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I I 
Preface e 

Forr a long time people assumed the proton to be a fundamental particle of nature. 
Togetherr with the neutron and the electron the proton builds up every single piece 
off  matter that we see in the world today. 

Throughh the hard work of many people, experimentalists and theoreticians alike, 
ourr picture of the proton has changed. Today we view the proton as a sort of trifle, 
puddingg richly flavoured with small pieces of fruit. Most of the proton is gooey, the 
effectt of the strong force mediators the gluons. But often one can also find a hard 
bitt in the jelly: the quarks, of which there are six different flavours. 

Thee physics of scattering of electrons off the proton can also be visualised using 
thee pudding-analogy as follows. Envisage the electron as a glass marble. When the 
marblee is shot at the trifl e several scenarios can develop, depending on the energy 
(=speed)) of the marble. If the marble goes too slow, it wil l collide with the pudding 
andd be recoiled. If the experiment is repeated a number of times, all that wil l be seen 
iss the outline of the pudding which wil l appear rather solid. When the marble moves 
att higher speed, it wil l actually penetrate the proton and given that the marble has 
enoughh energy, it wil l break up the pudding! Subsequent analysis of the slabs of 
jellyy and fruit scattered throughout the room give insight in the structure of the jelly 
pudding,, as it was before it was blown into a wealth of small pieces. 

Thiss is more or less how the proton structure was discovered. At first electrons had 
tooo low an energy to actually probe the inner region of the proton and therefore gave 
risee to the idea that the proton was one of nature's fundamental building blocks. 
Inn 1969 experiments at the Stanford Linear Accelerator Center (SLAC) could use 
electronss with enough energy to break up the proton [1]. Such interactions, where 
thee proton is destroyed are called deep inelastic scattering. Through the analysis of 
thee structure hidden in the properties of the fragments after the break up of a proton 
wee have learned about the internal structure of the proton and the rules that govern 
thee internal dynamics of the protons constituents. We can thus reconstruct a picture 
off  the how the proton was before the electron tore it apart. 

Inn this thesis an analysis of the production of the charm quark in deep inelastic 
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epep scattering interactions is presented. The charm quark is actually heavier than 
thee proton itself, by approximately 30%. The fact that charm quarks can be (pair!) 
producedd is a purely quantum mechanical effect, which follows from the Heisenberg 
Uncertaintyy Principle. This principle states that some energy can be 'borrowed', 
providedd it is for a sufficiently short time. The underlying production mechanism is 
describedd by the theory Quantum Chromo Dynamics (QCD). Measurements of heavy 
quarkk production in deep inelastic scattering therefore are a test of QCD. 

Thee goal of this thesis is to contribute to the verification or falsification of the 
assumptionn that this QCD production mechanism indeed describes the production 
off  charm in deep inelastic scattering. To obtain this goal a measurement of charm 
productionn is made by identifying the electrons of the weak decay c —  e~ves which 
hass a branching ratio of 9.6  0.4%. This measurement is presented in the chapters 
4-6.. The analysis is based on data collected with the ZEUS detector in 1996-1997, 
whichh wil l be presented in chapter 3. In total 32 pb_ 1 is analysed. A review of the 
theoreticall  framework is given in chapter 1. In chapter 2 the software implementations 
off  the calculations are introduced. Such programmes are used in the modelling of deep 
inelasticc interactions, and heavy quark production in particular, is described. They 
formm a fundamental cornerstone of the analysis presented in the chapters thereafter. 
Thee final chapter describes fits of the theoretical predictions to the available data 
onn charm production in deep inelastic scattering. This comprises the semileptonic 
charmm decay data, presented in this thesis, and the published D*  results from both 
thee ZEUS and HI experiment. These fits will have a twofold use. First, they will 
leadd to a novel way to extract the mass of the charm quark. The second will be 
thatt these fits can be used to quantitatively answer the question whether QCD can 
describee todays data on charm production. 
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CHAPTERR 1 

II I 
II Taking apart the proton 

1.1.. Introductio n 

Thee production of heavy quarks in deep inelastic electron proton scattering poses a 
richh testing ground for the QCD sector of the Standard Model. The mass of these 
quarkss is higher than the fundamental cut-off scale of QCD, AQCD- The production 
off  heavy quarks can as a result be treated completely perturbatively. 

Inn the experimental environment of electron proton scattering, where the probe 
iss electroweak in nature, the measurement of heavy quarks can be directly related to 
aa hard QCD production process. Hence the measurement of heavy quark production 
iss a direct test of QCD. 

Thee QCD production process for ep-scattering, boson-gluon fusion, is driven by 
thee proton's gluon content. The gluon density functions of the proton are not obtained 
throughh direct experimental measurement, but indirectly, from the scaling violations 
off  the structure function of the proton. The measurement of heavy quark production 
cann therefore also verify the universality of the gluon density function. 

Off  the heavy quarks, the charm quark is the lightest. At about 1.3 GeV it is 
roughlyy four times lighter than the next heavy quark, beauty and therefore copiously 
moree produced. The fact that the electric charge of the charm quark is twice that of 
thee beauty quark further enhances the charm/beauty production ratio. 

Measurementss of charm production must be inevitably done through the detec-
tionn of charmed mesons. One particularly popular method for doing this is the 
identificationn of the Z>* (2010)-meson, which is formed by 23.5  1.0% of the pro-
ducedd (anti)charm quarks. This meson can follow the decay chain D*+ —  nfD0 —
ir+K~TTir+K~TT++  (or charge conjugate), where the subscript s denotes the so-called slow-
pion.. Due to the small mass difference between the D*  and the D° mesons, only 
1400 MeV, this slow-pion is practically at rest in the D-meson rest frame. The recon-
structionn of this mass difference results in a very clean signal for charm production. 
Thee analysis of this decay chain is the predominant source of the world data for 
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CHAPTERR 1 Takin gg apar t th e proto n 

Figur ee 1.1: Feynman-diagrams of deep inelastic scattering with the kinematics of 
thethe interaction in terms of (a) four-vectors and (b) the invariants. 

deepp inelastic ep scattering charm production. Unfortunately, there is also a down-
sidee to using this method. The combined branching ratio of this decay chain is 
67.7%% x 3.80% = 2.57%: only a small fraction of the all produced charm quarks is a 
prioripriori  visible in this channel. 

