aA/aD data obtained in (x, Q2) bins also covered by the HERMES measurements. 
Ass the HERMES measurements at a given average value of x cover a range in Q2, the Q2 

valuess of the NMC data must be restricted to the same Q2 range (for each x bin). In Fig. 5.12 
thee NMC and HERMES data with overlapping (x, Q2)-values can be identified. On average 
thee NMC data cover higher e values of course. In order to carry out this alternative (Rosen-
bluthh like) analysis the NMC and HERMES data covering the same (x, Q2) range are plotted 
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arationaration of the HERMES and NMC combined CTA/OD data. Existing data from 
otherother experiments are presented as well; the description is found in the caption 
ofof Fig. 5.17. 
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tic c 

versuss e and fitted using Eq. (5.1). The fit performed to the combined set of data yields 
valuess for RN/RD which are compared in Fig. 5.19 to the other two results for RN/RD, i.e. 
thee ones from the fit to the HERMES data only, and the ones from the fit to HERMES data 
withh the value of the cross section ratio at fixed e =1 to the NMC value for F£/F®. In both 
casess the additional information of NMC reduces the error bars. It should be noted that the 
largee lever arm in e created by using both NMC and HERMES data is particularly effective 
inn reducing the uncertainties. The combined fits constrain the results to an average value of 
RA/RDRA/RD = 1.17  0.11, which is very close to the value obtained using the HERMES data 
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alonee which is 1.18 . As expected the fit performed in which the cross section ratio 
iss fixed at e =1 has the smallest uncertainty. But in this case it is implicitly assumed that 
F2

A/F2
DD is Q2 independent. This assumption does not enter in the Rosenbluth-type analysis. 

Thee resulting average RA/RD with this method is 1.14  0.10. The Rosenbluth separation 
cannott be applied to the combined ^Kr and 119Sn data, since there is insufficient overlap 
inn (x, Q2) between the HERMES and NMC data, in particular at low x (see Fig. 5.13). The 
resultss on the Rosenbluth separation performed on the helium and nitrogen (carbon) HER-
MESS and NMC data are presented in Fig. 5.20 as a function of Q2 together with all other 
measurementss of RA/RD on light and medium heavy nuclei. For Q2 values between 0.5 
andd 20 GeV2 and nuclei from 3He to 40Ca, RA is found to be consistent with the Whitlow 
parameterizationn [92], which is dominated by data on the proton and the deuteron. A more 
recentt parameterization of R from Abe et al. [93] exists, which is significantly influenced 
byy the nuclear data. The influence of the choice in the R parameterization is however very 
small.. The average value of RA/RD for light targets (Fig. 5.20) is 0.96  0.03, which does 
nott change if the heavier targets are included in the average. 

5.55 Concluding remarks 

Thee cross section ratios for deep-inelastic scattering from a nucleus A as compared to deu-
teriumm are evaluated from data collected at HERMES on natural Kr, 14N and 3He targets. In 
aa previous analysis of the HERMES data on 14N a nuclear dependence of R was reported. 
Inn this chapter the reanalysis of those data has been presented and newly analyzed data on 
84Krr have been included with the aim to confirm or refute this effect. Furthermore, a pre-
cisee measurement of the inclusive cross section ratios was needed for the normalization of 
thee semi-inclusive data on nuclei which are presented in chapter 6. It has been shown that 
thee extracted cross section ratios, properly corrected for radiative processes and a previously 
unnoticedd detector inefficiency, have the well known behavior of shadowing, anti-shadowing 
andd EMC effect [9, 102] in the various x regions. In addition, the data are found to be con-
sistentt with previously published measurements by NMC and SLAC over the entire x range 
coveredd by the present analysis. Hence, these results supersede the previous ones on 14N, in 
whichh the effect of the photon shower was not corrected. 
Thee Q2 dependence of the cross section ratios is studied for separate x bins and found to be 
negligiblee for light targets (14N and 3He), while the 84Kr data possibly show a weak Q2 de-
pendencee in the lowest x bins. The ongoing analysis of  84Kr data collected at HERMES with 
aa beam energy of 12 GeV will enable us to verify this observation by extending the measure-
mentt of the inclusive cross section ratios to lower Q2 values. 
Fromm the c dependence of the cross section ratios the value of RA/RD, with R =aL/aT, 
iss extracted using three different methods. With a two parameter fit  to the HERMES cross 
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sectionn ratio, the values of RA/RD and F£/F<i are determined simultaneously. From this fit 
thee super ratio RA/RD is found to be compatible with unity, and F^/F® is shown to be in 
goodd agreement with the NMC parameterization of existing data. In a second approach the 
NMCC data are used to fix F^/F® at e =1, and the e dependence is fitted with only one free 
parameter,, yielding a better precision for RA/RD- This method can only be applied if the 
ratioo F£/F£ is assumed to be Q2 independent, which is supported by the 14N data shown 
inn Fig. 5.12. With this assumption a good fit of the 14N data is obtained as illustrated in 
Fig.. 5.14 (dashed lines). For the MKr cross section ratio the weak Q2 dependence mentioned 
abovee makes it impossible to perform a 1-parameter fit. This Q2 dependence might be the 
causee of the deviation from unity of the values of RA/RD extracted for the lower x bins (see 
bottomm panel of Fig. 5.18). 
Becausee of their large kinematic coverage the NMC 12C (4He) data overlap the 14N (3He) HER-
MESS ones in certain (x,Q2) regions. These data are used for a Rosenbluth separation 
too extract RA/RD- This (third) procedure avoids the assumption of F2

A /F° being Q2-
independent,, while still allowing to reduce the uncertainty by exploiting the large lever arm 
betweenn the HERMES and the NMC data in e. The resulting RA/RD ratio is close to unity 
andd is in good agreement with the result obtained by fixing the value of the cross section 
ratioo at e =1, although the errors are larger. The average value for the ratio RA/RD for 14N is 
inn agreement with unity within 20% in the Q2 range between 0.5 and 10 GeV2, independent 
fromm the extraction method applied, as it can be seen from Fig. 5.19. Within the quoted 
uncertaintyy the HERMES data are consistent with the most recent calculation of possible 
mediumm effects on R from Ref. [103]. 
Thiss analysis has extended the range in which JRA is found to be consistent with RD down to 
QQ22 = 0.5 GeV2 (for x = 0.01). Furthermore, it has added significance to the NMC observation 
off  a possible Q2 dependence of the inclusive cross section ratio for heavy targets. 





Chapterr  6 

Attenuationn of hadrons in 84Kr 

VolviturVolvitur tempus rata quidem lege, sed per obscurum: 
quidquid autem ad me an naturae certum sit quod mihi in-
certumcertum est? 

LuciusLucius Annaeus Seneca 
EpistularumEpistularum moralium ad Lucilium 

6.11 Introductio n 

Besidess studies of the internal structure of the nucleon,, deep-inelastic scattering offers a di-
rectt way of studying the space-time development of the hadronization (or fragmentation) 
process,, which is the process by which final-state hadrons are formed from the quark struck 
inn a hard scattering event. The hadron formation time or the corresponding hadron forma-
tionn length can be determined by measuring the effect of secondary reactions of the final 
statee particles in the nuclear medium. In fact, both the propagating quark and the electro-
producedd hadrons can reinteract in the nucleus, leading to dissipation of a fraction of their 
energy.. Hence, such measurements can also give information on the energy loss § of par-
tonss in cold nuclear medium, which is most relevant as a benchmark for studies of relativistic 
heavy-ionn collisions searching for evidence of the Quark-Gluon Plasma. 
Ass an aside, it is of interest to note that there is currently a growing interplay between the 
physicss of hadrons in dense matter, the physics of relativistic heavy-ion collisions, and also 
thee physics of compact objects in astrophysics (which need as input the information gained 
fromm the other two fields). This last connection is mostly related to the study of kaons in the 
nuclearr medium [104]. 
Semi-inclusivee deep inelastic scattering on nuclear targets gives access to quantitative infor-
mationn on secondary partonic or hadronic reactions in cold nuclear matter. By measuring the 
multiplicityy of hadrons produced on a heavy nucleus as compared to that on deuterium, the 
effectt of the secondary interactions is observed as an attenuation of the hadron multiplicity. 

91 1 
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Inn phenomenological approaches of hadron attenuation in nuclei it is assumed that hadrons 
aree absorbed with a probability that depends on their inelastic cross section and on their 
formationn time. The reinteraction probability for hadrons inside the nucleus and the energy 
dissipatedd by the hadron itself is thus reduced if the formation length is comparable to the 
sizee of the nucleus. However, the hadronization process itself when embedded in a nuclear 
medium,, may also be influenced by quark energy loss through multiple scattering and gluon 
radiationn as the quark propagates through the medium. The nucleus in these examples thus 
actss as a kind of passive 'detector' for any possible reinteraction at the scale of a few fem-
tometer. . 
Thee various interactions within the nucleus result in a depletion (i.e. nuclear attenuation) 
off  the energetic hadrons as compared to interactions with an elementary target. Hence, the 
fastt forward hadron multiplicity is reduced, an effect which increases with the size of the 
nucleus. . 
Att present the formation time of a hadron is not calculable in QCD, as the hadronization pro-
cesss takes place at a scale where perturbative field theoretical techniques are not applicable. 
Therefore,, at the moment, the distribution of hadrons produced in deep-inelastic scattering 
andd a possible modification of this distribution in nuclear matter can only be calculated with 
helpp of phenomenological models. 
Ass was already mentioned before, the hadronization process in die medium needs to be un-
derstoodd in order to be able to interpret certain aspects of relativistic heavy-ion collisions. 
AA modification of hadronic spectra is believed to be one of the expected signatures of the 
transitionn from cold nuclear matter to a deconfined Quark-Gluon Plasma. 
Semi-inclusivee deep-inelastic lepton-nucleus scattering provides a clean tool for the study of 
quarkk and hadron propagation effects. In contrast to hadron scattering, in DIS no deconvo-
lutionn of the distributions of projectile and target fragments has to be made. Therefore, the 
comparisonn of hadron multiplicities extracted from DIS of leptons on various nuclei offers 
thee best way to obtain information on the formation time of hadrons and the associated par-
tonn energy loss [105, 106]. 
Inn this chapter results are presented of semi-inclusive DIS experiments on 14N and 84Kr, 
whichh are used to study the attenuation of various (identified) hadrons in nuclear matter. The 
resultss are compared to various model calculations to extract information on parton energy 
losss and hadron formation times. The chapter is organized as follows. In section 6.2 the 
definitionn of the attenuation ratio is given together with the description of the extraction pro-
cedure.. In the same section also the event selection and kinematic restrictions are addressed, 
followedd by the treatment of the radiative and photon shower corrections. In order to obtain 
separatee data for pions, kaons and protons a Ring Imaging Cerenkov detector (RICH) is used 
forr particle identification, which is the subject of subsection 6.2.4. The systematic uncer-
taintiess on the attenuation ratios are evaluated in section 6.3 and the results are presented 
inn section 6.4. In section 6.5 phenomenological models are used to fit  the data and extract 
informationn on the formation times of various hadrons. Next, in section 6.6 existing QCD 
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basedd model predictions are compared to the results of this analysis, and the A-dependence 
off  the attenuation effects is discussed. Conclusions are drawn in section 6.7. 

6.22 Attenuation ratio 

Thee attenuation ratio is a function of four variables: the leptonic ones (x,Q2) and the hadronic 
oness (z,pj<). AS the data are only weakly dependence on Q2 and p%. the attenuation ratio R t̂t 

iss integrated over these two variables and it is expressed as a function of (x,z) (or equivalently 
(v,z))(v,z)) as already shown in Eq. (2.22) 

*$*(">*)*$*(">*)  = 
11 rf 2 

0SIDIS S 

<7DIS(I/)) dvdz 

11 d2, 0SIDIS S 
1 -1 1 

^DIS(^)) dvdz 
(6.1) ) 

cann be separated into two terms: the ratio of inclusive DIS cross sections, which is calculated 
accordingg to Eq. (5.6), and the ratio of SIDIS cross sections expressed as 

gS.D155 /jyv ^ 
„SIDI SS — I vSIDIS } ' „D  ' ^ O Z ' 
aaT>T> \ r D Zmeaa Vinel 

wheree y^1DIS represents the luminosity-normalized yield for SIDIS on nucleus A, and the 

termm ^jnei = - ^ — ^ - accounts for the inelastic radiative background only, since elastic 
andd quasi-elastic radiative processes do not contribute in semi-inclusive DIS. The ratio of 
inclusivee DIS cross sections as expressed by Eq. (5.6) already includes the proper treatment 
forr the subtraction of radiative effects. In the semi-inclusive case a multiplicative term is 
usedd for the radiative correction. This is due to the absence of a proper parameterization of 
thee semi-inclusive Born cross section, which is needed as input of the TERAD code to extract 
thee value of the radiative contributions. For the inclusive case, parameterizations for targets 
off  similar atomic number from other experiments are used, but for the semi-inclusive cross 
sectionn o-|mis no such parameterization exists. The best knowledge on radiative corrections 
forr semi-inclusive processes is therefore obtained by using a relative value of the radiative 
correctionn factor, i.e. r/jnel, as used in Eq. (6.2). The evaluation of the multiplicative factor 
Tfineii  is discussed in section 6.2.2. 

6.2.11 Event selection 

Thee analysis of the SIDIS data presented in this chapter is based on the sample of unpolarized 
84Krr and polarized D data described in section 5.2. The same data quality criteria have been 
appliedd as for the inclusive analysis. The kinematic constraints on the DIS lepton and the 
PIDD requirements are also the same as those presented in section 5.2, except for the Q2 range 
whichh is limited to values above 1 GeV2 for the present analysis to ensure the applicability of 
variouss models when interpreting the results. The virtual photon energy v is required to be 
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sufficientlyy high (> 7 GeV) to avoid correlations between the values of the variables v and 
zz (see section 6.4). The restrictions on Q2 and v imply a limit on the value of the Bjorken 
scalingg variable x, i.e. x > 0.02. 
Thee analysis has been performed for charged hadrons, which are identified with the PID 
detectorss by requiring PID < -1, and for charged pions, kaons and (anti)protons using the 
RICHH unfolding procedure (see section 6.2.4), Hadrons are required to have a sufficiently 
largee fraction of the virtual photon energy to increase the probability that they carry the struck 
quark,, z > 0.2. This limit sets the lower momentum of identified hadrons to Ph > 1.4 GeV, 
whilee for the separation of pions, kaons and (anti)protons the momentum range is limited by 
thee RICH momentum thresholds1: 2.5 < Pn,K < 15 GeV and 4 < Pp{p) < 15 GeV. The 
semi-inclusivee kinematic constraints for hadrons are summarized in the following list: 

•• PID < - 1 

•• z > 0.2 

•• v > 7 GeV 

Forr hadrons which are identified as charged pions, kaons or (anti)protons, the following 
additionall selection criteria apply: 

•• RICH unfolding identification 

•• smRICH. rQp > 0 (see section 6.2.4) 

•• 2.5 < P*,K < 15 GeV 

•• 4 < Pm < 15 GeV 

Thee total number of events that remain after the application of these requirements is given in 
tablee 6.1. It is noted that the selection criteria presented in this section for semi-inclusively 
producedd hadrons on 84Kr are similar but not identical to those used in Ref. [20] for hadrons 
producedd on 14N. An additional restriction was imposed on the x range of the 14N data, 
i.e.. x > 0.06, in order to avoid the region where the photon shower inefficiency cannot be 
neglected.. Furthermore, in the 14N sample pions could only be identified in the momentum 
rangee of 4 < Pn^K < 13.5 GeV since the threshold Cerenkov detector was installed at 
thatt time in the HERMES spectrometer instead of the RICH. Therefore, no identification of 
kaonss and (anti)protons was possible on 14N. For these reasons the comparison of 14N and 
84Krr results is limited to multiplicity ratios for hadrons and identified pions2. 

11 After the completion of this analysis it has been shown that the pion momentum range can be extended 
downn to 0.6 GeV [107]. 

2Itt has to be noted that the pion momentum range and x cut are different for the two data sets. 



Attenuationn of hadrons in ^Kr 95 5 

DIS DIS 

h h 

IT IT 

K K 

PP + P 

MMKx Kx 

804599 9 

174647 7 

111482 2 

18702 2 

10546 6 

D D 
628577 7 

176894 4 

118408 8 

18224 4 

9307 7 

Tablee 6.1: The number of DIS and SIDIS events that are used in the present analysis after 
thethe application of data quality criteria and kinematic constraints. The numbers of 
pions,pions, kaons and (anti)pwtons have been obtained with the RICH unfolding proce-
duredure described in section 6.2.4. 