Ann alternative is the identification of the semileptonic decay of charmed mesons, 
withh a branching fraction BR(c —> e~) = 9.6  0.4%. The main body of this thesis 
(Ch.2-6)) will  be dedicated to the measurement of these electrons. In this chapter the 
theoreticall  framework relevant to the production of charm quarks in deep inelastic 
ep-scatteringg will first be presented. 

1.2.. Neutral current deep inelastic scattering 

1.2.1.. Kinematics of the interaction 

Inn neutral current deep inelastic scattering (NC-DIS) an electron and proton interact, 
throughh the exchange of a photon (Z-boson), breaking up the proton in the process: 

e(k)+p(P)->e'(k')e(k)+p(P)->e'(k') + X(P'= P + q) (1.1) 

Here,, X{P') denotes any final state that fits energy-momentum conservation. Through-
outt this text, bold symbols will denote the Lorentz four vectors of the particles. The 
interactionn in fact takes place between the electron and a quark in the proton: 

e(k)e(k) + q(xP)^e'(k') +  q'(C) (1.2) 

Thee quark carries only a fraction of the total proton four momentum. This is denoted 
byy the x, the Bjorken scaling variable. The four momentum of the exchanged photon 
iss given by q = k — k', see Fig. 1.1(a). A hard scattering process of the type described 
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Neutra ll  curren t deep inelasti c scatterin g SECTIONN 1.2 

abovee is defined by the following four Lorentz scalars 

QQ22 = -q2 = {k- k')2 (1.3) 

-a-a2 2 

2P2P q y J 

WW22 = (P + q)2 (1.6) 

whichh all have an intuitive interpretation at the leading order of the QCD pertur-
bationn expansion. The virtuality or mass of the photon is given by Q2, which also 
iss the measure of the probing depth of an interaction. A higher value of Q2 means 
thatt the photon will resolve structures at a smaller scale. The interpretation of x was 
alreadyy given. The variable y, the inelasticity, is, in the proton centre of mass frame, 
thee fraction of the energy of the electron transfered to the proton. Finally, the mass 
off  the hadronic system after the interaction, including the proton remnant, is given 
byy W. The four kinematic variables are related through 

QQ22 = sxy (1.7) 

wheree s = (k + P)2 is the centre of mass energy squared, and 

WW22 = sy{l -x)+m2
P (1.8) 

whichh includes the mass of the proton, mp. 

1.2.2.. Structur e function s 

Underr the assumption that deep inelastic scattering can be described by the exchange 
off  a single virtual gauge boson, the most general form for the unpolarised cross section 
forr positron proton scattering is given in terms of the structure functions Ff. 

(Pa(Pa 2TTC*2 

dQdQ22dxdx xQ4 YY++ FF22(x,(x, Q2) - y2FL(x, Q2) - Y.xF3(x, Q2)]  (1.9) 

wheree  — 1  (1 — y)2. In this equation FL describes the coupling of the proton 
too the longitudinal photons, and xFs is a parity violating term arising from the Z° 
exchange.. F2 gives the sum of both transverse and longitudinal couplings. When 
thee typical scale of the interactions, Q2, is much lower than the scale of the weak 
interactions,, viz. Q2 <C Af|, the contribution of xF$ wil l be negligible compared to 
thee other contributions. 

Inn comparing the cross section for the interaction of a positron with a free spin-̂  
quarkk with the general expression 1.9 one finds that F2 can be interpreted as 

FF22{x)=x{x)=x  ] T e?(f t (x )+$(* ) ) (1.10) 
i=u,d,s i=u,d,s 

wheree qi are the quark densities inside the proton of quark flavour i and e, is the 
chargee of that quark. In this case helicity conservation also requires that for massless 
quarkss FL = 0. 
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CHAPTERR 1 Takin gg apart the proto n 

Thee quark densities are more often referred to as the parton density functions of 
thethe proton or PDFs. The parton density functions are not calculable from first prin-
ciples.. They must therefore be obtained from data. The interpretation of structure 
functionss in terms of quark densities is only unique at the leading order of QCD. It 
iss nevertheless a useful and intuitive picture of the meaning of the structure func-
tion.. The total momentum carried by quarks in the proton can be determined from 
thee parton density functions. It turns out that only about half of the total proton 
momentumm is carried by these charged constituents. The other half of the momen-
tumm therefore needs to be taken by the gluons. In the QCD picture of the proton 
quarkss are continuously exchanging gluons. The addition of these higher order QCD 
interactionss also give rise to a non-zero coupling to the longitudinal photon by off 
mass-shelll  quarks, so that Fj, ^ 0. 

1.3.. QCD dynamic s and evolutio n 

1.3.1.. Resolvin g smalle r scales 

Figuree 1.2(a) shows a (low) Q2 photon probing a quark in the proton. Its 'long' 
wavelengthh limits the level of detail to which it is sensitive: it is 'blind' to the gluon 
emission-absorptionn that takes place within a distance less that the wavelength, indi-
catedd by the circle. A photon with a (greatly) increased value of Q2 (Fig. 1.2(b)) has 
aa smaller wavelength and can resolve the quark at smaller distance scales (compare 
thee outer and inner 'fields of view'). It can therefore interact with the quark after 
itt emitted a gluon, but before this gluon was re-absorbed. The same quark is now 
probedd while it has a lower value of x. For the parton density functions this leads in 
aa shift of the distribution towards lower x for increasing Q2. Hence, QCD induces 
thee necessity of an additional scale, Q2 for the description of the parton densities. 