6.2.22 Radiative corrections 

Thee evaluation of radiative corrections for the inclusive DIS cross section ratio (Eq. (5.6)) is 
addressedd in section 5.2.2. It is noted that due to the more restricted kinematic range of the 
semi-inclusivee data the inclusive radiative corrections that need to be applied in this case are 
smallerr than the corrections applied in the inclusive case discussed in the previous chapter. 
Thee measured ratio of SIDIS yields also has to be corrected for radiative processes using 
Eq.. (6.2). These corrections are also calculated with the TERAD code, which is a code 
developedd for inclusive DIS, and therefore it does not account for the z dependence of the 
radiativee corrections. Due to the requirement that a produced hadron is also detected the 
phasee space of the radiated photon can be slightly different from that in the inclusive case and 
mayy thus depend on z. To account for this effect, an additional multiplicative correction is 
calculatedd using the SIRAD code [108], which was specifically developed for the evaluation 
off  radiative corrections in semi-inclusive deep inelastic scattering on hydrogen. This code 
properlyy treats the z dependence of the radiative correction. The total radiative correction of 
thee semi-inclusive cross section ratio is obtained by multiplying the TERAD based correction 
alreadyy presented in Eq. (6.2) by the one resulting from SIRAD (£SIRAD) 

^SIDIS S 

-SIDI S S 
" D D W D I SJ J 

^inell  c 
''  - g - *«IRAD -

meass 'inel 
(6.3) ) 

Thee value of the attenuation ratio R*tt is obtained by taking the ratio of Eq. (6.3) and Eq. 
(5.6).. The values of the SIRAD corrections range between 2.3% and 0.2% for R t̂t{i^), and 
betweenn 3.1% and 2.5% for Rltt{z). 
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Figuree 6.1: Ratio of efficiencies for the detection of DIS events on krypton and deuterium in 
thethe v range covered by the semi-inclusive analysis. 

6.2.33 Photon shower corrections 

Ass discussed in section 5.2.1, the DIS cross section has to be corrected for the inefficiency 
causedd by the photon shower effect. As for the radiative corrections also the photon shower 
correctionss are much smaller in the present semi-inclusive analysis, reaching a maximum 
off  7% in the highest u-bin (which corresponds to the lowest x value). The photon shower 
correctionn for each i^-bin of the present analysis has been calculated separately and is shown 
inn Fig. 6.1. 
Thee topology of the photon shower effect is such (as explained in section 5.2.1) that the 
resultingg inefficiency only affects elastic and quasi-elastic events. Therefore, the number of 
hadronss (inelastic events) reconstructed in the detector does not suffer from this inefficiency. 
However,, there is the possibility that semi-inclusive events in which a 7r° meson decays 
intoo two photons cause similar inefficiencies for the number of hadrons reconstructed. This 
effectt has been investigated using the special //DST production used to tune the Monte Carlo 
forr the photon shower correction. In this special production the lost events in one half of 
thee detector are partially recovered by considering the two detector halves independently as 
describedd in section 5.2.1. When requiring a hadron to be found in coincidence with the 
scatteredd positron (hadron tagging method) the data selected are by definition inelastic. The 
inefficiencyy for this data set has been studied in the x range covered by the semi-inclusive 
analysiss (0.02 < x < 0.9) for both the deuterium and krypton targets by taking the ratio of 
semi-inclusivee yields used in the present analysis and those derived from the aforementioned 
speciall  //DST production. The resulting inefficiencies, plotted in Fig. 6.2, are about 10% 
forr each gas target. The ratio £SIRAD of hadron-tagged (inelastic) events has an average 
valuee of 1.0099  0.0076, which implies that the inefficiencies cancel at the 1% level. This 
additionall  inefficiency is treated as a contribution to the systematic uncertainty, as the size of 
thee correction is similar to the uncertainty by which it can be evaluated. 

0.95 5 

0.9 9 

nn  oc 
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Figuree 6.2: Efficiency for the detection of hadrons produced on deuterium or krypton (top 
panel)panel) and the ratio ofhadron detection efficiencies on siKr and D (bottom panel) 
inin the x range covered by the semi-inclusive analysis. The effect of the two ineffi-
cienciesciencies cancels in the ratio at the 1 % level. 

6.2.44 RICH unfolding procedure 

Thee separation of charged pions, kaons and (anti)protons is obtained with the RICH unfold-
ingg procedure using the Inverse Ray Tracing (IRT) method as described in subsection 3.2.2. 
Too each identified track a vector of probabilities is associated. The components of the vector 
representt the probability that the identified particle is either a true pion, kaon or (anti)proton, 
dependingg on the average reconstructed Cerenkov angles in the gas and the aerogel radiators. 
Inn order to explain better the adopted procedure an example is given for the particular case 
off  an identified pion: if the RICH identifies a pion (smRICH. i T y pe = 3) the vector I of 
Eq.. (3.12) becomes 

'J,'J, 1 
IK IK 

h h 
[ix[ix  _ 

''  1 " 
0 0 
0 0 
00 . 

(6.4) ) 
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Figuree 6.3: Semi-inclusive hadron yield on deuterium in three different periods of data taking, 
whichwhich correspond to about 1500 runs each. The yield is found to be constant to 
withinwithin 1%. 

andd the product Q • I of Eq. (3.12) only yields 3 non-zero matrix elements, which correspond 
too the probabilities for the identified pion to be a true pion, kaon or (anti)proton, 

[N[Nnn,N,NKK,N,Npp}} = [Ql,Ql,Q;]. (6.5) ) 

Thee same vector is calculated for each track and the total number of pions in a given data 
samplee results from evaluating the sum X^ N% over all tracks. 
Too ensure a good performance of the RICH identification procedure a quality parameter is 
definedd (smRICH. rQp) as the logarithm of the likelihood ratio between the most likely 
hadronn and the second most likely hadron identified. For a good hadron identification this 
parameterr is required to be larger than zero. 

6.33 Systematic uncertainty 

Mostt of the systematic uncertainties related to the detector acceptance, reconstruction effi-
cienciess and the particle identification procedure cancel in the ratio R%u. Due to the different 
calorimeterr thresholds used when collecting the 84Kr and D data (3.5 GeV for 84Kr and 1.4 
GeVV for D) an identical threshold of 3.5 GeV has been applied in the present analysis for the 
twoo targets. Increasing the threshold from 3.5 GeV to 5 GeV has an effect of only 0.2% on 
thee extracted value of R^tt. 
AA reproducibility check has been performed on the D sample which was collected over a 
longerr period of time. The total data sample has been divided in three subsamples of about 
15000 runs each. The variation of the deuterium yield over these 3 periods is about 1%, as 
shownn in Fig. 6.3. This systematic uncertainty accounts for possible variations of the detec-
torr acceptance and the detector efficiency with time. 
Thee uncertainty of the radiative corrections associated with the use of the TERAD code was 
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evaluatedd in section 5.2.2 to be 1.4%. An additional systematic uncertainty comes from the 
applicationn of the SIRAD code connected to the differences found when different fragmen-
tationn function and distribution function parameterizations are used in the code (0.6%). The 
evaluationn of the photon shower effect on the attenuation ratio brings an uncertainty of 0.4%. 
Thee effect of the hadron detection efficiency on the ratio is 1%, as shown in Fig. 6.2. 
Moreover,, there is a contribution to the total systematic uncertainty due to decay pions from 
diffractivee po production which contaminates the hadron and pion attenuation ratios. This 
uncertaintyy has been estimated to be about 2.0%. From all the contributions described above 
thee total systematic uncertainty has been calculated to be (on average) 3.3%. Table 6.2 sum-

Source e 

Diffractivee po 

RCC (TERAD) 

RCC (SIRAD) 

Photonn shower effect 

Hadronn eff. ratio 

Reproducibility y 

Singlee [ Sum 

errorr in % 

2.0 0 

1.4 4 

0.6 6 

0.4 4 

1.0 0 

1.0 0 

Total l 

2.0 0 

2.0 0 

1.4 4 

1.0 0 

3.3 3 

Tablee 6.2: Sources of systematic uncertainties on R t̂t. The numbers given have been averaged 
overover the entire v and z coverage of the present data. The second column gives 
singularsingular contributions; in the third column the correlated ones are summed linearly. 

marizess the individual systematic uncertainties and their average effect on the attenuation 
ratioo flik. 
Inn addition to the sources of systematic uncertainties mentioned above, the uncertainty re-
latedd to the RICH unfolding procedure needs to be added (when the RICH information is 
used).. To estimate this contribution two methods have been used: propagation of the error 
fromm the P to the Q-matrix, and comparison of attenuation ratios extracted with and without 
unfoldingg procedure. The total systematic uncertainty due to the RICH unfolding is taken 
too be the largest of these two contributions. In the first method, the statistical Monte Carlo 
basedd error is taken for the elements of the P-matrix, which is propagated to the Q-matrix 
forr ^Kr and D, respectively. The systematic uncertainty on the attenuation ratios of pions, 
kaonss and anti(protons) has been evaluated using the errors on the Q-matrix. In the second 
methodd the uncertainty is evaluated by taking the ratio of the results for R*tt obtained with 
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andd without the unfolding procedure. The two methods lead to similar uncertainties, and the 
largestt is assigned as systematic error for each particle type. The total systematic uncertainty 
iss 3.9% for pions, 4.2% for kaons and 3.9% (7.2%) for protons (antiprotons). This number is 
thee sum in quadrature of the RICH systematic uncertainty and the total uncertainty on R%u 

off  3.3% described above. 

6.44 Results 

Thee results for the multiplicity (or attenuation) ratio R%tt on ^Kr are presented in Fig. 6.4 
ass a function of v. The data are shown separately for positive and negative pions and kaons, 
andd for protons and anti-protons. The separation between different particle types is achieved 
byy unfolding the RICH information in the momentum range between 2.5 and 15 GeV for 
mesons,, and 4 to 15 GeV for baryons. 
Withinn errors the multiplicity ratios for positive and negative pions are found to be equal 
implyingg that there is no charge dependence of the pionn attenuation ratio. Also, it is observed 
thatt the attenuation for negative kaons is similar to that of the pions, while the positive kaons 
aree seen to be somewhat less attenuated. 
Thee observed attenuation of protons is much smaller than the one of anti-protons, i.e. Rlu > 
RÏRÏtttt.. This can be partially explained by noting that the interaction cross sections a(pd) and 
cr(pd)cr(pd) differ by about a factor 3 at the energies of interest. If the hadron is formed well inside 
thee nucleus the interaction probability for a proton is smaller than that of an anti-proton, 
resultingg in substantially more nuclear absorption or rescattering, and thus a smaller value of 
R%R%tttt.. Alternatively, the data may indicate different modifications of the quark and anti-quark 
fragmentationn functions in nuclei [109]. 
Thee bottom panel of Fig. 6.4 shows the variation of the average values of Q2 and z in the v 
rangee covered by the data. Note that the different values given for z for either (anti)protons 
orr mesons arise from the different average energies of mesons and baryons. 
Fig.. 6.5 shows the z dependence of the same data sample3. It is seen that pions and negative 
kaonss have the same z dependence. The values for the multiplicity of positive kaons are 
systematicallyy above the ones of negative kaons. According to Ref. [110, 111, 104] (and 
others)) positive and negative kaons are subject to opposite in-medium effects: in nuclear 
matterr the K+ feels a weak repulsive potential, whereas the K~ feels a strong attractive 
potential.. As a result the K+ mesons are less sensitive to rescattering effects in dense matter. 
Forr this theoretical prediction supportive evidence is found from the heavy-ion experiment 
describedd in Ref. [112], This effect might also be at the origin of the observed difference 
inn the multiplicity ratios for K+ and K~ presented in Fig. 6.4 and Fig. 6.5, but explicit 
calculationss applied to the present experiment are not available. 

3Tabless reporting the values of ft£tt in Fig. 6.4 and Fig. 6.5 can be found on the web site: 
http://www.nikhef.nl/~erikag/Analysis/hadron-attenuation.htrnl. . 

http://www.nikhef.nl/~erikag/Analysis/hadron-attenuation.htrnl
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Figuree 6.4: Multiplicity ratio for identified positive and negative pions and kaons, and for 
protonsprotons and anti-protons versus vfor MKr compared to D. The outer error bands 
areare the sum in quadrature of statistical (inner bands) and systematic uncertainties. 
TheThe bottom panel shows the average values for the other two kinematic variables 
(z(z and Q2) governing the hadronization process. 

Protonss and anti-protons have a quite different z dependence. The anti-proton attenuation 
rati oo is almost constant in z, while the proton attenuation rati o rises above unity at low z. 
Possiblee causes of this rise are addressed below. 
Att  high z (z > 0.5) the hadron is most likely to carry the struck quark (leading hadron). 
Inn the case of an anti-proton the struck quark must be an anti-quark . Under  the assumption 
thatt  factorization holds for  the HERMES kinematics, the multiplicit y distributio n of anti-
protonss thus gives direct information on the essentially unknown fragmentation function of 
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Figuree 6.5: Multiplicity ratio for identified positive and negative pions and kaons, and for 
protonsprotons and anti-protons versus zfor 8iKr compared to D. The outer error bands 
areare the sum in quadrature of statistical (inner bands) and systematic uncertainties. 
TheThe bottom panel shows the average values for the other two kinematic variables 
(v(v and Q2) governing the hadronization process. 

anti-quark ss forming anti-protons, Dp
q(z) [10]. This subject is not further  pursued as the 

determinationn of absolute multiplicitie s is beyond the scope of this analysis. 

Protonn rescattering 

Too understand better  the behavior  of the proton multiplicit y ratio in the region where RP
M 

becomess larger  than unity, the corresponding v and z dependence are also evaluated with 
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differentt kinematic restrictions. For the v dependence the lower z limit is changed from 0.2 
too 0.5. This requirement selects fast forward hadrons only, implying that the detected proton 
mostt likely contains the struck quark. The result is plotted in the left panel of Fig. 6.6, and 
showss that the attenuation of fast protons does not exceed unity. On the other hand, limiting 
thee virtual photon energy range to 7 < v < 16 GeV gives the same proton attenuation ratio as 
inn the range 7 < v < 23 GeV, as shown in the right panel of Fig. 6.6. These results strongly 
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Figuree 6.6: Proton multiplicity ratio versus v (left) for different z cuts, and versus z (right) for 
differentdifferent v cuts. 

suggestt that the enhancement of RV
M at low z and high v is indeed related to possible rescat-

teringg contributions, leading to additional low z protons also showing up at high v. 
Anotherr possibility for selecting leading hadrons is offered by increasing the lower limit on 
thee invariant mass squared of the proton-lepton system W2 from 4 GeV2 to a higher value 
suchh as 10 GeV2. However, as 98% of the DIS events anyhow have W2 > 10 GeV2 this re-
quirementt is not very effective. For the same reason it is not possible with the HERMES data 
too investigate the attenuation ratio in the resonance region (1 < W2 < 4 GeV2). 
Thee processes responsible for the values of i?£tt > 1, could be inelastic rescattering of pri-
maryy hadrons (i.e. pions) on the target protons. Processes of this kind are clearly more likely 
too happen in a heavy nucleus since in deuterium there is only one proton available for such a 
rescatteringg process. 
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6.55 Formation time fits 
Ass discussed in sections 2.2.3 and 2.2.4, essentially two types of models are available to 
describee the phenomenon of hadron attenuation. In the first type, the interactions of the 
hadronn constituents and of the formed hadron with the nuclear medium are modeled in a 
semi-classicall  phenomenological approach, in which the nuclear absorption is the dominant 
mechanism.. As a result the attenuation is expected to scale with the nuclear radius, i.e. A1?3. 
Onn the other hand there are models which are based on a QCD description of the hadro-
nizationn process in which parton energy loss induced by gluon radiation is the dominant 
mechanism.. This class of QCD based models predict a dependence of the attenuation on the 
squaree of the nuclear radius, i.e. A2?3. 
Inn this section the phenomenological approach is used to fit the attenuation ratios, while in 
thee next section available calculations from both types of models are compared to the HER-
MESS data. At the end of that section the dependence of the attenuation on the nuclear mass 
AA is evaluated as a further means to distinguish between the two proposed mechanisms. 
Underr the assumption that nuclear absorption is the dominant cause of attenuation for lead-
ingg hadrons, the formation time constants for the various hadrons can be determined by 
fittingg the measured multiplicity ratios for z > 0.5 using Eq. (2.23). These fits serve var-
iouss purposes: they provide a convenient parameterization of the data, and they enable us 
too investigate the validity of the assumption that nuclear absorption is the dominant (if not 
thee only) contribution to the hadron attenuation. This assumption is confirmed if the same 
formationn time constants (c ,̂ or k and crs) are found for different nuclei. The third purpose 
off  the fits is to provide a -model dependent- estimate of the average hadron formation time 
whichh is a useful number for other applications. 
Whenn evaluation the formation time fits, two different approaches are considered when de-
scribingg the data. These two approaches, which correspond to different assumptions often 
usedd in model calculations, are discussed separately below. 