AA similar effect is also true for gluons. Gluons may fluctuate in (j^-pairs, by 
virtuee of the Heisenberg Uncertainty Principle: AEAt > h. Figure 12(c) shows 
whatt happens when the quantum fluctuation takes place on a spatial distance less 
thann the wavelength of the photon: nothing. The photon cannot resolve the charge 
off  the dipole created by the fluctuation and sees a net charge of zero. With a smaller 
wavelengthh (Fig. 1.2(d)) the photon can see the q  ̂ pair, and the individual quarks, 
andd couple to it. The quark densities will thus increase with increasing Q2. Analysis 
off  the cross sections shows that this increase mainly occurs at low x. It is also clear 
thatt the change in the quark density distributions is dependent on both the quark 
andd the gluon density; the same is true for the gluon density. The quark-antiquark 
densitiess that arise from the gluons are also referred to as the sea quark densities, as 
opposedd to the valence quark density, which give the net contribution of the two u 
andd one d constituent quarks in the proton. The sea quark density is symmetric in 
thee flavours {u,d,s) and between particles and antiparticles. 

Anotherr consequence of this is the following. The available energy (mass) is 
inverselyy proportional to the time scale of the fluctuation. This means that massive 
quarkss (c,b,t) can only occur during short enough times, inverse proportional to their 
respectivee masses. They wil l only become visible when the Q2 crosses a sort of fuzzy 
lowerr boundary. The next section will come to talk about the production of heavy 
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QCDD dynamic s and evolutio n SECTIONN 1.3 

(a)) Q2 = Q2,, x > x'; The photon probes (b) Q2 > Qg, x > x'; In this case, the 
thee quark state that is the integral of the 
circlee and misses the effect of the gluon 
emission/absorption. . 

photonn has a higher energy, or higher Q2. 
Ass a result it sees the quark after the emis-
sionn of the gluon, but before the absorption: 
thee photon probes a quark with a smaller 

1QQQQ& 1QQQQ& 

(c)) Q2 = QQ, x > x'; For low values of 
QQ22 the photon does not resolve the gluon 
splittingg into a quark-antiquark pair. As a 
result,, it sees the charge integrated over the 
circlee volume (which is zero) and ignores 
thee gluon altogether. 

(d) ) >> Q2, x > x'; For high Q2 

thee photon can resolve the gluon fluctu-
atingg and the photon can couple to the 
(anti)quark.. Quarks created in this fash-
ionn typically have a low x, roughly half of 
thatt of the parent gluon. 

Figuree 1.2: The effect of increase in Q2 for the probing of quarks ((a),(b)) and of 
gluonsgluons ((c), (d)). 

quarkss by this process. The massless (light) quarks on the other hand are not subject 
too such effects and therefore contribute all equally to the sea-quark density in the 
proton. . 

1.3.2.. DGLA P Evolutio n of the parto n densitie s 

Thee parton densities of the proton will evolve as a function of the probe scale, due to 
thee increase of detail that will  become visible as Q2 rises. This evolution of the parton 
densitiess as a function of Q2 is given by the following integro-differential equation: 

d d 
d\nQd\nQ2 2 

(q(qll{x,Q{x,Q22)\_aAQ')\_aAQ'11)) fdy (x\ 
{g(x,Q{g(x,Q22)J~)J~ 2n J y ^ \ y ) \g(y,Q\g(y,Q22) ) 

( l . l i ) ) 
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CHAPTERR 1 Takin gg apar t th e proto n 

(l-z)P (l-z)P 

(b)) Pgq 

zP zP 

Figur ee 1.3: The diagrammatical representation of the leading order contribution to 
thethe splitting functions. 

wheree the qt denotes all the active (light) quark flavours. This equation is known as 
thee DGLAP equation, after the authors Dokshitzer [2], Gribov and Lipatov [3] and 
Altarellii  and Parisi [4] of which the latter two derived the equation independently 
fromm their Russian colleagues. It describes the coupled evolution of both the quark 
andd gluon densities in the proton. The DGLAP kernel is given by 

p.(p.(zz')') - (P9liZ') Pqg(Z')\ /-, 19N 

"**>"**>  \P„W Pgg(z'))> <L 1 2) 
wheree the functions Pqq, etc are known as the splitting or coefficient functions. The 
leadingg order splitting functions are given by1 

P«M-!(£T) ++ ^ 
PPgqgq(z)=\(z(z)=\(z22 + (l-zf) (1.14) 

4 / 1 1 
3 3 

\Z*\Z*  + (1 - ; 

++  (ll-?£)5(l-z). (1.16) 

Thesee correspond to the splitting diagrams given in Fig. 1.3. 
Thee leading order equations can be extended to next-to-leading order according 

ak(?)-£/?*(;)+£/**(;)+ -- (u7) 
XX X 

wheree the functional arguments have been omitted for the sake of brevity. The dots 
denotee that this can be extended to any arbitrary order. The splitting functions for 

1Thee 'plus-prescription' is used to handle the divergences in the splitting functions at z = 1. It 
iss defined as 

ll  l 

ƒƒ dx<i>(x)[iP(x)] + = f dx[4>{x) - <j>{X)]ip{x)  - 0(1) f dxt/>(x 
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Heavyy quar k productio n SECTIONN 1.4 

(a)) Leading order (b)) NLO gluon (c)) NLO quark 

Figuree 1.4: The leading and next-to-leading contributions to heavy quark produc-
tiontion in neutral current deep inelastic scattering. The contribution of the NLO gluon 
diagramdiagram is of the order of 20%. The NLO quark contributes ss5%. 

higherr orders involve more diagrams and therefore these will gain in complexity. At 
higherr orders, the splitting functions are more commonly referred to as the coefficient 
functions.. The NLO splitting functions are known for some time now [4]; work is 
underr way to calculate the NNLO (next-to-next-to-leading order) splitting functions 
numerically. . 

Thee DGLAP equation predicts that when the scale increases, so will  the parton 
densityy at low x. This will happen at the expense of the initial high x contributions, 
whichh migrate to the low x region through the splitting processes. These migrations 
leadd to the violation of the scaling of the parton densities, with terms logarithmic 
inn Q2. These scaling violations have indeed been observed experimentally, for in-
stancee [5]. These scaling violations are mainly driven by the gluon splitting diagrams. 
Hence,, the scaling violations give a handle on the gluon density in the proton. 

1.4.. Heavy quar k productio n 

Thee double differential cross section for charm production follows directly from Eq. 1.9, 
whichh can be restricted to the charm-only case: 

<Pc <Pc 2-ncx2-ncx1 1 

dQdQ22dxdx xQ2 (11 + (1 - y)2)Ff (x) - y2F?(x) (1.18) ) 

wheree the inclusive structure functions have been replaced by the charm specific 
functions.. The difficulty of predicting charm production cross sections lies in the 
calculationn or prediction of the charm structure functions. The pQCD inspired pic-
turee of the proton tells that charm can be produced by so-called boson-gluon fusion 
diagramss where a gluon splits in a (off mass-shell) cc pair which subsequently interact 
withh a photon. 

Figuree 1.4 shows the leading and next-to-leading order diagrams for heavy quark 
productionn through boson-gluon fusion. The structure functions that follow from 
thesee diagrams have been calculated to next-to-leading order [6]. The result of that 

7 7 



CHAPTERR 1 Takin gg apart the proto n 

calculationn can be written as 

Zmax Zmax 

x x 
zzmmax ax 

++  ^4 f - fë /9(4 '>+c^ ln4) 
irmirm22 J z L w *  K'9 K '5 m2 

X X 

++ E <4/«(<£!i+2Sln ^ )+e? M!i) ] • (I") 
where e 

7i,PP = Ji,g{ —  ̂ ) j 

andd where k = 2,L and m = mQ with Q the flavour of the heavy quark. The fi 
denotee the parton densities (g(x,fi?),qi(x,fj,2)) in the proton and fj, stands for the 
masss factorisation scale, which has been put equal to the renormalisation scale. The 
functionss c and d are the coefficient functions represented in the MS scheme. Finally, 
thee integration variable z is given by z — Q2/(Q2 + s). 

Equationn 1.19 is related to the diagrams of Fig. 1.4 in that the first line of the 
equationn is equal to the leading order diagram, the second line to the gluon radiation 
diagramm of Fig. 1.4(b) and the last term with the summation over the light quark 
flavoursflavours stems from the diagram in Fig. 1.4(c). 

Fromm this expression for the structure function it becomes clear that there is a 
strongg dependence of the cross section on the quark mass 

* « - ! - .. (1.20) 
mmQ Q 

Thee leading-order contribution to the structure function is directly proportional to 
thee gluon density in the proton. The next-to-leading-order contribution also contains 
aa term that follows the gluon density. As a consequence the production of charm can 
bee used to measure the gluon density of the proton directly, provided that boson-gluon 
fusionn is the only source of heavy quarks in ep-scattering. 

Ass Q2 increases, the cross section becomes dominated by large logarithms that 
mustt be resummed to all orders [7]. Asymptotically charm production will behave 
ass if the quark is massless and the evolution will be governed by four flavours. Buza, 
Matiounine,, Smith and van Neerven [8] have shown that at the moderate Q2 values 
relevantt for this experiment the difference between the charm cross section calculated 
viaa the three flavour evolution combined with NLO BGF matrix elements and the 
fulll four flavour evolution is small (10% at Q2 = 170 GeV2 and x = 0.001). Several 
authorss have presented methods which incorporate more or less ad hoc interpolations 
betweenn the two schemes. The method proposed by Thorn and Roberts [9] matches 
thee coefficient functions and their derivatives at a certain value of Q2. The oldest 
andd most commonly used of such interpolation schemes is given by the Zero-Mass 
Variablee Flavour Number Scheme (ZM-VFNS). Within this scheme, the charm quark 
iss completely decoupled from the theory, by assuming an infinite mass, below some 
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masss scale \ir  ~ ™>c- Above this scale fir  charm is treated as a massless parton in the 
proton,, generating a non-zero quark density. However the effects are of the order of 
thee uncertainties on the measured cross section and so wil l be ignored in the analyses 
presentedd in this thesis although some of the parton densities have been extracted in 
thesee so called variable flavour number schemes. 

1.5.. Parto n densit y function s 

Theree is no a priori  knowledge on the mathematical form of the parton density 
functions.. It is necessary to postulate some functional description, typically inspired 
byy physical insight, and extract (fit) the parameters of those functions from data. 
Thee use of functional forms based on arguments derived from dimensional counting 
andd Regge theory is commonplace. Though authors may vary the exact definition, 
thee most common parametrisation has the form 

xg(x,Qxg(x,Q22
00)) = Agx

s°(l - x)"'(l + l9x); 

xuxuvv(x,Ql)(x,Ql) = Aux
5u(l - x)n"{l  + eu,/x + iux); 

xdxdvv(x,(x, Ql) ~ Adx
6«{l - x)^{\ + edy/x~ +  ldx); (1.21) 

xS{x,Ql)xS{x,Ql) = Asx
ö"{l  -x)"'(l + e s  ̂ + isx); 

xA(x,QxA(x,Q22
00)) = A^xs^{l-x)^, 

wheree uv(dv) is the u{d) valence quark density, S = 2(w + d + s) is the density of the 
seaa quarks and A = (u + v) - (d + d) is the difference of up and down quarks in the 
proton. . 

Thee parton densities are defined at a starting Q2 value, Qg, like given in Eq. 1.21 
andd used together with the DGLAP evolution equations to predict cross sections 
off  a whole host of processes. The parameters are then fitted by comparison with 
data.. The data include inclusive DIS data from fixed target experiments and the 
HERAA experiments and jet production data in pp from the Tevatron experiments. 
Thee actual choice of which data to include in these fits and the value of Ql gives 
roomm for variations in the extracted parton densities. The analyses presented in later 
chapterss wil l make use of four different sets of parametrisations. The first of these 
setss is the result of the ZEUS fits [10] on their own data and fixed target results 
onn deep inelastic scattering, necessary to constrain the value of the high x structure 
off  the proton. The second set is from Gliick, Reya and Vogt, the GRV98 set [11]. 
Thee fit was performed on the same data set as the ZEUS fit, but also includes the 
HII  structure function measurement and Drell-Yan muon pair production data. This 
sett distinguishes itself from others by the fact that the sea quark density is created 
purelyy dynamically. To do so, the authors start the evolution at a small starting 
scale,, with a vanishing sea quark density. The last two PDF sets are both from the 
CTEQQ consortium. The CTEQ5 parton density [12] is of the same generation as the 
GRV988 and ZEUS94 sets. The nominal CTEQ5 density is a ZM-VFNS set, but they 
alsoo provide a pure fixed flavour number scheme set: CTEQ5F3. The gluon densities 
off  the three aforementioned sets are compared in Fig. 1.5(a) for two values of Q2 and 
overr a wide range in x. Differences between the sets only become visible for x < 10_ . 
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—— ZEUS94 