One-timescalee model 

Inn the first approach the hadron formation time is parameterized by a one-timescale model 
wheree r/ is the time needed to form an object which interacts with a cross section 07, with 
thee nucleons in the nucleus. For the expression of the formation time T/, which is needed 
too evaluate the survival probability in Eq. (2.23), the following form is taken (suggested by 
manyy theoretical models describing the hadron formation at high 2 [18, 19,22, 26]): 

TTff = ch u(l - z), (6.6) 

wheree the formation time constant c/, (expressed in fmGeV_1c-1) is the only free parameter 
inn the fit. In this approach the quark-nucleon cross section oq is set equal to zero, as was also 
assumedd by previous analyses [78, 113]. 
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7TT + 

7T~ ~ 

K+ K+ 

K-K-

P P 

P P 

cchh [fm GeV-^-1] 

1.499  0.09 

1.688  0.13 

1.233  0.21 

0.733 9 

3.344  0.60 
2.133 7 

sys s 

0 0 
0 0 

5 5 

0 0 

0 0 

0 0 

Tablee 63: Fitted values of the formation time constant c/, using a one-timescale model fit with 
aa 3pG parameterization of the ^Kr matter density. Only leading hadrons (i.e. with 
zz > 0.5) are used in the fit. The third column reports the systematic errors. 

Ass it is often assumed in string model calculations that the string cross section is equal to the 
hadronn cross section a^, the present approach does not distinguish between string-like and 
hadron-likee interactions with the nuclear medium. For ah different values are used for the 
differentt hadron types: 

Ov+Ov+ = &„-  - 25 mb; aK+ = 17 mb; aK- = 23 mb; ap = 35 mb; ap = 60 mb. 

Thee ^Kr density distribution which is needed in these fits (see Eq. (2.24)), has been de-
rivedrived from existing electron scattering data off the neighboring nuclei  76Ge and 88Sr. The 
MKrr matter density is extracted by interpolating between the two known charge distribu-
tions,, correcting for different core polarization distributions [11]. The obtained distribution 
iss described with a 3-parameter Gaussian (3pG) function 

ll  + wfeY 
P*VG(T)P*VG(T) = Pol + eir2-c2)/z,, (6-7) 

inn which the radial distance r = y/b2 + y2 is determined by the transverse and longitudinal 
coordinatess (b, y). The values obtained for the free parameters are respectively: c = 4.47
0.499 fm, z - 2.52  0.10 fm and w = 0.26 , implying a matter density of p0 =0.163 

 0.015 fm-3 [11]. Note that the normalized matter density is actually used in the fits: p'0 = 
po/844 fm~3. As an alternative a 2-parameter Fermi (2pF) function has also been used to fit 
thee nuclear matter density distribution: 

PWWPWW = *>l + e(r-rK,) /- - ( 6 ' 8 ) 

Thee values obtained for the nuclear radius and the surface thickness parameter for ^Kr are 
[11]:: rKT = 4.86  0.07 fm and a0 = 0.53  0.03 fm, respectively, implying an integrated 
matterr density of po = 0.157  0.005 fm-3. The formation time constants c/, extracted using 
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Figuree 6.7: Multiplicity ratios for pions, kaons and (anti)protons as a function of z for siKr. 
TheThe data are compared to curves obtained using the values reported in table 6.3 at 
anan average v value of 13 GeV in a one-timescale model. Only data above z > 0.5 
havehave been included in theft (solid lines). In each panel the dash-dotted (dashed) 
lineline is the extrapolation to low z values of the fit for the positive (negative) hadron 
typetype represented by the closed (open) symbols. 

thesee two parameterizations are in agreement to within 1%. In table 6.3 the values for ch 

extractedd with the 3pG function are reported. The systematic uncertainty in the third column 
off  table 6.3 is obtained by repeating the fit  with all the data simultaneously increased or de-
creasedd by their total systematic uncertainty. 

Thee curves corresponding to the fits obtained with the matter density represented by Eq. 
(6.7)) are presented in Fig. 6.7. The fits describe the z dependence of all data above z = 0.5 
well.. By extrapolating the fits to lower z values it is observed that the fit  agrees with the 
pionn data, while for kaons and especially for protons the fit clearly underestimates the data 
att low z. As was argued in section 6.4 the relative enhancement of Rp

Att for low-z protons 
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iss possibly caused by rescattering effects in the nucleus. However, as the formation time fits 
cann only account for loss of strength, an extension of the model is needed to account for any 
low-22 enhancement. 
Thee high-2 results can be used to study the effect of nuclear absorption on the various hadrons 
andd make relative statements. It is observed that the values of c„+  and c*- are in good 
agreementt with each other and are slightly higher than (but within errors in agreement with) 
thee values found in a previous analysis of hadron attenuation on 14N: c„+  = 1.37  0.18 
fmm GeV^c"1 and c -̂ = 1.38  0.21 fm GeV"1^1 [20]. The agreement found for c*  as 
derivedd from two very different nuclei is an important result, since it seems to support the 
(relativelyy simple) treatment of the hadron attenuation effects in terms of nuclear absorption. 
Moreover,, these numbers are also in agreement with the theoretical calculation of cn in the 
frameworkk of the gluon Bremsstrahlung model for high-2 pions: cw = 1.35 fm GeV-1c_1 

[29].. It is noted, however, that in the model calculation of Ref. [29] the dominant source of 
attenuationn is nuclear absorption rather than gluon Bremsstrahlung. 
Thee results for the K~ and K+ mesons are seen to have on average somewhat smaller for-
mationn time constants as compared to those of the pions. Although the large statistical un-
certaintyy of the K~ sample does not lead to a well constrained fit, the results suggest a lower 
valuee for cK- than for CK + • This difference might be related to the previously mentioned nu-
clearr medium effects on the K+N and K~N interactions, i.e. the possibility that the values 
off  aK + and aK- are medium dependent, as suggested by the GSI observation of Ref. [112]. 
However,, the differencee between the values of cK- and cK+ is only about 2.5a. 
Thee values of Cp and Cp indicate a longer formation time for these baryons than for the 
mesons,, which would confirm, at least qualitatively, the speculations on such formation time 
differencess mentioned in [20]. It is noted that a value of ch which is larger for baryons than 
forr mesons is certainly in contrast to the first pioneering estimates of TJ which assumed a 
l/rrihl/rrih dependence [21]. More data are needed to confirm this result and enlarge the signifi-
cancee of the difference between Cp and c .̂ 
Iff  protons have a longer formation time, the effect could also be visible for other baryons, 
suchh as the A-hyperon. A first indication of the A attenuation was obtained in a preliminary 
analysiss of HERMES data [114] on the A yields on D, 3He and 14N target as compared to lH. 
Thee results are shown in the middle panel of Fig. 6.8. Unfortunately, the limited statistics 
enforcedd an integration over v and z. Moreover, the small A coverage of the data does not al-
loww to make conclusive statements on the subject. The same applies to the slight increase of 
thee K, and A multiplicity ratios with A shown in the top and bottom panel of Fig. 6.8. More 
statisticss are needed before firm conclusions can be drawn. At HERMES it will be possible 
too obtain a considerable improvement of the statistics of A hyperons with the new Lambda 
Wheels.. If such data are collected with heavy target gases such as ^Ar and 131Xe, a detailed 
studyy of A attenuationn in nuclei can be performed, thereby also increasing the statistics for 
kaonss and (anti)protons. 
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Figur ee 6.8: A-dependence of the multiplicity ratio for identified A and K-hyperons, as ex-

tractedtracted from the analysis reported in [114]. 

One-timescalee model with string interaction 

Thee one-timescale model fits discussed on the previous pages are based on the assumption 
thatt the pre-hadronic string-like state interacts with the same cross section as the hadronic 
state,, while the initial quark-like state has a vanishing interaction cross section. The for-
mationn time obtained can be interpreted as the time needed until the pre-hadronic string-like 
statee is formed, but there is no distinction between the pre-hadronic state andd the final hadron. 
Ass the initial quark-like interaction is set to zero, the observed hadron attenuation is entirely 
attributedd to conventional nuclear absorption processes. However, it can be argued that this 
iss an extreme case, as the quark and string-like contributions need not be zero. In fact, it is 
veryy important to study this aspect in more detail since at least one theoretical model [30] 
attributess essentially all of the observed attenuation to partonic interactions. For that reason 
aa second type of fit  has been performed assuming that the pre-hadronic state interacts with 
thee medium with a cross section as different from zero4. 
Differentlyy from the string model described in section 2.2.3, in the present approach the pre-

4Ideallyy one could even assume separate values for as and aq, but the statistics of the data are not sufficient 
too obtain uncorrelated values for more than 2 parameters. 
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Figur ee 6.9: Representation of the parameters used in the one-time model fits without (left) and 

withwith (right) a pre-hadronic state interaction. 

hadronicc state (or string) is supposed to be formed immediately after the quark is struck (at 
aa time rc = 0 in the LUND string model language). The string interacts with a cross section 
aass,, and after a total time rs the hadron is formed. After its formation the hadron is subject to 
nuclearr absorption which is evaluated using the same description as previously. The present 
approachh is an extreme case as well, in which the interaction of the struck quark is neglected 
(orr -equivalently- set equal to the string interaction). In this framework the formation time is 
expressedd in terms of the string constant k (expressed in GeV c fm-1) 

T,, = £ ( 1 - Z ), (6.9) 

too reproduce the z dependence of the data. Using this expression a two-parameter fit can be 
performedd with k and as as free parameters, which can be extracted from the HERMES data. 
Fig.. 6.9 summarizes the parameters involved in this type of fit as compared to the ones of 
thee fit previously described. This approach cannot be directly compared to the LUND string 
modell  described in section 2.2.3, since in the approximation TC = 0 the model of Ref. [19] 
givess a different z dependence, i.e. T; ~ z. Here, it has been chosen to use Eq. (6.9) instead 
too ensure a reasonable description of the data. 
Accordingg to the string model the value of the effective string constant should be the same 
forr all mesons, while it should be different for baryons. The same should be true for the 
stringg cross section. Therefore, a combined fit to the 84Kr data is performed using either all 
mesonn or all baryon data together. The two resulting curves are compared to the data for 
mesonss and baryons, respectively, in the top and bottom panel of Fig. 6.10. Again, while for 
zz > 0.5 the curves describe the data fairly well, the extrapolation of the fit  to lower values of 
zz shows the limitation of this leading hadron analysis. It is noted that the fit  to the mesons 
iss entirely governed by the pion data5, while the baryon fit is strongly driven by the proton 
data.. It is still preferable to combine the data in the way suggested by the string model in 
vieww of the physical meaning of the extracted quantities. 

5Separatee fits to the pion and kaon data were also performed. The results are kn = 0.28  0.06 GeV c fm~' 
andd a* = 4.1  0.7 mb for the fit  to the pion data; and for the kaon data kx = 0.17  0.27 GeV c fm_1, and 
(7**  =4.1 . 
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Figuree 6.10: Multiplicity ratios for pions, kaons and (anti)protons as a function of z. The 
solidsolid lines are fits obtained with the one-timescale model with string interaction 
forfor different hadron types. Only data above z > 0.5 are used in the fit. The 
dasheddashed lines are extrapolations of the fits to lower values of z. 

Thee extracted values for k and as are listed in table 6.4. For the string cross section as there 
iss good agreement between the meson and baryon data, even if as is not expected to be equal 
inn the two cases. The string constant k for mesons is seen to be larger than the value of k for 
baryons,, which is related to the observed shorter formation time of the mesons as compared 
too that of the baryons. In fact in the limit of as = 0 the string constant k is equal to l/ch. 
AA mass dependence of k is foreseen by the LUND model: it is expected that baryons have 
aa longer formation time than mesons [115], corresponding to a smaller string constant. The 
latterr prediction is confirmed by the fitted values of the string constants presented in table 
6.4. . 

Forr comparison the same fit has also been performed for the published 14N data [20] both 
forr pions and for all hadrons combined. The results of these two fits are also reported in 
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Mesons s 

Baryons s 

MKr r 

kk [GeV c far1] 

0.288  0.06 
0.111 4 

aaaa [mb] 

4.22  0.7 

4.33  1.5 

Pions s 

Hadrons s 

1 4N N 

kk [GeV c fra"1] 

0.122 4 

0.111 4 

ooss [mb] 

2.77  0.6 

2.11 5 

Tablee 6.4: Values for the string tension k and the string cross section a9 for mesons and 
baryonsbaryons as extracted from a fit using the one-timescale model with string inter-
actionaction and the MKr data shown in Fig. 6.10. On the right the results for pions and 
allall  hadrons as extracted from a similar fit to the HERMES UN data [20] are listed. 
OnlyOnly leading hadrons (i.e. with z > 0.5) are used in both fits. 

tablee 6.4. The results for mesons on ^Kr and pions on 14N can be directly compared and are 
expectedd to be the same if the effect of the nuclear medium is properly accounted for, and k 
andd aa only characterize the hadronization process. Instead, a significant difference for both 
thee value of the string constant and the string cross section are observed between the two gas 
targets.. This result provides first evidence that phenomenological models based on nuclear 
absorptionn do not reproduce the ^.-dependence of the HERMES attenuation data. This point 
iss further discussed at the end of the next section when the A-dependence of the #a tt data is 
discussedd explicitly. 

Comparingg the results of the two types of formation time fits presented in this section, 
andd in particular the values extracted for ch and A;, it is seen that these type of fits only yield 
modell  dependent values for the hadron formation time. By comparing, for instance, the value 
off  cw from table 6.3 to the value of 1/fc = 3.6 GeV c far1 for mesons from table 6.4, a factor 
off  about 2.5 is found between the pion formation time T/ as calculated with Eq. (6.6) and the 
valuee obtained with Eq. (6.9) for fixed values of v and z. It is important to note, however, that 
thee large difference between the pion and proton formation times remains, which indicates 
thatt independent from the sophistication of the model, the proton formation time is about 
twicee as long as that of the pion. This result represents new information which is not yet 
availablee from any previous analysis. It is also important to point out that the A-dependence 
off  the data does not seem to be well reproduced by these type of fits, and therefore a different 
approachh is needed in order to arrive at a consistent description of the 14N and ^Kr data. 

6.66 Comparison to model calculations 

InIn this section the two types of models for which published calculations exist are compared 
too the HERMES data for hadron attenuation. Most of the theoretical models available at the 
timee of this work only describe the z or v dependence of the attenuation (or multiplicity) 
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ratioss for charged hadrons or mesons, without a separation for the particle type as achieved 
experimentallyy by HERMES. Therefore, the attenuation ratio has also been extracted from 
thee data for positive and negative hadrons combined in order to enable a comparison to 
variouss theoretical predictions. The combined hadron attenuation data have the advantage of 
extendingg the available momentum range of the data to 1.4 < Ph < 15 GeV, since the RICH 
informationn is not required as the hadrons are identified by the other PID detectors using the 
PIDD scheme described in section 3.2.2. Furthermore, the various models also contain specific 
predictionss for the A dependence of i?£tt. For that reason the published 14N data [20] are 
alsoo included in the plots together with the corresponding model predictions6. 

Phenomenologicall  models 

Threee phenomenological models were briefly described in section 2.2.3. A modification of 
thee first model, the two-timescale model, has been used in the previous section to fit the 
dataa and extract information on the string constant k. From the other two models (Ref. [26] 
andd [24]) calculations have been made available by the authors, which are compared to the 
84Krr data in Fig. 6.11 and Fig. 6.12, respectively. As was already mentioned in section 2.2.3 
inn the rescaling model the string constant k is set equal to 0.4 GeV c fm_1. This value is 
similarr to the result obtained from the second fit described in section 6.5, where k is found 
too be 0.28  0.06 GeV c fm-1. The results of the rescaling model with nuclear absorption 
(shownn in Fig. 6.11) give an adequate description of the v and z dependence of fl^tt f° r D om 

positivee and negative pions, and positive kaons, while negative kaons are less well repro-
duced.. The influence of nuclear absorption on the calculations is made explicit by showing 
calculationss with (lower pair of curves) and without (upper pair of curves) this effect. The 
effectt is seen to be crucial as rescaling alone would not be enough to describe the hadron 
attenuationn data on 84Kr. Apparently, the rescaling effect is quite small as compared to the 
nuclearr absorption effect for a heavy target. In Ref. [26] the authors argue that the major con-
tributionn to the attenuation in this model originates from pre-hadron absorption (rather than 
fromm hadron absorption). This is illustrated by fixing the hadronic cross section to zero and 
thee pre-hadronic one equal to the hadron cross section in the calculation, as is represented 
byy the dotted line in the upper right plot of Fig. 6.11. However, as we already discussed in 
thee previous section experimentally it is not possible to discriminate between pre-hadronic 
(string-like)) and hadronic interactions if both are assumed to be governed by the same inter-
actionn cross section. In both cases the first quark-like interactions (governed by small cross 
sections)) are followed by stronger hadron-Iike interactions. For that reason all these results 
aree very similar to the one-timescale model fits discussed in the previous section. 

Thee separate predictions for positive and negative pions and kaons from the flavor dependent 
6Sincee all the model calculations were made using the kinematic restrictions of the published 14N data [78], 

thee same cut of x > 0.06 is also used here for the 84Kr data with all hadrons combined. 
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Figuree 6.11: Multiplicity ratio for identified pions and kaons produced on MKr versus v (left-
handhand panel) and z (right-hand panel) compared to the predictions of the rescaling 
modelmodel of Ref [26]. In the upper pairs of curves the contribution of nuclear 
absorptionabsorption in the model has been turned off. 

modell of Ref. [24] is compared to the 84Kr data in Fig. 6.12. While the equal attenuation of 
7T++ and 7T" mesons is well described by the calculation, for K+ and K~ mesons the model 
doess not reproduce the difference implied by the data. This may indicate that either the fla
vorr dependence implemented in the model is too weak, or that another mechanism has to be 
usedd to explain the difference between positive and negative kaons. Once more it is empha
sizedd that also according to this model the attenuation is largely caused by nuclear absorption 
off an object interacting with the hadron-nucleon cross section. In this model, however, no 
distinctionn is made between the pre-hadronic and the hadronic state. 