—— •CTEQ5F3 

GRV98 8 

—CTEQ4F3 3 

—— • CTEQ5F3 

CTEQ6 6 

Figur ee 1.5: (a) Comparison between three PDF-sets from the same genera-
tion:tion: ZEUS94, CTEQ5 and GRV98. The gluon distribution is shown for Q2 = 
5(500)) GeV by the lower (upper) curves, (b) Change in the fitted gluon density over 
time,time, for the CTEQ family of parton densities. The gluon densities of CTEQ4F3, 
CTEQ5F3CTEQ5F3 and CTEQ6 are compared for Q2 = 5 GeV2. 

Att high Q2 the ZEUS fit systematically has an enhanced gluon density, but follows 
thee same shape as the CTEQ5 and GRV98 gluon densities. 

Thee CTEQ6 set, from 2001, is the most recent of all sets presented here. It 
includess the 1996-1997 inclusive F2 data from HERA but also the high By-jet data 
fromm Tevatron. This last dataset has quite a large impact on the gluon distribution 
(Fig.. 1.5(b)) which becomes harder as a result. This change affects directly the 
predictionn for the visible charm cross section. 

Thee four PDF sets are compared in Tab. 1.1 where the parameters most important 
forr heavy quark production are summarised. 

Tablee 1.1: A comparison of parameters relevant to heavy quark production 
fromfrom parton densities. 

PDFF Set Ql(GeVQl(GeV22)) mc(GeV) m6(GeV) Flav.Scheme 

CTEQ5MM [12] 
CTEQ5F3 3 
CTEQ66 [13] 
GRV988 [11] 
ZEUS944 [10] 

1.0 0 
1.0 0 
1.3 3 
0.4 4 
7.0 0 

1.4 4 
1.4 4 
1.3 3 
1,1 1 
1.5 5 

4.5 5 
4.5 5 
4.5 5 
4.5 5 
5.0 0 

ZM-VFNS S 
FFNS S 

ZM-VFNS S 
FFNS S 
FFNS S 
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1.6.. Alternativ e QCD evolutio n scheme s 

Thee DGLAP scheme for QCD evolution is not the only one. In this section, two 
(prominent)) other schemes are described here. They will be compared to the DGLAP 
evolution,, followed by some discussion on the merits and (lack of) uses of the methods. 

BFKL L 

Ann (almost) completely orthogonal approach to parton density evolutions is given by 
thee BFKL equations. This work of Kuraev, Lipatov and Fadin [14] and additionally 
byy Balitski and Lipatov [15] is based on the summation of terms in In 1/x, rather than 
leadingg In Q2 as for DGLAP. The BFKL approach uses an unintegrated gluon density, 
g(x',g(x', kr) which is convoluted with a hard scattering coefficient C(x/x', Q2, kr)- The 
gluonss and partons in the interaction are allowed to be off their mass shell, unlike 
thee DGLAP case. 

CCFM M 

Bothh the DGLAP and the BFKL methods only sum over one particular leading 
behaviourr of the evolution problem to obtain their results. A complete (infinite 
order)) calculation should take both the terms in In Q2 and in In l/x and sum over 
them.. To accomplish this, Ciafaloni [16] and Catani, Fiorani and Marchesini [17] 
introducedd angular ordering for the emitted gluons. The maximum allowed angle is 
definedd by the hard scattering, where the quark pair is produced. This is combined 
withh the unintegrated gluon densities and off-shell partons, a Id BFKL. This method 
seemss very promising, as it can (approximately) reproduce the DGLAP and BFKL 
equationss when taking the appropriate limits. 

Comparin gg the method s 

Thee DGLAP equations have been extended to next-to-leading order and work is well 
underr way, by Vermaseren, Moch and Vogt [18], to expand it to the next-to-next-
to-leadingg order (NNLO). The NLO-DGLAP evolution can reproduce the ZEUS and 
HII  measurements of the inclusive structure functions, see [19, 20]. 

Thee next-to-leading log term of the BFKL kernel has also been calculated, but was 
foundd to be comparable in size and opposite in sign to the leading log contribution [21]. 
Thiss clearly complicates the interpretation of the BFKL evolution, opposed to the 
DGLAPP approach where each next order contributes less than the previous. 

Inn Fig. 1.6 the evolution direction of the three methods is shown in the 1/x-Q2 

plane.. This picture makes very clear that CCFM holds a lot of potential as QCD 
evolutionn kernel. Being the youngest of the three evolution kernels, it is also the least 
explored.. The CCFM approach still holds several problems that need to be solved 
beforee it can really be compared to data. 

Finally,, the fact that there is a full NLO-pQCD calculation for heavy quark pro-
ductionn in DGLAP NC-DIS available (Sec. 1.4) makes that the focus of the theory-
dataa comparisons in this thesis wil l lie on the DGLAP-type of parton evolution. 
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O» » 

l/x l/x 

1.7.. Final remarks 

Figur ee 1.6: Schematic overview of 
thethe effective difference between the three 
evolutionevolution schemes. The direction of 
evolutionevolution of the structure functions for 
thethe DGLAP, BFKL and CCFM meth-
odsods is shown in the l/x — Q2 plane. 

Thee theory described in this chapter will return in the comparison with the mea-
surementt presented in chapter 6. The differential cross sections will be compared to 
predictionss from the calculation of the boson-gluon fusion process at next-to-leading 
order.. From the measured double differential cross section F2

c5 wil l be extracted 
andd compared to predictions from DGLAP structure functions and the alternative 
parametrisationss described in the previous section. The discrepancies between the 
predictedd DGLAP cross sections and the measurements are taken up in chapter 7. 
There,, the ZEUS and HI data on NC-DIS charm production will be fitted to DGLAP-
predictions.. This will  lead to a quantitative answer for the question whether DGLAP-
pQCDD can describe todays charm production. 
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CHAPTERR 2 

Montee Carlo simulation 

Inn this chapter the different Monte Carlo simulation programmes and their uses wil l 
bee discussed. Basically the Monte Carlo programmes fall into two distinct categories. 
Onee category is used for understanding the acceptance of semileptonic charm events 
andd the determination of backgrounds from processes other than semileptonic charm 
thatt appear in the measured electron sample. The second category, which contains 
onlyy the HVQDIS programme, is used to compare the NLO QCD calculation of charm 
productionn to the measured visible cross section of semileptonic charm. 

2.1.. Factorisatio n and physic s event generatio n 

Inn the Monte Carlo programmes an attempt is made to simulate, with the highest 
possiblee degree of accuracy, the measured data. All the programmes assume that a 
particularr physics channel can be built from three ingredients. 

•• The initial state, with the proton described by parton density functions and 
thee electron. 

•• The hard scatter described in terms of quarks and gluons interactions 

•• The final state fragmentation and hadronisation where hadrons are formed by 
combiningg quarks and anti-quarks into colourless hadrons. 

Thiss scheme assumes implicitly that any physics process can be factorised into the 
mentionedd processes and that these can be independently calculated. 

Thee assumption of factorisation for physics processes such as ep-scattering al
lowss the generation of 'events' in these independent stages. This chain of factorised 
subprocessess is illustrated in Fig. 2.1 and given by the following. 

1.. Selection of the particles involved in the interaction. 
Inn the case of a positron this is trivial: the positron itself, with properties based 
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Incomingg particles Fragmentationn , Particle 4-vectors 

scatteredd positron 

Initiall  State Hardd Scatter - Hadronisation n 

Figuree 2.1: A schematic overview of the Monte Carlo generation of a physics event. 

onn the beam parameters. For the proton a parton is taken out of the proton 
structure,, based on the (input) parton density functions. 

2.. Initial state radiation (ISR) 
Beforee entering the hard interaction electrons can, and typically will , radiate 
photons.. The QED radiation by the electron is of importance for HERA physics, 
ass it disturbs the kinematics of a event. It is important to have a detailed 
descriptionn of these effects. The initial state gluon radiation is handled as part 
off  the parton shower (4) and is included to simulate the effects of the NLO hard 
scatter. . 

3.. Hard Scatter 
Thee hard scatter is calculated from leading order (LO) matrix elements. It 
onlyy encompasses the interaction between a parton from the proton with the 
exchangedd photon. 

4.. Parton showering 
Thee quarks (and gluons) that are available after the hard scatter radiate sec-
ondaryy partons, following the QCD splitting functions described in Sec. 1.3. 
Thee splitting functions are completed by their QED counterparts. This pro-
cess,, which can create a tree of newly created partons is stopped at some lower 
scalee up, which is typically taken to be around 1 GeV2. This stage is used to 
createe a colour-rich environment that can be used to produce the final state 
hadronss by using the fragmentation algorithms. There are two commonly used 
methodss to do this parton showering. Matrix Element Parton Showers (MEPS) 
beingg the first and the colour dipole model (CDM) [22] the second. 

5.. Fragmentation 
Inn the fragmentation stage the partons created in the parton shower stage are 
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transformedd into colourless hadrons. This is done by connecting a colour string 
betweenn two partons. The colour string then produces in a controlled manner 
extraa quarks that dress up the hard initial partons into hadrons and yield 
additionall  hadrons. The string model used for fragmentation [23] is the Lund 
fragmentationn model. In section 2.3 this topic will be extensively reviewed. 

Mostt Monte Carlo generators include the option to decay short-lived particles. Typi-
callyy those particles that (should) decay before reaching active detection volumes are 
handledd by the Monte Carlo programmes, while those that decay in the active volume 
aree handled by the detector simulation software. After completing this chain, there 
wil ll  be a (large) list of particles that can be passed through detector simulation. The 
largerr part of these particles wil l be pions, kaons and protons. 

2.2.. Leadin g orde r Mont e Carlo even t generator s 

Leadingg order Monte Carlo event generators are used to generate completely evolved 
interactions.. The output are events, collections of hadron four vectors, which can sub-
sequentlyy be passed through detector simulation programmes. These generators start 
withh the evaluation of the double differential cross section in Q2 and y. This is cal-
culatedd using the LO matrix element of the interaction under study and a parametri-
sationn of the parton density functions. This double differential cross section is used 
ass probability function for the event generation: Q2 and y are generated according 
too the calculated distributions. The integral of the calculated cross section is used 
inn the determination of the Monte Carlo luminosity equivalent: Cue = ^ M C / ^ M C I 

wheree Nuc is the total number of generated events. This scale is important when 
directlyy comparing distributions from data to the Monte Carlo prediction, or when 
Montee Carlo events are used for background subtraction. 

Forr the analysis of charm production two such programmes are used: one pro-
grammee simulates generic DIS events and is used as check on the DIS event selection 
(chapterr 4), while the second is used to specifically generate heavy quark events. The 
latterr is used to determine detection efficiencies for charm mesons and to estimate 
thee background due to beauty production (chapter 6). 