Gluonn Bremsstrahlung model 

Inn the left panel of Fig. 6.13 the multiplicity ratios for pions produced on 14N and 84Kr are 
shownn separately. The pions were identified in the momentum range from 4 to 15 GeV using 
thee HERMES RICH detector for the 84Kr data and using a threshold Cerenkov detector for 
thee older 14N data. The data are compared to the gluon Bremsstrahlung model of Ref. [22], 
inn which the main source of hadron attenuation is also hadronic rescattering (or nuclear 
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Figuree 6.12: Multiplicity ratio for identified pions and kaons in 84Kr versus v as compared to 
thethe predictions of the model ofRef. [24]. 
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Figuree 6.13: Multiplicity ratio for identified pions (hadrons) versus u and z for liN and 
844 Kr targets. The curves represent the predictions of the gluon Bremsstrahlung 
modelmodel ofRef [22]. 

absorption)) after the pion is formed, while the gluon Bremsstrahlung itself causes only a 
smalll attenuation. Calculations in this model are only available for leading pions and kaons, 
whichh restricts the comparison to z > 0.5. This may explain why the v dependence is better 
describedd for low i/-values which correspond on average to higher z values. In the right 
panell of Fig. 6.13 the model calculation is compared to the z-dependence of R û and seen 
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too agree well with the data at high z. In fact, the calculation can be represented by a simple 
parameterizationn involving a single timescale expressed as 17 = chv(l - z) similar to the 
onee used in the previous section. The value of the proportionality constant ch as obtained 
fromm the model calculation (ch = 1.35 fm GeV^c"1 [29]) agrees well with the value of cw 

derivedd from the fit to the HERMES data presented in the previous section. From the gluon 
Bremsstrahlungg model of Ref. [22] also predictions for the attenuation of n+ and K+ mesons 
aree available [29], which are presented in Fig. 6.14 together with the 84Kr data. Also in this 
casee the model shows a good agreement with the data confirming once more that the nuclear 
absorptionn description of hadron attenuation is adequate to account for the data. 

Fragmentationn function modification model 

Ass opposed to the previously described models, the fragmentation function modification 
modell  [10] attributes the attenuation effect largely to partonic energy loss which is predicted 
too scale quadratically with the nuclear radius. 
Thee results of the model calculation of Ref. [10] are compared to the charged-hadron multi-
plicityy ratio R%tt in Fig. 6.15 as a function of v and z, for v > 7 GeV and x > 0.06. In the 
modell  calculations the attenuation ratio is expressed in terms of a ratio of modified fragmen-
tationn functions, where the modification arises from multiple parton scattering and induced 
gluonn radiation. The v and z dependence of the data is reproduced quite well by the model. 
Also,, the observed attenuation of fast hadrons is considerably stronger for 84Kr than for 14N, 
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Figuree 6.14: Multiplicity ratio for identified pions and kaons in MKr versus z as compared to 
thethe predictions of the gluon Bremsstrahlung model of Ref. [22]. 
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Figuree 6.15: Multiplicity ratio for charged hadrons versus v and z for UN and SAKr targets. 
TheThe curves are predictions of the fragmentation function modification model of 
RefiRefi [10]. 

althoughh it has to be noted that the prediction for 84Kr at low and medium v is systematically 
abovee the data. More details on the ^-dependence of the data are given below. 
Inn the context of this same model, the average parton energy loss in the nuclear medium was 
evaluatedd from the 14N data [30]. The obtained value of dE/dx RJ 0.3 GeV/fm for krypton 
("cold""  nuclear matter) can be compared to estimates of dE/dx for hot nuclear matter as 
extractedd from recent PHENIX data [116] on relativistic heavy-ion Au-Au collisions. The 
averagee energy loss derived from the heavy-ion data (0.5 GeV/fm) needs to be corrected for 
thee rapid expansion of the dense medium after the collision, which yields (dE/dx)0 « 7.3 
GeV/fmm in a static medium [117]. This value is 15 times larger than that derived from the 
attenuationn data in 14N, and has been quoted as possible evidence for a gluon density at the 
earlyy stages of the PHENIX Au-Au collisions which is 15 times higher than in cold nuclear 
matter. . 

Afterr having seen the comparison of the various models to the data, a word of caution is 
appropriate.. In Ref. [10] the entire hadron attenuation is attributed to gluon Bremsstrahlung 
andd parton rescattering, while the effect of hadron rescattering is not included in the calcu-
lation.. On the other hand, on the previous pages we have seen that nuclear absorption can 
alsoo account for the attenuation observed in the data. This is demonstrated by the fits pre-
sentedd in section 6.5, and is also confirmed by the good agreement of calculations like that 
off  the rescattering model and the gluon Bremsstrahlung model with the data (Fig. 6.11 and 
Fig.. 6.13). 
AA possible way to distinguish between the partonic energy loss mechanism of Ref. [10] and 
thee nuclear absorption processes proposed by others, is the study of the ,4-dependence of 
thee attenuation. As was mentioned before and as explained in section 2.2.4, the LPM inter-
ferencee term in the fragmentation function modification model depends on A2!3 [30]. On 
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thee other hand, in models based on nuclear absorption the attenuation is proportional to the 
distancee traversed in the nucleus, and therefore an A1?3 dependence is expected. Hence, the 
extractionn of the ^-dependence of #£t t from the data can offer a way to distinguish between 
thee models. 

6.6. 11 ^-dependenc e 

Thee HERMES data for R t̂ on 14N and ^Kr offer the possibility to extract the A-dependence 
off  nuclear attenuation effects in semi-inclusive deep-inelastic scattering. In order to investi-
gatee the actual ̂ -dependence of the i?£tt data, it is assumed that the attenuation itself depends 
onn an arbitrary power of A: 

l-Ratt*l-Ratt* Aa. (6.10) 

Thee parameter a can be obtained in each i/-bin7 from the expression 

AA set of values has been evaluated for the exponent a which are plotted in Fig. 6.16 as a 
functionn of v for the available samples of positive and negative hadrons and pions. The data 
correspondingg to v - 20 and v - 22 GeV are omitted from the positive hadron plot (top left 
plott in Fig. 6.16) since for these data the value of the nitrogen attenuation ratio jR .̂t is equal 
too 1, and therefore a is undefined. The systematic uncertainty, shown as a shaded area in 
Fig.. 6.16, is obtained by moving the 14N and ^Kr points by their systematic uncertainty of 
2.5%% and 3.5%, respectively. Since the largest contribution to the systematic uncertainty is 
thee same for both gases, i.e. radiative corrections and diffractive po contamination, the data 
aree moved up or down simultaneously. In the figure the values of a = 1, 2/3 and 1/3 (shown 
ass dashed lines) indicate the three possible ^-dependencies for medium effects: volume, sur-
facee and radial effects. It is emphasized that the values a = 2/3 and a = 1/3 correspond to the 
twoo values for the ^-dependence suggested by the model calculations of Ref. [10] and Ref. 
[18,, 19], respectively. The average values of a for the various particle types are reported in 
tablee 6.5 together with the average statistical and systematic errors. 
Thee values of a obtained for charged pions and negative hadrons are in agreement with the 
valuee of 2/3 characteristic of the interference LPM term in the fragmentation function mod-
ificationn model. The data differ from the value of 1/3 suggested by the nuclear absorption 
modell  by more than 2a (3a if only the pions are considered). This observation is in line 
withh the conclusions derived from the one-timescale model fit  with pre-hadronic interaction 
whichh led to different parameters for ^Kr and 14N. In both cases a nuclear absorption based 
modell  does not provide a consistent description of all available HERMES data. 

7I tt has to be noted that the same calculation can equivalently be performed for the 2-bins and the results for 
thee obtained values of a are in very good agreement with the values presented in table 6.5. 
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Figuree 6.16: Values of the exponent a versus v for various particle types obtained using Eq. 
(6.11).(6.11). The shaded area represents the systematic uncertainty on the value of 
aa in each bin. The dashed lines indicate the values of a = 1, 2/3 and 1/3 for 
comparison. comparison. 

Thee values of a obtained for positive hadrons are above 2/3. As was already mentioned be-
foree the positive hadron sample has a strong contribution from protons. The corresponding 
attenuationn ratio is shown to have a much steeper ^-dependence (see Fig. 6.4). The value 
forr the parameter a extracted for the positive hadron sample can be simply due to a different 
contributionn of protons in the hadron sample in 14N as compared to 84Kr, or alternatively it 
cann be an indication that the proton ^-dependence is stronger than that of pions. 
Dataa collected on other nuclei after the installation of the RICH detector wil l enable to also 
determinee the ,4-dependence of R û for kaons and (anti)protons, separately. 
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h+ h+ 

h~ h~ 

7T+ + 

7T~ ~ 

<< a >  sys 

0.911  0.05 j j g 
o.688  o.o6 ? 
0.655  0.07 jJu 
0.633  0.08 j j g 

Tablee 6.5: Average value of the exponent a as extracted from the values reported in Fig. 6.16. 
TheThe asymmetric systematic uncertainty is explained in the text. 

6.77 Concluding remarks 
Semi-inclusivee deep-inelastic scattering has been studied on 84Kr and D nuclei so as to study 
thee effect of the nuclear medium on the hadronization process. In these experiments the 
nuclearr target acts as a filter to investigate processes at the femtometer length scale. From 
thee hadron multiplicities measured on the two targets the attenuation ratio üjJtt is determined 
ass a function of the kinematic variables v and z. Using the HERMES RICH it was possible 
forr the first time to obtain separated information on the attenuation of charged pions, kaons, 
protonss and anti-protons. 
Simplee models can be used to describe the attenuation of the produced hadrons in terms of 
nuclearr absorption. A value for the formation time constant for each hadron type has been 
determinedd in this framework, which however, was shown to be model dependent. Never-
theless,, novel information can be extracted from this type of phenomenological fits, namely 
thatt the proton formation time is about twice as long as that of pions. More data on kaon 
attenuationn and especially new data on other baryons (i.e. the A hyperon) are needed to con-
firmfirm the observed difference between meson and baryon formation times. 
Thee new hadron attenuation data on 84Kr/D and the previously published data on 14N/D are 
usedd to compare two different types of model calculations: the ones in which the hadron 
rescatteringg (nuclear absorption) is the dominant (if not the only) contribution to the hadron 
attenuation,, and the one in which parton rescattering and gluon radiation account for the 
entiree effect. Both these apparently contradicting approaches give an adequate description 
off  the kinematic dependence of the attenuation ratio on both gas targets (14N and 84Kr). But 
whenn fitting the ^Kr and 14N multiplicity ratios with a one-timescale model, which also 
accountss for the pre-hadronic state interaction, different results are obtained for the string 
constantt and string cross section on the two nuclei. This result suggests that nuclear ab-
sorptionn models cannot consistently reproduce the A-dependence of the data, while they do 
providee a reasonable description of the individual kinematic dependencies. 
Att this point same remarks are necessary concerning the various models. The phenomeno-
logicall  models only describe leading hadrons, i.e. with z > 0.5, therefore they cannot be 
comparedd to the HERMES data over the full kinematic range. The fragmentation function 
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modificationn model can be used over a larger z range, but its prediction for MKr is systemat-
icallyy higher than the data at mid and low v values (see left-hand plot of Fig. 6.15). This fact 
mayy indicate that some nuclear absorption contribution is required to describe the hadron 
attenuationn of heavy targets. The rescaling model supports this last statement, since it shows 
thatt in order to describe the attenuation of the 84Kr data well, both nuclear absorption and 
somee others process (parameterized by rescaling in this case) are required. It has to be noted, 
though,, that the models are compared to the sum of positive and negative hadrons which need 
nott have the same ^-dependence. 
Thee two types of models presented above have two distinct ^-dependencies. In the phe-
nomenologicall  models in which nuclear absorption is dominant the hadron attenuation is 
expectedd to scale as A1/3, while the parton rescattering interference with gluon radiation 
predictss a A2?3 dependence. From the available 14N and 84Kr data the power a of the Aa 

dependencee of the hadron attenuation is found to be consistent with 2/3 for charged pions 
andd negative hadrons, while it is even larger than 2/3 for positive hadrons. The latter fact 
mayy be attributed to possible differences in the ̂ -dependence of protons as compared to that 
off  pions. 
Unfortunately,, the experimental results on the A -dependence of the attenuation ratios, which 
aree crucial in order to make progress in this field, rely on only two targets at present and only y 
providess information for pions. Data on several gas targets are required to better determine 
thee power of a of the A-dependence. This may make it possible to rule out one approach as 
comparedd to the other, or may suggest that a combination of the two approaches is needed 
too describe the data. Data on 4He and 20Ne have already been collected at HERMES after 
thee installation of the RICH detector and will soon be analyzed. Furthermore, HERMES has 
thee possibility to collect data on 40Ar and 131Xe, which will extend the A coverage and thus 
providee for a better determination of a. The present analysis is performed on a sample of 
aboutt one million DIS events, if the data wil l be collected on another nucleus it is desirable to 
increasee the statistics by a factor of 5 at least, to be able to map the z dependence of various 
vv ranges. 
Finally,, the importance of understanding the nature of parton propagation and hadron for-
mationn in the nuclear environment is probably best illustrated with reference to the energy 
losss determinations of Wang et al. [116] based on the HERMES 14N data. A possible role of 
nuclearr absorption in addition to the fragmentation function modification used in this refer-
encee would influence the value of the parton energy loss extracted from the semi-inclusive 
deep-inelasticc lepton scattering data. Fixing a precise value of AE for cold matter will serve 
ass a reference for relativistic heavy-ion collision experiments aimed at discovering possible 
evidencee for a new state of matter. 
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7.11 Introductio n 

Inn this chapter the first observation of the /0(980) scalar meson in semi-inclusive deep-
inelasticc positron scattering is presented. Production of the /o(980) scalar meson is of partic-
ularr interest because its precise nature has long been uncertain. In section 2.3 a brief survey 
iss given of possible models of the /o(980) meson, and some recent experimental results are 
summarized. . 
Thee data sets presented in this chapter enable the study of the ^-dependence of /0(980) 
electroproduction.. It has been suggested by F. Close et al. [39] that the propagation of the 
/0(980)) through the nuclear medium could be a sensitive tool to distinguish between various 
modelss for its structure. Moreover, the present studies make it possible to determine for the 
firstfirst time various kinematic dependencies of /0 (980) electroproduction. It is hoped that these 
dataa will help to clarify the structure and production mechanism of this scalar meson. 
Ass was already mentioned in section 2.3 the /0(980) scalar meson is accessible through its 
decayy into two charged pions, /o(980) ->• 7r+7r~. The 7r+7r" channel also gives access to the 
po(770)) and /2(1270) mesons, which are a background when identifying the /o(980) scalar 
meson. . 
Thee sets of data and kinematic restrictions used in this analysis are summarized in section 
7.2.. The method used to identify the pQ{770), /0(980) and /2(1270) mesons in the 7r+7r~ 
channell is described in section 7.3. Results are given at the end of this section leading to 
preliminaryy conclusions on the ^-dependence of /o(980) electroproduction. In section 7.4 
variouss kinematic dependencies of /o(980) and /2(1270) production (on hydrogen) are pre-
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sented,, and compared to Monte Carlo simulations. In section 7.5 the multiplicity distribution 
forr /o(980) and /2(1270) electroproduction is evaluated. Finally, conclusions are drawn in 
sectionn 7.6. 

7.22 Event selection and kinematic restrictions 

Dataa collected on a natural Kr target in the year 1999 and on 1H, 2H and ^Ne targets in 
thee year 2000 are used in this analysis. While for the year 1999 the juDST production 99b2 
couldd be used, at the time of this analysis only the first calibrated production for the year 
20000 (00b 1) was available. The same data quality criteria have been applied as for the anal-
ysess described in the previous two chapters. A reconstructed DIS lepton is required in order 
too fix the kinematics of the event, therefore events are selected in which the DIS trigger (trig-
gerr 21) has fired. The kinematic constraints on the DIS lepton and the PID requirements 
onn both the scattered lepton and the produced hadrons are the same as those described in 
sectionss 5.2 and 6.2.1. (As a reminder we mention the DIS cuts which have been applied to 
thee data: W2 > 4 GeV2, y < 0.85, Ecaio(e

+) > 3.5 GeV). However, no restriction has been 
imposedd on Q2 in order to enable a study of the Q2-dependence of /0 electroproduction over 
thee largest possible range. 
Apartt from the positron track, the presence in the event of two identified pions and an ad-
ditionall  track through the detector is required to reduce the exclusive p° background. The 
identificationn of the two pions is made with the RICH detector. Therefore, the pion momen-
tumm is restricted to 2.5 < Pw < 15 GeV, (see section 6.2.1). 
Inn addition it is required that the positron and each of the two pion tracks originate from 
thee same vertex (\zpOS — z3

pos\ < 2.5 cm). This requirement reduces the combinatorial back-
ground. . 
Thee data collected in the year 1997 on 3He and 14N targets by the HERMES experiment 
havee not been used in the present analysis as pion identification with the Cerenkov threshold 
detectorr used in 1997 covers a smaller momentum range and has a different efficiency than 
thatt obtained with the RICH detector (used from 1998 on). The data collected on these two 
targetss are therefore omitted from this part of the analysis. 