2.2.1.. QED radiatio n 

Thee Monte Carlo generators DJANGOH and R.APGAP, described in the next sections, 
bothh use the HERACLES 4.5.2 [24] programme to simulate the initial state QED ra-
diation.. HERACLES calculates the probability for this radiation from the leading 
orderr electro-weak matrix elements. The results of this programme have been com-
paredd with higher order calculations of the radiation cross section and found to be in 
agreementt at the percent level. For heavy quark measurements with the statistical 
accuracyy expected from the data samples, this means that the effects induced by the 
initiall  state radiation of the electron are well under control. 
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2.2.2.. Generic DIS: DJANGOH 

Thee generic neutral current DIS events were generated with DJANGOH 6.24 [25]. The 
samplee used is a subsample of the one used in the ZEUS inclusive-̂  analysis [26]. 
Thee DJANGOH programme interfaces the HERACLES programme to the LEPTO 6.5 [27] 
package.. LEPTO is responsible for the hard scatter part of the simulation. The parton 
showeringg is done through the ARIADN E 4.08 [28] programme that is incorporated in 
LEPTO.. ARIADN E is an implementation of CDM [28]. The fragmentation is performed 
withh the default Lund-string fragmentation routines of JETSET 7.4 [29]. The parton 
distributionn functions were taken from the CTEQ4D [30] set. 

2.2.3.. Heavy quark production: RAPGAP 

Forr the simulation of specific heavy quark production events the RAPGAP [31] pro-
grammee was used. The reason for using a different Monte Carlo generator for the 
heavyy quark events is based on an analysis of the mixture of produced charmed 
mesonss [32]: RAPGAP produces a mixture that approximates best the measured mix-
turee [33]. 

RAPGAPP uses the HERWIG [34] code to generate heavy quarks via the boson-gluon 
fusionn process. The parton distribution functions in this case were taken from GRV98. 
HERACLESS is again used to generate the QED radiation. The final state radiation is 
simulatedd using leading log parton showers. RAPGAP also uses JETSET to perform 
thee hadronisation. The heavy quark fragmentation was performed according to the 
Petersonn function (Sec. 2.3.2). As these events were specifically used to determine 
thee efficiency of detecting a charm or beauty meson within a DIS event through its 
semileptonicc decay, all events generated with RAPGAP were required to have at least 
onee heavy hadron decaying semileptonicly (either e+ or e"). 

2.3.. Fragmentatio n 

Afterr the hard scatter the produced quarks need to be transformed to colour neutral 
hadrons.. This transformation is initiated by allowing the quarks to radiate gluons, 
whichh subsequently produce more gluons and quark-antiquark pairs. Two models 
aree used for this process. The colour dipole model, where gluons are radiated from 
extendedd expanding colour dipoles and the MEPS model, which used explicit QCD 
matrixx element calculations for hard gluon radiation and a leading logarithmic ap-
proachh for the softer gluon radiation. This process is terminated when the relevant 
scalee of the process falls below a value of 1 GeV2. At this point the coloured par-
tonss are combined with colour strings to form colour neutral objects, which are then 
transformedd into hadrons, using the string or Lund fragmentation [23]. 

2.3.1.. Strin g or Lun d fragmentatio n 

Inn the string or Lund [23] fragmentation model a colour string connects two objects 
thatt together could give a colourless object. The string is allowed to break up, allow-
ingg qiqt pairs to appear anywhere on the string. The pairs are then recombined with 
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adjacentt formed quark pairs to form bound states of qiq  ̂ or, more rarely, baryonic 
qiqjqkqiqjqk states. 

Thee qi(q~i) are given some finite transverse momentum with respect to the string. 
Thee transverse momentum is compensated locally between the g^-pair. The trans-
versee momentum distribution is generated according to 

i r m 2 2 

 oc e ^ , with {m\ = m2 + p\) (2.1) 

wheree K is the string tension and  is the transverse mass of the particle. When a 
quarkk <ft is combined with some ^ to form a hadron, that hadron takes some fraction 
off  the available momentum/energy with it. This fraction is given by z. Various 
definitionss of z can be used; in the Lund scheme the following is used 

(E(E + pz)hadron = z(E + pz)quark (2.2) 

fromm which follows that z is the fraction of the light-cone momentum. The probability 
densityy function of z is called the fragmentation function. For light quarks this 
functionn is given by 

D W . f i ^ » , ^ )) (2.3) 

wheree o and b are free parameters that need to be adjusted to bring the fragmentation 
inn agreement with measured data. The fragmentation function takes the mass of the 
formedd hadron explicitly into account. The PDG quotes values of a — 0.11 and 
&&  = 0.52GeV~2 (Ch. 15ofRef. [33]). 

2.3.2.. Heavy versu s ligh t quark fragmentatio n 

Experimentallyy it was found that the fragmentation of charmed and 6-mesons is 
harderr than that of the light quark states. To accommodate for this several new 
formulationss of the fragmentation function were derived. These functions differ from 
thee light quark fragmentation functions in that the heavy quark wil l transfer most of 
itss energy and momentum to the formed hadron. 

Thee proper description of the fragmentation is crucial as this provides the trans-
lationn from the calculable production of heavy quarks to the charmed hadrons that 
aree measured in the detector. To illustrate: a significant part of the total charm pro-
ductionn cross section remains invisible in the experiment, due to necessary kinematic 
constraintss on the charmed final state. Typically about 10% of the total cross section 
iss a priori  detectable. Choices in the fragmentation model can change PT and n (p 
andd 0) distributions which directly will affect the fraction of the total cross section 
whichh is available to the experiment. 

Peterso nn et al. 

Thee most commonly used function to describe heavy quark fragmentation is the one 
ass proposed by Peterson, Schlatter, Schmitt and Zerwas [35] (henceforth denoted as 
Peterson).. The ansatz at the basis of this function is that almost all the energy of 
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Figuree 2.2: (a) The normalised Peterson fragmentation function for D* fragmen-
tationtation as used by ZEUS (filled) and HI (solid line) and a function with tp = 0.01, 
whichwhich is approximately correct for beauty production, (b) The Peterson (filled) and 
KartvelishviliKartvelishvili (dash-dot) fragmentation functions compared. The parameters used are 
epep = 0.035 and aK = 4.0. 

thatt heavy quark will be passed on to the formed meson. The functional form is 
givenn by 

(2.4) ) D£«(z)D£«(z) oc 
1 1 1 1 
2 ( 1 -- i - i ^ ) 2 

wheree ep, the only free parameter, is typically in the range 0.01 - 0.10 [36]. This 
parameterr is related to the heavy quark mass in that ep ~ m^/mn, where mq denotes 
thee mass of the light quark forming the hadron and TOQ that of the heavy quark. 
Massess of light quarks are not well defined so ep remains a free parameter. One 
cann however derive a relationship between the ep for charm and beauty production: 
eebb

PP ~ (mc/mb)2ep. The Peterson fragmentation function peaks for z ~ 1 — lep. 
Comparingg the charm and beauty fragmentation, Peterson fragmentation produces 
aa harder fragmentation for beauty: the function peaks closer to z = 1. 