7.33 Identification of the /o(980) scalar  meson 

Inn order to identify the /o(980) scalar meson from the decay channel f0 -» 7T+/K~ the invari-
antt mass of the two pion final state is reconstructed. The first surprising observation which 
triggeredd this analysis was the appearance of a small peak or shoulder in the 7r+7r~ invariant 
masss spectrum. The position and width of the peak has been determined using a Breit-
Wignerr function to fit  the resulting mass distribution. The expression for a Breit-Wigner 



Thee /o(980) scalar meson 123 3 

600 0 

400 0 

200 0 

Figuree 7.1: Reconstructed Mnir invariant mass spectrum derived from the hydrogen data sam-
ple,ple, expressed as number of counts NH. The number NH is not normalized to 
thethe number of DIS events. The dashed line is a fit to the data using a single 
Breit-WignerBreit-Wigner function, while the solid line represents a fit using the sum of 3 Breit-
WignerWigner functions. 

representingg a resonance a decaying into two pions is given by: 

W a ( M „ )) = h 
aa 2TT[(M™ - Maf + ( r a/ 2 )2 

(7.1) ) 

withh ha, Ta and Ma being respectively the height, width and mass of the resonance a, and 
thee running variable Mn„  the two pion invariant mass. If more than one resonance appears 
inn an invariant mass spectrum several Breit-Wigners have to be added. 

7.3.11 The Mn7T distribution 

Thee invariant mass of the 7r+7r~ system has been evaluated in the kinematic region defined 
abovee for 4 different gas targets: 1H, 2H, 20Ne and Kr. An example of a Mw+n- spectrum 
iss presented in Fig. 7.1, for the case of a hydrogen target. The p° peak is clearly visible 
att Mv+n- « 0.8 GeV, and in fact small shoulders are noticed at about 1 and 1.2 GeV. The 
dashedd curve superimposed on the data shows that a fit  with only one Breit-Wigner does 
nott give a good description of the data in the region above 0.9 GeV, while a superposition 
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off  three Breit-Wigner functions (solid line) yields a much better description of the invariant 
masss spectrum. 
Iff  no constraints are imposed, 9 parameters are needed to define three Breit-Wigner func-
tions:: the height, the position and the width of each resonance. A description of the Mn+n-
spectrumm in terms of three Breit-Wigners serves the purpose of trying to obtain qualitative 
evidencee supporting the observation of the /0(980) scalar meson. The results of such 9-
parameterr fits applied to each of the four gas targets show that for each target it is possible to 
identifyy the three peaks, p°(770), /0(980) and /2(1270), but the position of the resonances 
resultingg from the fit appears to be shifted to lower values than indicated by the PDG for 
eachh of the three peaks. From the fits the mass of the p° meson is found between 0.757 GeV 
(inn 1H) and 0.731 GeV (in Kr). For the f0 peak the centroid values range from 0.976 down 
too 0.923 GeV, and for the f2 the fitted position goes from 1.213 GeV (in 1H) to 1.186 GeV 
(inn Kr). All these values have a statistical uncertainty of about 2-3% but a much higher sys-
tematicc uncertainty as is discussed below. For comparison the positions and widths of each 
off  the three states, as taken from the PDG [63], are listed below: 

MMP0P0 = 0.771 1 GeV, Fpo = 0.149 1 GeV, 

MMhh = 0.980 0 GeV, Tfo = 0.040-0.100 GeV, 

MMhh = 1.275 1 GeV, Yh = 0.185 3 GeV. 

Thee /o peak position is in reasonable agreement with the PDG values for *£! and 2H, while 
forr heavy nuclei some difference is observed. The f2 peak positions, for ^ and heavy nuclei, 
iss found to have lower values in comparison to the PDG one. The differences are likely to 
bee caused by the fact that the background at this stage has not yet been subtracted from the 
data.. This may also explain why the fitted widths are found to be larger than those listed in 
thee PDG. Hence, a background subtraction is required to properly extract information on the 
/o(980)) position and width, which is the subject of the next subsection. 

7.3.22 Background subtraction 

Inn order to obtain an estimate of the DIS background contained in the Mv+n- spectrum a set 
off  semi-inclusive Monte Carlo (MC) events has been analyzed, which were previously pro-
ducedd with the LEPTO 6.5.1 event generator [118]. In the MC simulation the fragmentation 
parameterss have been tuned such as to reproduce the hadron multiplicity distributions mea-
suredd at HERMES [17]. In the MC the production of scalar and tensor mesons is turned off. 
Thee Mn1T MC spectrum is obtained by using the same kinematic restrictions as were applied 
inn the /0 search. In the MC spectrum the relative strength of p° and Ks mesons production 
doess not match the data, as is illustrated in Fig. 7.2 in the case of a hydrogen target. This is 
likelyy due to the fact that in the MC only DIS events are simulated while in the data there are 
alsoo events coming from other processes such as non-resonant (^-production. A stronger cut 
onn the missing mass like AfJ > 25 GeV2 for instance, reduces the relative height of the p° 
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Figur ee 7.2: M ^ spectrum on a hydrogen target (data) compared to the MC generated back-

groundground (histogram) normalized to the data at the p° peak. 

peakk in the data with respect to the Ks one, yielding a good agreement between data and MC 
backgroundd in the whole invariant mass region. However, a strong Ml cut would also reduce 
thee /o yield without improving the signal to background ratio. Therefore, it was decided to 
normalizee the background MC spectrum to the p°(770) peak, while disregarding the part of 
thee spectrum below 0.7 GeV. As the Ks peak is very narrow, the overestimated Ks strength 
shouldd not influence the generated Mvv spectrum above 0.8 GeV. 
Abovee the p° peak the MC generated spectrum describes the data fairly well, showing some 
evidencee for remaining strength at the location of the jo (980) and possibly of the /2(1270) 
meson.. The normalization of the MC is the largest source of uncertainty in the determina-
tionn of the /o peak and needs to be optimized. A x2 minimization method is used to obtain 
thee best normalization for each target gas presented in Fig. 7.3'. The method used is the 
following.. A x2 parameter is defined by the difference between data and MC in the region 
abovee the p° peak (starting from Mnn = 0.77 GeV). Two regions of the spectra with a width 
off  r;0 (or Tf2) and centered around the fitted position of the f0 and f2 peaks (using the above 
mentionedd 3 Breit Wigner's fit) are excluded from the definition of \2- The excluded regions 
aree those bordered by the dotted lines in Fig. 7.3. The x2 is then minimized varying the 
normalizationn of the MC with respect to the data spectrum. 

'Thee spectra presented in Fig. 7.3 and Fig. 7.5 are normalized to the total number of DIS events for the 
variouss data sample as it is described below. 
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Figuree 7.3: Measured M „  spectrum for four gas targets (data) compared to the MC gener-
atedated background (histogram) normalized to the data. The normalization is opti-
mizedmized in the region of the spectra outside the region identified by the dotted lines, 
whichwhich correspond to the one-Y widths of the ƒ o and ƒ2 mesons centered at the 
fittedfitted position. 

Thee significance of the signal with respect to the background is defined, within the one T 
regionn of each peak, by the quantity (Vdata - ^McO/VAldata + AFM c- where the denom-
inatorr represents the one a fluctuation of the signal, and Fd a ta and YMc represent the yield 
off  data and MC histogram, respectively. The significance obtained for each gas target at the 
minimumm x2 gives the number of a's by which the signal can be separated from the nor-
malizedd background. In Fig. 7.4 the minimization of the \ 2 is plotted as a function of the 
significancee for the f0 and /2 peaks for each of the four gas targets. The vertical dotted line 
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Figuree 7.4: Minimization of the x2 value measuring the difference between data and MC back-
groundground versus the statistical significance of the ƒ o (left) and f2 (right) peaks on 
11H,H, 2H, 20Ne and Kr targets. 

att a significance of 3 sets the conventional lower limit for claiming an observation. A value 
beloww this line is considered to be below statistical significance. The best x2 for the normal-
izationn of the background to the data is found to be 1.2, 1.1, 1.8 and 3.7 respectively for :H, 
2H,, 20Ne and Kr. At these minima the corresponding significances of the f0 peak are found 
too be 4.1, 4.5, 3.8 and 3.9, while the values for the f2 significance are: 4.0, 2.6, 1.2 and 2.0, 
respectively.. From these values it is concluded that the /0 scalar meson is observed in each 
off  the 4 data samples, while the f2 tensor meson is observed with more than 3a significance 
onlyy on hydrogen with only hints of its presence in the other data samples. 
Whenn the properly normalized MC histogram is subtracted from the data, the remaining 
structuree clearly indicates the presence of the /0 peak in all targets, and possibly the /2 peak 
onn the lighter ones, as shown in Fig. 7.5. As explained above the subtracted spectrum is lim-
itedd to Mv„  > 0.7 GeV because of the bad reproduction of the data by the background MC 
beloww this value. The remaining spectra are fitted with a combination of two Breit-Wigner 
functions.. Because of the limited statistics the widths of the two resonances are fixed to the 
centrall  values obtained from the fit on XH: Tf0 = 4 and Vf2 = . In 
thiss way only 4 free parameters are left in the fitting function. The resulting values are re-
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Figuree 7.5: Two pion invariant mass spectrum after background subtraction containing ev-
idenceidence for the production of the /o(980) and /2(1270) mesons. The data are 
describeddescribed with a 4 parameter fit keeping the widths fixed. 

MMf0 f0 

MMf2 f2 

lH H 

1.1600 8 

0.9788 4 

0.7511 7 

1.2199 6 

2H H 

1.2622 5 

0.9655 0 

0.4899 0 

1.2155 0 

20Ne e 

0.9599 7 

0.9733 0 

nott found 

nott found 

84Kr r 

2.8377 4 

0.9199 0 

nott found 

nott found 

Tablee 7.1: Results of the 4 parameter fit to the M„„  spectra, after subtraction of the MC gen-
eratederated background spectrum, for both the /o(980) and /2(1270) mesons. 

portedd in table 7.1. The combination of two Breit-Wigner  functions describes the data quite 
welll  (the x2' s of the fits are between 1.0 and 1.5 for  the 4 fits). In the 20Ne and Kr  samples 
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thee fitting procedure does not converge for the / 2 peak. In the 20Ne case the reason is the low 
significancee of only 1.5, while in the Kr case the fact that the fit does not converge might be 
relatedd to the large \ 2 obtained from the minimization of the background normalization, i.e. 
3.9. . 
Inn order to also compare the relative yields of /o(980) electroproduction in various gas tar-
gets,, the mass spectra have been normalized to the total number of DIS events collected in 
thee same set of runs (multiplied by 106) for each data sample before the fit is performed. 
Thee number of DIS events is corrected for radiative effects by a multiplicative correction 
calculatedd at the average x and y of each DIS sample (< x > fa 0.05 and < y > « 0.73), for 
thesee average values the contribution of the photon shower correction (addressed in section 
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Figuree 7.6: Top: fitted mass values of the ƒ o meson plotted as a function of the atomic number 
A.A. The hatched band represents the position and margin of uncertainty assigned 
toto the fo scalar meson according to the PDG. Bottom: f o yields (normalized to 
thethe number of DIS events) on the 4 targets obtained with two different methods as 
discusseddiscussed in the text. 
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5.2.1)) is negligible. Also the correction for the EMC effect is negligible since the average 
valuee of a\/<7j) is close to unity for all targets. Thereafter the integral of the Breit-Wigner 
hass been evaluated using the position parameters given in table 7.1 and the f0 width quoted 
beforee (this method is referred to as 'method 1'). 
Thee values of the ƒ o peak position and /o yields found on the various targets are plotted as a 
functionn of the atomic number A in Fig. 7.6. The peak of the f0 meson as observed on the 
variouss targets is in agreement with the PDG value represented by the hatched band in the 
topp panel of Fig. 7.6. No significant ^-dependence is observed within the available statistics 
neitherr in the peak position nor in the yield. Only the values found on the Kr target differ 
somewhatt from the average over the other targets, but the discrepancies are only on the 2a 
level. . 
Itt is not possible to study the A-dependence of the f2 meson since a significant peak is not 
seenn on heavier targets. It is noted however that the f2 position as found on hydrogen is 
aboutt l a below the value quoted in the PDG. 
Theoreticall  calculations exist [119] predicting possible nuclear effects on meson masses, but 
upp to now only few measurements are available to support these predictions. Especially, for 
scalarr mesons there are at present no predictions for a possible A-dependence. As no sig-
nificantt A-dependence has been observed within the statistics of the present experiment no 
mediumm effect on the /0 mass can be determined. 
Inn Fig. 7.6 an alternative method to calculate the f0 yield is also presented (labeled 'method 
2')) which does not involve the fitting of the resonances. In this case the MC background 
iss subtracted from the two pion invariant mass spectrum for each gas target. From the re-
mainingg histogram the yield of /o and /2 is obtained by counting the number of events in a 
one-rr width range centered at the corresponding peak position as determined with method 1. 
Thiss alternative method has the advantage that it does not require the integration of the fitted 
Breit-Wignerr functions. It is therefore more directly related to the statistical significance of 
thee observed peaks. In fact, the central value is obtained in method 2 as (Vdata — VMC) while 
thee error is evaluated from v/Aldata + AIMC - As already mentioned the ratio of these two 
numberss is defined as the significance of the signal. 
Thee values obtained with method 2 for die fQ yields are in agreement with those obtained 
withh method 1 within 30% for hydrogen, 8% for deuterium and neon and 70% for kryp-
ton.. These percentages are used as an estimate of me systematic uncertainty on the f0 yield. 
Methodd 2 will be used in the next section to study the kinematic dependence of f0 and ƒ2 
yields. . 
Inn conclusion, from the results presented on /0 electroproduction for various gas targets no 
significantt indication is found for a possible A-dependence of either mass or yield of the 
peak. . 
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7.44 Kinematic dependencies 

Thee hydrogen target offers both a high significance for the /o(980) meson and the evidence of 
thee /2(1270) signal, therefore this data sample is chosen in order to study several kinematic 
dependenciess of the yield. For these studies the invariant mass spectrum is evaluated for 
33 ranges of a given kinematic variable while integrating over the other parameters. Four 
dependenciess are addressed in this section: the dependencies on Q2, z, Pt

2 and —t. 
Iff  the /o resonance is a conventional  3P0 meson, its kinematic dependencies are expected to 
bee similar to those of the nearby p° vector meson or the 3P2 qq-meson of similar mass, i.e. 
thee /2(1270) tensor meson. 
Thee /o (or ƒ2) yield is evaluated as the number of counts in the mass range 0.91 < M  ̂ < 
1.044 GeV (or 1.13 < M  ̂ < 1.33 GeV, respectively) after subtraction of the normalized MC 
background,, for each of the kinematic bins of interest. The applied procedure is illustrated 
inn Fig. 7.7, where the M  ̂ spectrum is divided in three different Q2 regions. As for method 
22 introduced previously the MC background spectrum (histogram) in each Q2 bin is first 
normalizedd to the data excluding the regions in the vicinity of the /o and /2 mesons. The 
normalizedd background is then subtracted from the signal (data). The yields obtained with 
thiss method in the three Q2 bins are listed in table 7.2, together with the yield in the z, Pf

2 

andd —t bins. The statistical errors are also listed in the table, which are evaluated as the sum 
off  the absolute errors of signal and background counts. 
Beforee discussing the yield dependence an acceptance correction needs to be evaluated to 
accountt for the limited angular acceptance of the HERMES spectrometer with respect to the 
entiree solid angle. A Monte Carlo simulation is required to determine the relative number of 
particless produced outside the detector acceptance as compared to those generated inside the 
acceptance.. This is the subject of the next subsection. 

7.4.11 Monte Carlo simulation 

Forr the simulation of /0 photoproduction the PYTHIA [120] generator package as imple-
mentedd in the HERMES MC is used. PYTHIA is a LUND-model based MC within which 
thee /o is treated as a scalar meson composed of uü and dd pairs. The currently used version 
iss PYTHIA 6.2. The MC parameters have been tuned to reproduce the pion multiplicity 
distributionss observed at HERMES [17]. As compared to the normal HERMES Monte Carlo 
simulations,, only the production of scalar and tensor mesons had to be turned on in order to 
computee an acceptance correction for /o and ƒ2 electroproduction in HERMES. The relevant 
parameterss enabling the production in PYTHIA of scalar 3P0 mesons (PARJ (15) = 0.08), 
andd tensor 3P2 mesons (PARJ (17 )= 0.185) have been set according to the values given in 
Ref.. [41]. The HERMES MC is used to generate events of the type ep ->• eir-nX in 4TT. Sub
sequently,, the generated events are tracked through the detector geometry to obtain a sample 
off accepted events, thus enabling the evaluation of the required acceptance correction factor. 



132 2 7.4.. Kinematic dependencies 

0.1<Q2<11 GeV2 

Figuree 7.7: Yield of two pion final state in three Q2 bins. The background MC (histogram) is 
normalizednormalized to the data using the region outside the ƒ o and fa peaks. The ƒ o and 
ff 2 yields are determined by subtracting the histogram from the data. 

Thee uncorrected yields for each kinematic bin have been normalized by the total number of 
/oo (or ƒ2) events. In Fig. 7.8 and Fig. 7.9 these normalized yields are compared to the MC 
predictionn for the distribution of accepted / 0 and /2 mesons respectively. The MC gives a 
fairlyy good account of the yield for both mesons for all four kinematic dependencies. The 
QQ22 distributions are well reproduced, while the agreement of the P2 distributions with the 
MCC is in both cases less good. The z distribution of the f0 meson shows a similar peak at 
mediumm 2 values as the data, but low-2 and high-2 bins are not correctly reproduced by the 
MCC simulation. The dependencies for the f2 production are slightly better reproduced, but 
thiss does not apply to the low P2 bins. Hence, it is concluded that the production mechanism 
assumedd by PYTHIA is sufficiently adequate to describe the production of both the /o(980) 
scalarr meson and the /2(1270) tensor meson in the HERMES kinematics. Higher statistics 
dataa are needed to judge whether the observed deviations are significant. 
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Variable e 

Q2 2 

z z 

n n 

-t -t 

Range e 

[0.11 -1] 
[1-2] ] 

[2-8] ] 

[00 - 0.4] 

[0.44 - 0.6] 

[0.6-1] ] 

[00 - 0.07] 

[0.07-0.17] ] 

[0.177 - 0.5] 

[0-0.15] ] 

[0.155 - 0.35] 

[0.355 - 1.0] 

Y/o Y/o 
100.88  42.4 

51.44 7 

57.66  28.4 

61.88  15.0 

7 7 

0.0  26.1 

148.44 1 

76.11  27.7 

46.88  33.7 

126.99  28.4 
57.88  25.0 
46.66  35.4 

Yf* Yf* 
74.55  32.3 

61.11 5 

15.77 3 

6.44  6.2 

68.99  34.5 

72.66  25.9 

46.00  20.9 

34.66  20.7 

92.88  26.9 

54.33  22.5 

29.33  19.0 

77.11 9 

Tablee 7.2: Number of counts obtained in electroproduction of /o(980) and ƒ2 (1270) mesons 
inin different kinematic bins, as extracted from the Mnir spectra after the subtraction 
ofof the MC background. The values are not normalized to the number of DIS events 
inin the hydrogen sample. 

Inn the absence of a better MC for f0 (980) production the present simulation is also used to 
extractt the number of generated particles outside the HERMES acceptance to determine the 
-modell  dependent- acceptance corrections e^,c: 

:(*)) = w w xx = {Q2, z, P;, -t) and a = (ƒ„, f2). (7.2) ) 

Thee value of el^ix) has been evaluated separately for each ar-bin, while integrating over the 
otherr variables. The normalized yields that are used in the next section to evaluate the multi-
plicityy distributions, are corrected for detector acceptance effects by dividing the uncorrected 
yieldss by e ĉ. 

7.55 Multiplicit y Distribution s 

Dividingg the acceptance corrected yields by the total number of DIS events recorded in the 
samee data sample (which are corrected for radiative effects), the multiplicity distribution for 
thee production of f0 and f2 mesons is evaluated 

dadaaa 1 dNa(x) 1 
MMaa{x){x) = 

1 1 
<7DiSS dx ATDIS • r\RC dx eSccOr)' (7.3) ) 
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Figuree 7.8: Comparison of normalized ƒ o yields to MC predictions for 4 different kinematic 
variables.variables. The solid lines represent the MC predictions, while the data yields are 
representedrepresented by the closed symbols. The normalized yields only represent events 
acceptedaccepted by the HERMES detector. No acceptance corrections have been applied. 

wheree x = (Q2, z, P2, —t). The radiative correction factor rjnc, as calculated at the average 
valuess of x and y of the DIS sample is found to be 0.68. As discussed in the previous sec-
tionn the corrections for the photon shower effect is negligible at these values of < x > and 
<< y >. The acceptance correction ejj^. has been discussed in the previous section. Note that 
thee multiplicity distribution is defined here with respect to the total number of DIS events, 
whichh is different from the definition used in chapter 6. 

Thee resulting multiplicity distribution for f0 electroproduction is shown in Fig. 7.10 as a 
functionn of the four kinematic variables Q2, z, P2 and —t. The errors bars are the sum in 
quadraturee of the statistical error and the systematic uncertainty of 30% quoted in section 
7.3.2. . 

Thee decrease of Mf0(Q
2) with Q2 is investigated to gain information on the f0 production 

mechanism.. If the f0 is directly produced in a DIS process the Q2-dependence of its multi-
plicityy should be proportional to 1/Q4. On the other hand according to F. Close2 the f0 could 
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2privatee communication. 
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Figuree 7.9: Comparison of normalized f2 yields to MC predictions for 4 different kinematic 
variables.variables. The solid lines represent the MC predictions, while the data yields 
areare represented by the open symbols. The normalized yields only represent events 
acceptedaccepted by the HERMES detector. No acceptance corrections have been applied. 

alsoo be a decay product of diffractive p' production, in which case the Q2 -dependence of its 
multiplicityy should be described by the Vector Meson Dominance (VMD) model [121]: 

do do 

dQdQ2 2 (X X 
M} M} 

QQ22 + M2 (7.4) ) 

withh a = 2. The solid line in the top left panel of Fig. 7.10 is the result of a fit  in which a is 
usedd as a free parameter. The obtained parameter a is equal to (4.5  1.5) which indicates 
thatt a VMD description of the /o production is not favored by the data. If instead the param-
eterizationn ^ 2 oc ( i ) is used, the value of a obtained by fitting the data is (2.2  0.5), 
whichh is in good agreement with a = 2 expected for a DIS direct production mechanism. 
Thee ^-dependence is also investigated in order to verify the possibility that the /o is produced 
inn the decay of a diffractively produced p'. If the — t dependence of the multiplicity distribu-
tionn is fitted with an exponential shape, the slope (or impact) parameter is found to be (5.5
2.4)) GeV- 2. This value is similar (within the large systematic uncertainty) to the one quoted 
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Figuree 7.10: Multiplicity distribution for ƒ o production as a function of the variables Q2, z, Pf 
andand —t, while integrating over the other kinematic variables. The errors bands 
areare the sum in quadrature of statistical and systematic errors. The curves are 
describeddescribed in the text. 

forr diffractive p° production (6.39  0.13) [122]. The error bars are such large, however, 
thatt no clear conclusion can be drawn from the — t dependence. 
Fromm the z dependence of the multiplicity distribution it is concluded that the data are sitting 
att low/medium-z, with a peak at z « 0.5, suggesting that it is likely that the / 0 is produced in 
combinationn with another meson of similar mass (e.g. the (j>),  each taking half of the virtual 
photonn energy, as suggested in Ref. [42], 
Inn the bottom left panel the Pf dependence of the multiplicity distribution is described with 
ann exponential function: 

—— oc C e-bp? 
dP?dP? ' 

(7.5) ) 

wheree the slope parameter b is fixed to the value quoted by the NOMAD collaboration [41] 
forr neutrino induced / 0 production at Pt

2 < 0.5 GeV2, i.e. b = (5.3  0.2) GeV"2. The P2 

slopee derived from the NOMAD data provides a good description of the HERMES data. 
Forr comparison the multiplicity distributions for the /2(1270) production are presented in 
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Figuree 7.11: Multiplicity distribution for /2 production as a function of the variables Q2, z, Pf 
andand —t, while integrating over the other kinematic variables. The errors bands 
areare the sum in quadrature of statistical and systematic errors. 

Fig.. 7.11, which are found to be similar to those for the / 0 scalar meson. 
Thee values for the integrated multiplicities of f0 scalar meson electroproduction are shown 
inn table 7.3. Since all four values of Mf0(x) in table 7.3 are obtained by integrating over 
thee full data set, and thus cover the same kinematic range, the 4 results should be the same. 
Hence,, the variation in the values obtained is an indication of the systematic uncertainty on 
thee value of the multiplicity, which amounts to about 15%. However, the variation is smaller 
thann the overall systematic uncertainty on the yield of 30%, which is considered to be the 
dominantt source of systematic uncertainty. 

Thee averaged values for the integrated multiplicities of the f0 and f2 mesons obtained in this 
analysiss are shown in table 7.4 together with the multiplicities obtained by the NOMAD col-
laboration,, which are also normalized to the total inclusive DIS rate. The values obtained 
byy the OPAL collaboration, which are also listed in table 7.4, have to be taken with caution 
sincee the multiplicity in this case is normalized to the total hadronic yield. 
Fromm the results reported in table 7.4 it can be seen that there is a factor of 10 between the 
integratedd multiplicity measured by the OPAL and NOMAD experiments and another factor 
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MM hhm m 
MMf0f0(z) (z) 

MM f0f0(P?) (P?) 
MM f0f0(t) (t) 

h h 
O.00144  0.0003 

0.00188  0.0004 

0.00166  0.0003 

0.00155  0.0002 

h h 
0.00122  0.0003 

0.00144  0.0003 

0.00144  0.0002 

0.00111 1 

Tablee 7.3: Values of the integrated multiplicity of ƒ o and ƒ2 electroproduction obtained by 
integratingintegrating over the entire kinematic range covered by the data. The errors are 
statisticalstatistical only. 

MMf0 f0 

MMh h 

HERMESS (e+) 

0.00166  0.0006 

0.00133  0.0005 

NOMADD (u) 

0.0188  0.004 

0.0388  0.009 

OPAL(e+e") ) 

0.1411 7 

0.1555 1 

Tablee 7.4: Values of the integrated multiplicity of f o and /2 production as extracted from 
thethe present analysis, and the NOMAD [41] and OPAL [40] experiments. The 
OPALOPAL multiplicity is normalized to the total hadronic yield, while the HER-
MESMES and NOMAD multiplicities are normalized to the DIS yield. 

off  10 between NOMAD and HERMES. These differences may be related to the difference in 
thee center-of-mass energies in the three experiments: about 6 GeV at HERMES, 7-10 GeV at 
NOMADD and 91 GeV at OPAL. The multiplicities for both /0 and f2 productions are shown 
too increase with the center-of-mass energy in a similar way. 

7.66 Concluding remarks 

Inn this chapter the first experimental evidence for the production of the /0(980) scalar meson 
inn a deep-inelastic positron scattering experiment is presented. A resonance witfi a mass of 
0.9788  0.014 GeV and a width of 0.070  0.004 GeV is observed, after background sub-
traction,, in the 7T+7r̂  invariant mass spectrum on a hydrogen target with a significance of 
4.1a.4.1a. These numbers are in good agreement with those quoted in the PDG. The presence of 
thee same resonance is confirmed on 2H, 20Ne and Kr targets each with a statistical signifi-
cancess above 3a. The mass position is found to be in agreement among the targets, with the 
exceptionn of a 2a shift to lower mass in krypton. 
Togetherr with the /o(980) also the /2(1270) meson is identified on the hydrogen target with 
aa significance of S.ba, with a mass position that is somewhat lower than that quoted in the 
PDG. . 
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Fromm the comparison of the /o(980) yield on various targets with different A, no indication is 
foundd for a possible attenuation of the produced number of /0 scalar mesons in heavier gases 
ass compared to lighter ones. Such an attenuation could have been ass evidence supporting the 
proposedd Ü'A'-molecule structure of the /b(980), as suggested in Ref. [39]. 
Thee dependence on Q2, z, Pf and —t of the /b and ji  electroproduction yields has been stud-
iedd on a hydrogen target and compared to a LUND-model based MC simulation. The MC 
describess most of the kinematic dependencies fairly well, with slight deviations at high P2 

andd —t for the f0 meson, and at low P2 for the f2 meson. This can be an indication that this 
typee of MC simulation is not fully adequately tuned to describe /o and f2 production in the 
HERMESS kinematic region. However, the MC simulation results are sufficiently adequate to 
evaluatee an acceptance correction for each kinematic bin. In this way multiplicity distribu-
tionss are obtained with the aim of gaining additional information on the /o(980) production 
mechanism.. Therefore, a set of model dependent acceptance efficiencies has been calculated 
forr each kinematic dependence. The yields have been corrected, and normalized by the total 
DISS yield to obtain the multiplicity distributions. 
Thee Q2 dependence of the /o multiplicity distribution suggests a similar fall-off with Q2 as 
forr diffractive p° production in the VMD framework. The z dependence is peaked at < z >« 
0.5,, suggesting that the /0 is likely to be produced in semi-inclusive reactions together with a 
mesonn of similar mass. The dependence on the transverse momentum square P2 was param-
eterizedd with an exponential function for which the slope parameter was fixed to the value 
foundd from the measurements of the NOMAD collaboration. The curve obtained in this way 
agreess with the P2 dependence of thee present data. The dependence on the momentum trans-
ferr —t has a similar slope parameter as for diffractive p° production. 
Thee integrated multiplicities for /0 and /2 production as obtained from this analysis are com-
paredd to similar values derived from the NOMAD experiment and also to the values of the 
OPALL experiment. A strong increase of the multiplicity with the center-of-mass energy of 
thee production process is observed. 
Itt is concluded that the /o(980) scalar meson is observed for the first time in electroproduc-
tionn at a relatively low center-of-mass energy on various nuclear targets. The study of the 
.4-dependencee of the /o(980) meson does not seem to favor a structure different from a nor-
mall  3Po qq-vaeson. Also the study of kinematic dependencies of the /o(980) production are 
inn agreement with the standard description of this meson as a qq-objeet. However, no MC 
simulationss are available for leptoproduction of /0(980) scalar mesons in the framework of 
aa qqqq hybrid model, for instance. In the absence of such calculations it is difficult to draw 
firmm conclusions. Moreover, higher statistics are needed to put the conclusions reached on 
thee basis of the present data on a firmer footing. 





Appendixx A 

Extractionn of inclusive cross section ratio 

Inn this appendix the details of the extraction of the cross section ratio a^/a-Q are given, in 
thee particular case of the analysis presented in chapter 5. 
Becausee of the detector misalignment the top and bottom detector halves are treated inde-
pendently.. Two measurements are therefore extracted from the two detectors and need to 
bee combined as independent measurements of the same quantity. For each detector half the 
measuredd cross section is evaluatedd from the yields in gas A and D as: 

^totfbot)) = / *A\ t 0* b 0 t> = >W|e ( A 1 } 

wheree Y = ^ (N= number of DIS events, L= luminosity, /= detector live time, t= burst 
length).. Lace is the luminosity monitor acceptance correction calculated to be L^.=1.01759 
andd unity for the other gases. 
Fromm the two measurements the weighted mean is extracted according to [63] 

mm — 
n*°pn*°p .Rbot 

++ (SR^yl ' [\6R?>P)
 + [sR^J \ ' ( A ' 2 ) (OR*(OR*00?)?)22 (SR^y 

22 / 1 v 21 - 1 /2 

G i k ) 2 + G / ^ ) 2 ]] • <A-3) 

Forr each measurement the x is given by: 

2 2 
22 _ (^wgtm i t  0 p \ / flwgtm  R \ , . .. 

XX ~ \ OR*? ) +{ 6R**x ) ' KM) 

Thee values of the x2 range between 9 and 0.7. Following the method suggested in [63] when 
averagingg independent measurements of the same quantity, if the x2 is below or equal to 1 
thee averaged result is accepted. If the x2 is greater than 1, but not too large to motivate the 
rejectionn of the result, the average is accepted but the statistical error on is enlarged by a 
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scalee factor. In the present case the statistical error on measured cross section as obtained in 
Eq.. (A.3) is enlarged by the square root of the x2 calculated from the difference of the top 
andd bottom measurements from the weighted mean (Eq. (A.4)), 

M2^mm = SR  ̂ • y/x1- (A.5) 

Too obtain the Born cross section ratio the measured ratio, as given by Eq. (A.2), needs to be 
correctedd for radiative corrections and detector efficiencies according to Eq. (5.6), which for 
clarityy can be rewritten specifying all terms: 

II  „ I ~ cA ISBorn ~> V g 
V ö " D / B o r nn § B o r n ^Born 

tAA  ffA i t A „ A i tA _A selass elaa sqela qela Snel ine] 1 (\ fi\ 

*Nvgtmm ^Born 

Thee determination of the reconstruction efficiencies £ is discussed in section 5.2.1. Note that 
Eq.. (A.6) does not require the absolute knowledge of any efficiency £ but only of ratios of 
efficienciess for which some acceptance effects cancel. The radiative corrections contribu-
tionss are obtained with the TERAD code [81, 82, 83] as described in section 5.2.21. 
Forr all targets, the contribution from the radiation of 2 (hard) photons, the so-called a2 con-
tributionn is applied, i.e. each term of the radiative correction is multiplied by a factor2 fa. As 
wee do NOT know the reconstruction efficiencies for events with two hard radiated photons 
(thesee contributions are not included in the present Monte Carlo simulation), the efficiency 
doo not account for these type of processes. This may not be totally correct but seems to be 
thee best treatment of these contributions. 
Inn the 84Kr case cr^ has been corrected for processes in which more than one (soft) photon 
iss exchanged with the nucleus. This multi-gamma correction reduces the elastic background 

^elass = ^elas (1 ~ / * 7 ) , ( A . 7) 

withh /x7 ~ 0.05 — 0.10 in the x range 0.01 < x < 0.09 and zero for larger x. 
Thee statistical error on the Born cross section is obtained by the calculating the partial deriva-
tivess of Eq. (A.6) with respect to Ry,gtm and the 8 efficiencies f eïïï> ÊÜ?\ fqi?}  and £nef'* 

'Inn terms of 'TERAD language" 

fBornn = siglg, 

tTeiass = cto.il • fa • siglg/100, 

cfqeiaa = qtail • fa • siglg/100, 

aa inei = contin • fa • siglg/100. 

fafa = (l + 
qtailqtail + dail + contin, 

http://cto.il
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VOD/Bornn eBora 

(^Boraa + Selas(Jelas/(JBoni + Sqela(7qela/CrBorn + Sinel^inel/^Born) ("-^wgtm) 

+-*Svgtmm ("flora) 

fTfTA A 

++ ( Z D _ ) (^Born) 
^Bora a 

°Bom m 

++ ( Z D _ ) 2 ((°eta» ^ ^ a s )2 + (CTqela ^ e l a )2 + (°"iL l ^ ine l )2) 
"Bom m 

)•• (A.8) 

Finallyy the extracted (TA/VD in {x, Q2) bins is bin centered to the NMC x value for each x 
binn (see for instance Fig. 5.12) with a multiplicative factor which also enlarges the statistical 
error, , 

fi*ffi*f  =(2*) •%- , (A.9) 
VCD/Bornn ^ D / B o r a **fit 

, (2* ) t ee = , ( ! * ) . * - £ , (A.10) 
WDD / Bom WD / Bora ^Gt 

wheree HNMC »S m e value of the parameterization of the NMC data for 12C/D and 119Sn/D 
calculatedd at the NMC x and R&t is the value of the same parameterization extracted at 
thee HERMES x for each point. The two parameterizations taken for 119Sn/D and 12C/D 
respectivelyy are: 

119Sn/D:: 0.9697 - 1.433 x - 0.334 e"54-53 x + 1.074 a0-711, 

12C/D:: 0.925 - 0.398 x - 0.099 e"2806 x + 0.256 re0246. 





Appendixx B 

Tables s 

Inn this Appendix the results are listed of the inclusive cross section ratios for 3He, 14N and 
uuKr,Kr, and of the ratios RA/RD> which are obtained according to die analysis described in 
chapterr 5. More complete tables for (x,Q2) bins can be found in: 
http://www.nikhef.nl/~erikag/Analysis/inclusive.html. . 

<< X > 

0.013 3 

0.018 8 

0.025 5 

0.035 5 

0.045 5 

0.055 5 
0.070 0 

0.090 0 

0.125 5 

0.175 5 

0.250 0 

0.350 0 

<Q<Q22> > 
0.498 8 

0.660 0 

0.872 2 

1.124 4 

1.341 1 

1.527 7 

1.758 8 

2.016 6 

2.342 2 

2.704 4 

3.100 0 

4.138 8 

O'Kr/^D O'Kr/^D 

0.829 9 

0.850 0 

0.876 6 
0.937 7 

0.942 2 

0.969 9 
0.989 9 

1.032 2 

1.036 6 

1.040 0 
1.014 4 

0.966 6 

stat t 

0.016 6 

0.020 0 
0.012 2 

0.008 8 

0.009 9 

0.010 0 

0.007 7 

0.009 9 
0.004 4 

0.005 5 
0.004 4 

0.006 6 

sys s 

0.060 0 

0.066 6 

0.039 9 

0.027 7 
0.017 7 

0.018 8 

0.012 2 

0.013 3 

0.015 5 

0.015 5 

0.010 0 

0.017 7 

Tablee B.l: Extracted values for OKT/O-D i"  12 x bins. The 4th column reppresents the relative 
statisticalstatistical error while in the 5th is culomn the systematic uncertainty for each point 
isis listed. 

http://www.nikhef.nl/~erikag/Analysis/inclusive.html
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<< X > 

0.013 3 

0.018 8 

0.025 5 

0.035 5 

0.045 5 

0.055 5 

0.070 0 

0.090 0 

0.125 5 

0.175 5 

0.250 0 
0.350 0 

<Q<Q22> > 
0.497 7 

0.659 9 

0.871 1 

1.123 3 

1.338 8 

1.525 5 

1.753 3 

2.010 0 
2.324 4 

2.674 4 

3.072 2 

4.130 0 

ÖN/OD D 

0.918 8 

0.930 0 

0.947 7 

0.967 7 

0.978 8 

0.994 4 

1.006 6 
1.018 8 

1.023 3 

1.023 3 

1.010 0 

0.978 8 

stat t 

0.010 0 

0.010 0 

0.007 7 

0.008 8 

0.008 8 

0.008 8 

0.006 6 
0.007 7 

0.003 3 

0.003 3 

0.003 3 

0.004 4 

sys s 

0.032 2 

0.032 2 

0.019 9 

0.021 1 

0.016 6 

0.016 6 

0.013 3 

0.014 4 

0.011 1 

0.012 2 

0.011 1 

0.009 9 

Tablee B.2: Extracted values for CTN/^D in 12 x bins. The 4th column reppresents the relative 
statisticalstatistical error while in the 5th is culomn the systematic uncertainty for each point 
isis listed. 

<x> <x> 

0.013 3 

0.018 8 

0.025 5 

0.035 5 

0.045 5 

0.055 5 
0.070 0 

0.090 0 

0.125 5 

0.175 5 

0.250 0 

0.350 0 

<Q<Q22> > 
0.770 0 

1.300 0 
1.800 0 

2.400 0 

3.000 0 

3.800 0 

4.700 0 

5.600 0 

6.300 0 

7.300 0 

8.700 0 

11.000 0 

ÖHe/^ D D 

0.910 0 

0.962 2 
0.977 7 

0.971 1 

0.985 5 

0.990 0 

0.996 6 

1.005 5 

1.008 8 

1.017 7 

1.008 8 

1.004 4 

stat t 

0.014 4 

0.012 2 

0.008 8 

0.008 8 

0.009 9 

0.009 9 
0.007 7 

0.008 8 

0.004 4 

0.004 4 

0.004 4 

0.005 5 

sys s 

0.018 8 

0.018 8 

0.011 1 
0.013 3 

0.012 2 

0.013 3 

0.011 1 

0.013 3 

0.010 0 

0.011 1 

0.011 1 

0.010 0 

Tablee B.3: Extracted values for an^/on in 12 x bins. The 4th column reppresents the relative 
statisticalstatistical error while in the 5th is culomn the systematic uncertainty for each point 
isis listed. 



<< X > 

0.013 3 

0.018 8 

0.025 5 

0.035 5 

0.045 5 

0.055 5 

0.070 0 

0.090 0 

0.125 5 

0.175 5 

0.250 0 

0.350 0 

<x> <x> 

0.013 3 

0.018 8 

0.025 5 

0.035 5 

0.045 5 

0.055 5 

0.070 0 

0.090 0 

0.125 5 

0.175 5 

0.250 0 

0.350 0 

<< x > 

0.013 3 

0.018 8 

0.025 5 

0.035 5 

0.045 5 

0.055 5 

0.070 0 

0.090 0 

0.125 5 

0.175 5 

0.250 0 

<Q<Q22> > 

0.498 8 

0.660 0 

0.872 2 

1.124 4 

1.341 1 

1.527 7 

1.758 8 

2.016 6 

2.342 2 

2.704 4 

3.100 0 

4.138 8 

<Q<Q22> > 

0.499 9 

0.655 5 

0.903 3 

1.247 7 

1.451 1 

1.579 9 

1.858 8 

2.024 4 

2.437 7 

2.842 2 

3.458 8 

5.151 1 

<Q<Q22> > 

0.502 2 

0.655 5 

0.948 8 

1.201 1 

1.404 4 

1.644 4 

1.894 4 

2.078 8 

2.366 6 

2.835 5 

3.353 3 

Ff/Ff Ff/Ff 
1.066 6 

1.011 1 

1.026 6 

0.983 3 

0.989 9 

1.020 0 

1.023 3 

1.049 9 

1.035 5 

1.034 4 

1.016 6 

0.981 1 

F»/FF»/F22
D D 

1.215 5 

1.011 1 

1.040 0 

0.987 7 

1.007 7 

1.010 0 

1.023 3 

1.024 4 

1.025 5 

1.025 5 

1.008 8 

0.989 9 

F»*jF? F»*jF? 
0.815 5 

1.031 1 

1.044 4 

0.999 9 

0.979 9 

1.008 8 

1.013 3 

1.024 4 

1.010 0 

1.024 4 

1.008 8 

stat t 

0.139 9 

0.077 7 

0.038 8 

0.020 0 

0.019 9 

0.018 8 

0.013 3 

0.015 5 

0.007 7 

0.007 7 

0.006 6 

0.008 8 

stat t 

0.163 3 

0.052 2 

0.026 6 

0.019 9 

0.017 7 

0.016 6 

0.011 1 

0.012 2 

0.004 4 

0.004 4 

0.004 4 

0.005 5 

stat t 

0.239 9 

0.067 7 

0.031 1 

0.021 1 

0.018 8 

0.018 8 

0.013 3 

0.013 3 

0.005 5 

0.006 6 

0.005 5 

R-KT/RD R-KT/RD 

4.574 4 

3.832 2 

3.465 5 

1.702 2 

1.835 5 

2.063 3 

1.724 4 

1.738 8 

1.180 0 

0.835 5 

2.261 1 

2.730 0 

RN/RD RN/RD 

5.330 0 

1.950 0 

2.263 3 

1.270 0 

1.449 9 

1.266 6 

1.303 3 

1.103 3 

1.092 2 

1.145 5 

0.732 2 

2.543 3 

RHC/RD RHC/RD 

0.142 2 

1.763 3 

1.850 0 

1.396 6 

0.902 2 

1.302 2 

1.346 6 

1.455 5 

1.083 3 

1.554 4 

1.118 8 

stat t 

2.958 8 

1.887 7 

0.807 7 

0.329 9 

0.342 2 

0.387 7 

0.267 7 

0.394 4 

0.237 7 

0.330 0 

0.911 1 

1.838 8 

stat t 

3.487 7 

0.674 4 

0.415 5 

0.248 8 

0.245 5 

0.237 7 

0.180 0 

0.204 4 

0.147 7 

0.246 6 

0.291 1 

1.110 0 

stat t 

1.952 2 

0.807 7 

0.427 7 

0.289 9 

0.236 6 

0.282 2 

0.229 9 

0.283 3 

0.184 4 

0.358 8 

0.429 9 

sys s 

2.393 3 

1.747 7 

1.296 6 

0.525 5 

0.512 2 

0.461 1 

0.334 4 

0.807 7 

0.443 3 

0.545 5 

1.702 2 

0.952 2 

sys s 

2.502 2 

0.668 8 

0.703 3 

0.348 8 

0.365 5 

0.289 9 

0.255 5 

0.208 8 

0.211 1 

0.252 2 

0.154 4 

1.097 7 

sys s 

0.067 7 

0.645 5 

0.601 1 

0.415 5 

0.246 6 

0.328 8 

0.302 2 

0.351 1 

0.322 2 

0.679 9 

0.955 5 

Tablee B.4: Extracted values for F^/Ff and RA/RD obtained in the 2-parameters fit. 
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<< X > 

0.013 3 

0.018 8 

0.025 5 

0.035 5 

0.045 5 

0.055 5 

0.070 0 

0.090 0 

0.125 5 

0.175 5 

0.250 0 

0.350 0 

< Q 2 > > 

0.498 8 

0.660 0 

0.872 2 

1.124 4 
1.341 1 

1.527 7 

1.758 8 

2.016 6 
2.342 2 

2.704 4 

3.100 0 

4.138 8 

RKT/RD RKT/RD 

0.985 5 

1.441 1 

1.814 4 

1.510 0 

1.938 8 

1.902 2 

1.746 6 

1.407 7 

1.206 6 

0.714 4 

2.047 7 

0.964 4 

stat t 

0.172 2 

0.299 9 

0.183 3 

0.131 1 

0.176 6 

0.206 6 
0.154 4 

0.212 2 

0.165 5 

0.226 6 

0.632 2 

0.898 8 

sys s 

1.798 8 

1.847 7 

0.981 1 

0.536 6 

0.433 3 

0.370 0 

0.265 5 

0.295 5 

0.403 3 

0.492 2 

1.146 6 

1.682 2 

<< x > 

0.013 3 
0.018 8 

0.025 5 

0.035 5 
0.045 5 

0.055 5 

0.070 0 
0.090 0 

0.125 5 

0.175 5 

0.250 0 

0.350 0 

<Q<Q22> > 

0.483 3 

0.640 0 

0.846 6 

1.090 0 

1.301 1 

1.482 2 

1.706 6 

1.956 6 

2.271 1 

2.623 3 
3.007 7 

4.014 4 

RN/RD RN/RD 

1.212 2 

1.270 0 

1.328 8 

1.265 5 
1.345 5 

1.237 7 

1.228 8 
1.105 5 

1.143 3 

1.064 4 

0.765 5 

1.927 7 

stat t 

0.107 7 

0.108 8 
0.084 4 

0.102 2 

0.110 0 

0.119 9 

0.101 1 

0.113 3 

0.108 8 

0.179 9 

0.229 9 

0.765 5 

sys s 

0.345 5 

0.240 0 

0.246 6 

0.211 1 

0.222 2 

0.185 5 

0.158 8 

0.140 0 

0.111 1 

0.180 0 

0.229 9 

0.766 6 

<< x > 

0.013 3 

0.018 8 

0.025 5 

0.035 5 

0.045 5 

0.055 5 

0.070 0 

0.090 0 

0.125 5 

0.175 5 

0.250 0 

< Q 2 > > 

0.513 3 

0.680 0 
0.898 8 

1.158 8 

1.381 1 

1.573 3 

1.811 1 

2.077 7 

2.412 2 

2.785 5 

3.193 3 

RHe/Rü RHe/Rü 
1.579 9 

1.112 2 

1.080 0 

1.253 3 

1.089 9 

1.207 7 

1.254 4 

1.255 5 

1.210 0 

1.135 5 

0.777 7 

stat t 

0.163 3 
0.128 8 

0.092 2 

0.113 3 

0.121 1 

0.145 5 

0.125 5 

0.158 8 

0.136 6 

0.236 6 
0.300 0 

sys s 

0,269 9 

0.158 8 

0.131 1 

0.145 5 
0.144 4 

0.161 1 

0.139 9 

0.165 5 

0.137 7 

0.236 6 

0.300 0 

Tablee B.5: Extracted values for RA/RD '« x bins from HERMES + NMC data with one pa-
rameterrameter fit. 
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<x> <x> 

0.013 3 

0.018 8 

0.025 5 

0.035 5 

0.045 5 

0.055 5 

0.070 0 

0.090 0 

0.125 5 

0.175 5 

0.250 0 

0.350 0 

<< x > 

0.013 3 

0.018 8 

0.025 5 

0.035 5 

0.045 5 

0.055 5 

0.070 0 

0.090 0 

0.125 5 

0.175 5 

0.250 0 

<Q<Q22> > 

0.505 5 

0.678 8 

0.907 7 

1.271 1 

1.442 2 

1.598 8 

1.933 3 

2.188 8 

2.733 3 

3.210 0 

3.876 6 

5.466 6 

<Q<Q22> > 

0.535 5 

0.719 9 

0.962 2 

0.347 7 

1.529 9 

1.694 4 

2.049 9 

2.319 9 

2.896 6 

3.402 2 

4.108 8 

Rfi/Rp Rfi/Rp 

2.353 3 

1.714 4 

1.537 7 

1.329 9 

1.280 0 

1.299 9 

1.323 3 

1.134 4 

1.045 5 

1.114 4 

0.732 2 

2.585 5 

RHe/Rp RHe/Rp 
0.142 2 

1.763 3 

1.437 7 

1.288 8 

0.946 6 

1.389 9 

1.200 0 

1.347 7 

1.053 3 

1.600 0 

1.102 2 

stat t 

1.139 9 

0.463 3 

0.238 8 

0.186 6 

0.196 6 

0.212 2 

0.160 0 

0.188 8 

0.146 6 

0.253 3 

0.310 0 

1.144 4 

stat t 

1.952 2 

0.807 7 

0.336 6 

0.233 3 

0.218 8 

0.265 5 

0.193 3 

0.254 4 

0.183 3 

0.372 2 

0.451 1 

sys s 

1.237 7 

0.632 2 

0.543 3 

0.413 3 

0.362 2 

0.325 5 

0.286 6 

0.228 8 

0.202 2 

0.247 7 

0.153 3 

0.683 3 

sys s 

0.075 5 

0.650 0 

0.508 8 

0.400 0 

0.268 8 

0.347 7 

0.259 9 

0.270 0 

0.204 4 

0.354 4 

0.231 1 

Tablee B.6: Extracted values for RA/RD in x bins from the Rosenbluth seperation of HERMES 
++  NMCdata. 
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Summary y 

Inn this thesis the hadronic final state in deep-inelastic positron scattering experiments is stud-
iedd in order to increase our understanding of non-perturbative (or long-distance) aspects of 
thee theory of strong interactions, Quantum Chromo-Dynamics and hadron structure. More 
specifically,, the time evolution of hadron-formation processes, parton energy-loss mecha-
nismss and the structure of scalar mesons are investigated. 
Ass an experimental tool semi-inclusive deep-inelastic lepton scattering on nuclei is used. In 
suchh experiments the atomic nuclei act as a filter for the hadrons produced when a lepton 
scatterss off a quark in one of the nucleons. At the energy scale of the HERMES experi-
mentt the hadron-formation processes develop over length scales comparable to the size of 
thee atomic nucleus. Therefore, measurements of the hadron attenuation on various nuclear 
targetss are sensitive to the nature of these processes. 
Inn this thesis, data are presented for the attenuation (or multiplicity) ratios of charged pions, 
kaons,, protons and anti-protons on a krypton target in comparison to deuterium. Using sim-
plee phenomenological models it is possible, as it has been shown, to obtain values for the 
formationn times of these particle types. The results indicate that the formation of a proton 
requiress twice as much time as the formation of a pion or kaon. If confirmed with more 
statisticss this observation suggests different formation times for mesons and baryons. In this 
respectt it would be desirable to obtain data on other baryons, like the A-hyperon, as well. 
Suchh data will become available soon with the larger acceptance for slowly decaying parti-
cless provided by the newly installed Lambda Wheels silicon detector1. 
Thee dependence on z and v of the multiplicity ratios on krypton have the same behavior 
ass the already published multiplicity ratios on nitrogen. Fast forward (high z) hadrons are 
moree strongly attenuated than non-leading hadrons. Also hadrons produced in events with 
loww energy transfer (low v) are more strongly attenuated than hadrons produced at high v. 
Thesee data demonstrate that the attenuation effects are very prominent in the HERMES en-
ergyy range, which is differentt from available EMC data [23]. In thiss respect, it is interesting 
too note that data collected at HERMES with a beam energy of 12 GeV will extend the mea-

'Thee main purpose of the Lambda Wheels is in the field of spin physics, however. The study of A-hyperon 
productionn at XF < 0, for example, gives information on the relative orientation of s and u quarks, while A 
productionn on transversely polarized targets may give access to the only unmeasured leading-order structure 
function,i.e.. hi{x). 
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surementss presented in this work to a lower v region where nuclear attenuation effects are 
evenn stronger. A preliminary analysis of these data can be found in Ref. [123]. 
Essentiallyy two different types of model calculations are available to describe the attenuation 
off  hadron multiplicities: the ones in which the hadron-nucleon rescattering in the medium is 
thee dominant cause of hadron attenuation, and the one in which the entire effect of hadron 
attenuationn is attributed to parton-nucleon rescattering and gluon radiation in a QCD frame-
work.. These approaches are both able to describe the kinematic dependencies of the attenu-
ationn ratios for both 14N and Kr targets. In an effort to make a distinction between the two 
approachess the yl-dependence of the attenuation ratios has been studied more precisely. 
Thee new data on 84Kr and D presented in this thesis are combined with the published HER-
MESS data on 14N and D to determine the ^4-dependence of hadron attenuation in nuclei. The 
dataa favor (at the 3<r level) the A2/3 dependence characteristic of me gluon-quark interference 
termss (as determined in a QCD framework) over the Al/3 dependence predicted by nuclear 
absorptionn models. It is not excluded, however that, expecially at low v where the hadron is 
moree likely to be formed well inside the nucleus, a combination of the two effects is needed. 
Thiss would be reflected by the observation that the power a (in Aa) for data at lower v is 
closerr to the value 1/3. More data, in particular on other targets with different atomic num-
berss are needed to better constrain the observed yl-dependence. Data at lower energies will 
bee useful to search for possible ^-dependence of the power a. 
Inn order to obtain well normalized data on the hadron multiplicity ratios a thorough study 
off  the inclusive DIS cross section ratio on nuclei was required. The ratio CTKI/CTD has been 
extractedd from the present data after applying corrections for radiative processes and for a 
severee detector inefficiency which went previously unnoticed. In the course of these studies 
previouslyy published data on D, 3He and 14N had to be reanalyzed together with the present 
dataa on 84Kr and D. For all target gases the ratio CTA/OV is found to be in agreement with the 
existingg parameterization of inclusive cross section ratios mostly derived from the NMC ex-
periment.. From these inclusive analyses the value of the longitudinal to transverse cross 
sectionn ratio R as measured on heavier targets has been found to be in agreement with the 
valuee obtained on deuterium within 20% in the Q2 range between 0.5 and 10 GeV2. 
Apartt from the study of long lived particles such as pions, kaons and protons, also the study 
off  fast decaying particles can be used to access aspects of the QCD structure of hadrons. 
Inn fact, hadron spectroscopy also serves to better understand certain aspects of QCD in the 
non-perturbativee domain. Presently, one of the most important issues in hadron spectroscopy 
iss the search for resonances which are predicted theoretically but not yet observed experi-
mentally,, such as glueballs. To be able to identify the lowest mass glueball a very precise 
knowledgee of all the resonances in the mass range between 0.9 and 1.8 GeV is needed, and 
inn particular of the scalar mesons which have the same quantum numbers as the predicted 
glueball. . 
Inn this thesis the /o(980) scalar meson has been studied, which has been observed for the 
firstt time in the present electroproduction data with a significance of about 4a on various nu-
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clearr targets. The ^-dependence of the yield and the peak position of the /o(980) have been 
studied,, but no indication was found for an A-dependence of either of these two quantities. 
Hence,, a description of the structure of a /o(980) in terms of a /CK'-molecules, as suggested 
byy some model predictions, is less likely. 
Amongg the four gas targets investigated in this study the hydrogen target gives both a high 
significancee for the /b(980) signal (of about 4.1) and also offers the possibility to study the 
/2(1270)) tensor meson which has been observed with a significance of 3.5. The hydrogen 
dataa set has therefore been used to further study the properties of /o(980) electroproduction 
byy investigating various kinematic dependencies of the multiplicity distribution in compar-
isonn to those of the /2(1270) meson. The dependence on Q2, z, Pf and —t of the f0 and 
ff22 yields has been compared to a MC simulation, in which these mesons are assumed to 
bee produced as fragmentation products in deep-inelastic scattering. Within the constraints 
off  such a MC simulation the /0 and /2 yields are reproduced adequately, thus providing a 
modell  dependent acceptance correction which has been used to evaluate multiplicity distri-
butionss for both mesons. A factor ten difference is found when comparing the integrated 
multiplicityy of /0(980) measured in the present work to the NOMAD findings at a similar 
center-of-masss energy. From the observed kinematic dependencies of /o(980) electropro-
ductionn it is concluded that the HERMES data are in agreement with a description of this 
mesonn as a qq-object. Though, other models, like the qqqq-hybnd one, cannot be ruled out 
inn the absence of a MC simulation based on such an assumption to compare the data to. 
Sincee the treatment of the background is the largest cause of uncertainty in this analysis, it 
mightt be interesting for future studies to exploit the neutral pion decay channel of the ƒ o (980) 
meson,, in which the background of the p° peak is not present. 

Inn conclusion it has been shown that semi-inclusive deep-inelastic scattering on nuclei is 
aa useful tool for extracting new insights on non-perturbative QCD and hadron properties. In 
thee present work this tool has been used to obtain information on the hadron-formation and 
partonn energy-loss mechanisms. In addition it has been shown how DIS on nuclei offers a 
neww degree of freedom in the study of the structure of scalar mesons. In the near future the 
presentt work can be extended by exploiting new equipment, such as the Lambda Wheels 
describedd in chapter 4. Moreover, by collecting new data on other heavy nuclei it will be 
possiblee to investigate more precisely the ^-dependence of the hadron attenuation, and to 
putt the observation of a A2/3 dependence of the nuclear attenuation on a firmer basis. Future 
highh luminosity DIS experiment on nuclei would allow to map the z dependence of hadron 
attenuationn in various v intervals to identify a possible transition region between different 
energyy loss mechanisms. 





Samenvatting g 

Quantumm Chromodynamica (QCD) is de theorie die de sterke wisselwerking tussen elemen-
tairee deeltjes beschrijft. Deze theorie is zeer succesvol gebleken zo lang de relatieve energie 
tussenn de deeltjes erg hoog is. Bij lagere energieën is het veel moeilijker om QCD toe te 
passen,, omdat in dit regime de techniek van de storingsrekening niet meer werkt. 
Inn dit proefschrift worden de resultaten van een experimenteel onderzoek beschreven dat 
gerichtt is op het vergroten van onze kennis van QCD bij lagere energieën. Daartoe zijn 
experimentenn uitgevoerd waarin positronen van hoge energie verstrooid zijn aan quarks (de 
bouwstenenn van protonen en neutronen) in verschillende atoomkernen. In deze experimenten 
zijnn naast het verstrooide positron ook de geproduceerde hadronen (een verzamelnaam voor 
uitt quarks opgebouwde deeltjes zoals pionen, kaonen en protonen) waargenomen. Door de 
resultatenresultaten verkregen op kleine en grote atoomkernen zoals deuterium en krypton te verge-
lijkenn kan informatie worden verkregen over de tijdsduur van het hadronformatieproces (na-
datt een quark is geraakt), het mechanisme waardoor quarks energie verliezen als ze door de 
atoomkernn bewegen en de structuur van een bijzondere klasse hadronen, de scalaire meso-
nen. . 
Dee metingen zijn verricht bij het HERMES experiment dat opgebouwd is in de oosthal van 
dee electron-protonbotser HERA bij het onderzoekinstituut DESY in Hamburg. Allereerst 
zijnn metingen geanalyseerd waarin alleen naar het verstrooide positron is gekeken. De ver-
houdingg van de werkzame doorsnedes voor dit "inclusieve" proces op 3He, 14N en ^Kr ten 
opp zichte van D is vergeleken met metingen die eerder verkregen zijn door het NMC exper-
imentt op CERN. Na correctie voor een detectorinefficientie die eerder over het hoofd was 
gezienn is goede overeenstemming gevonden tussen de NMC en HERMES data. Dit resultaat 
verzekerdee dat de normering van de meetgegevens in orde is. 
Vervolgenss is een analyse uitgevoerd waarin ook de hadronische eindtoestand is bestudeerd. 
Opp basis van deze analyse is de verzwakkingsverhouding (attenuation ratio) bepaald van 
electrischh geladen pionen, kaonen, protonen en antiprotonen, voor krypton t.o.v. deuterium. 
Mett behulp van eenvoudige phenomenologische modellen is het mogelijk gebleken een 
schattingg te geven van de formatietijd van deze deeltjes. De resultaten wijzen erop dat de 
formatiee van een proton twee keer zoveel tijd kost als dat van een pion of een kaon. De 
afhankelijkheidd van de verzwakkingsverhouding van het atoomgetal, A, is eveneens onder-
zocht,, waarbij de nieuwe resultaten voor ^Kr en D, gepresenteerd in dit proefschrift, gecom-
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bineerdd zijn met de eerder gepubliceerde HERMES data voor 14N en D. Het resultaat hiervan 
geeftt aan dat de verzwakking een A2/3 afhankelijkheid vertoont die karakteristiek is voor een 
gluon-quarkk interferentie effect voorspeld door QCD. Dit moet vergeleken worden met een 
AA1/31/3 afhankelijkheid, zoals voorspeld door meer klassieke nucleaire absorptiemodellen. 
Behalvee onderzoek naar langlevende deeltjes, zoals pionen, kaonen en protonen, zijn ook 
snellerr vervallende deeltjes onderzocht om bepaalde aspecten van hun QCD structuur beter 
tee leren begrijpen. Eén van de belangrijke onderwerpen op het gebied van hadron structuur 
iss de zoektocht naar deeltjes die theoretisch voorspeld zijn, maar nog niet experimenteel 
zijnn waargenomen, zoals glueballs. Om dat glueballs dezelfde quantumgetallen hebben als 
scalairee mesonen is een zeer precieze kennis nodig van alle scalaire mesonen met een massa 
tussenn 0.9 en 1.8 GeV. In dit proefschrift is het scalaire meson/ö(980) onderzocht. Dit meson 
iss voor het eerst waargenomen in het hier beschreven experiment met een significantie van 
ongeveerr Aa. De resonantie is gezien op 4 verschillende atoomkernen. De A-afhankelijkheid 
vann het aantal gemeten/0(980) deeltjes en de positie van de/0(980) resonantie is onderzocht, 
maarr voor geen van beide is een indicatie gevonden die wijst op een ^-afhankelijkheid. 
Dezee waarneming maakt het zeer onwaarschijnlijk dat het/0(980) meson de structuur heeft 
vann een K^-molecuul zoals wel is voorgesteld. De afhankelijkheid van het aantal gemeten 
/o'ss van Q2, z, P(

2 en —t is vergeleken met een Monte Carlo simulatie, waarbij is aangenomen 
datt deze mesonen ontstaan zijn uit een fragmentatieproces in diep-inelastische vertrooiing. 
Uitt de waargenomen afhankelijkheid van de electroproductie van/0(980) mesonen van deze 
kinematischee variabelen wordt geconcludeerd dat de HERMES data in overeenstemming 
zijnn met de beschrijving van dit meson als een gebonden toestand van een quark en een an-
tiquarkk in een 3F0 toestand. 
Samenvattendd kan gesteld worden dat semi-inclusieve diep-inelastische verstrooiing op 
atoomkernenn een zeer bruikbare methode is om nieuwe inzichten te verkrijgen in niet-pertur-
batievee QCD en eigenschappen van sommige hadronen. In het hier gepresenteerde onder-
zoekk is van deze methode gebruik gemaakt om informatie te verkrijgen over de hadron for-
matietijdd en om mechanismen te onderzoeken die het energieverlies van quarks en gluonen 
inn atoomkernen beschrijven. Ook is aangetoond hoe diep-inelastische verstrooiing, waar-
bijj  gebruik gemaakt wordt van verschillende atoomkernen als trefplaat, een manier biedt 
omm de structuur van scalaire mesonen te onderzoeken. In de nabije toekomst kan het hier 
gepresenteerdee onderzoek uitgebreid worden door gebruik te maken van nieuwe apparatuur, 
zoalss de Lambda Wheels die ook beschreven staan in dit proefschrift. Bovendien zou het 
wenselijkk zijn om de A-afhankelijkheid van de hadron verzwakking preciezer te onderzoeken 
doorr nieuwe metingen te doen aan andere atoomkernen. Hiermee kan de gevonden A2^-
afhankelijkheidd met meer nauwkeurigheid vastgesteld worden. 
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Stellingenn behorende bij het proefschrift 

Nuclearr  Effects in Semi-Inclusive Deep-Inelastic Scattering 
offf  ^K r  and other  nuclei 

1.. The ratio R of longitudinal to transverse photo-absorption cross sec-
tionss in deep-inelastic scattering does not depend on the target mass 
AA to within 20%. 

2.. The energy loss of quarks and gluons propagating through the nuclear 
mediumm depends quadratically on the distance traveled. 

3.. The scalar meson /o(980) can be observed through its two-pion non-
exclusivee decay in semi-inclusive deep-inelastic lepton scattering. 

4.. It is possible to operate a multi-strip silicon detector inside an ultra-
highh vacuum vessel in the vicinity of the interaction point of a high-
energyy lepton beam. 

5.. Partons have a non-zero orbital angular momentum. 

6.. The observation of a decrease in the effective mass of the K~ meson 
inn the nuclear medium as compared to its mass in vacuum, would have 
ann influence on the evolution of a supernova explosion. 

7.. When a Tippy-Top turns upside-down to rotate on its stem it raises its 
centerr of mass and reverses its direction of rotation. This behavior can 
bee explained in terms of friction. 

8.. A falling cat without a tail can still rotate and land on its paws. This 
iss because a cat uses its body as a combination of two gyroscopes. 

9.. The presence of long tracks observed in an exposition cloud chamber 
cannott be explained only from the rate of cosmic rays traversing almost 
parallell  to the super-saturated vapor. 

10.. The underrepresentation of women in physics is only in part a cultural 
problemm which is not improved by treating them as a minority. Respect 
andd EQUAL opportunities are sufficient and less demotivating. 
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