Inn Fig. 2.2 the function is shown for three cases for the ep parameter, the nominal 
valuess as used by the ZEUS and HI experiments for D*-production and an approxi
matee value for beauty fragmentation where the latter is harder. 

Kartvelishvil ii  et al . 

AA second form for the heavy quark fragmentation function is given by Kartvelishvili, 
Likhodedd and Petrov [37] (from now Kartvelishvili). This function is given by 

Df;Df; artart{z)<xz{z)<xzaKaK{l-z) {l-z) (2.5) ) 

withh the only tunable parameter being ax- The functional form is deduced from a 
Reggee theory based description of the fragmentation. From the analysis the authors 
concludee that the value of a  ̂ should be of the order of 3 for charm fragmentation. 
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Tablee 2.1: Comparison of the packages used by 
DJANGOHH and RAPGAP in the event generation. 

subb process 

(I/F)SR R 
Hardd scatter 
Partonn shower 
Hadronisation n 
Partonn Density 
SLee selection 

DJANGOH H 

HERACLES S 

LEPTO O 

ARIADN E E 

JETSET T 

CTEQ4D D 
No o 

RAPGAP P 

HERACLES S 

HERWIG G 

ARIADN E E 

JETSET T 

GRV98-DIS S 
Yes s 

Thee Kartvelishvili fragmentation function is compared to the Peterson distribu-
tionn in Fig. 2.2(b). The Kartvelishvili function leads to a somewhat broader dis-
tributionss than the Peterson function and peaks at a lower value of z. It therefore 
producess a somewhat softer distribution of charmed mesons. It should be noted 
howeverr that the value of ax = 4.0 (used in the figure) has not been optimised to 
reproducee experimental results, but rather has been chosen such that the shape most 
closelyy approximates the Peterson-curve. 

2.4.. Wrappin g up leadin g orde r Mont e Carlo 

2.4.1.. Compariso n 

Tablee 2.1 gives an overview of the different packages used by the two event generators. 
Thee main difference lies in the hard scatter (LEPTO VS. HERWIG) where the latter 
usess the leading order matrix element of boson-gluon fusion to generate heavy quarks. 
Inn the RAPGAP case the fragmentation of charmed quarks was done specifically with 
thee Peterson model with ep = 0.035. 

2.4.2.. Mont e Carlo even t sampl e 

Off  the events generated with RAPGAP only those that had a semileptonic electron or 
positronn in the final state were accepted for detector simulation. This gave a reduction 
off  5.51 (2.68) from the inclusive charm (beauty) event sample to semileptonic only. 
Withh these two generators the event samples of Tab. 2.2 were generated, all with 
aa lower bound on Q2 > 0.5 GeV2. The equivalent luminosities of the heavy quark 
sampless have been corrected for the use of the semileptonic selection. 

Thee Monte Carlo event samples were subsequently fed through a chain of detector 
responsee and trigger simulation and the standard offline reconstruction software. The 
simulationn of the ZEUS detector response is done by the MOZART program, which 
iss the GEANT 3.14 [38] implementation of the ZEUS detector. The trigger response 
iss simulated by the ZGANA package. The output is identical to that of data events, 
withh the addition of Monte Carlo truth information and therefore can be fed through 
thee same analysis code as the data. 
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Tablee 2.2: Overview of the Monte Carlo event samples used in the analysis 
presentedpresented in this thesis. The luminosity equivalents are based on the cross 
sectionssections reported by the generators. 

type e 

DJANGOHH NC-DIS 
RAPGAPP C —> e+ and cc. 

RAPGAPP 6 —• e~ and cc. 

m QQ (GeV) 

1.5 5 
5.0 0 

N N 

2.5M M 
2.0M M 
l.OM M 

N N 

2.5M M 
11.0M M 
2.7M M 

£ M CC (pb *) 

1.19 9 
130.88 8 
454.48 8 

2.5.. H V Q D I S : cros s section s at next-to-leadin g orde r 

Thee HVQDIS [39] programme is the FORTRAN implementation of the fully differential 
heavyy quark structure functions in the fixed flavour number scheme. These differ
entiall structure functions (dFk/dM^dy^) were calculated by Harris and Smith [40] 
whoo are also the principle authors of the HVQDIS program. The programme evaluates 
thee four dimensional integral over Q2, y, M® and y® - the heavy quark transverse 
masss and rapidity in the 7*p cm. frame. The result of this calculation is the total 
crosss section for charm or beauty production in a given kinematic range. The fact 
thatt the structure function F%c has been extended to be differential in M® and y® 
iss used to obtain the cross section distribution in terms of the kinematic properties 
off the produced heavy quark pair. The calculated total cross section can be stud
iedd by distributions differential in the hard scatter kinematics (Q2,x1y1W) or the 
propertiess of the produced quarks. In order to directly compare the calculation with 
thee measured distributions, the properties of the quark-pair are represented in terms 
off two four-vectors. These four vectors can be passed through fragmentation code. 
Thiss transforms the two quark four vectors into the four vectors of D/B-mesons. 
Thesee mesons can subsequently be decayed semileptonicly. It should be emphasised 
thatt only the two quark four vectors are available for hadronisation. There is no 
simulationn of the parton showering and thus no jet information is available. 

2.5.1.. Numerica l method s 

Integratio nn metho d 

Thee calculation is based on the (quadruple) differential cross section 

ddAAaa v-^  ^c% 
~~ OC > ^  <g> Q{ 

dQdQ22dydM$dyQdydM$dyQ  ̂ dM$dyQ 

wheree the sum runs over all the coefficient functions and the appropriate NLO parton 
densities.. The results of the calculation always depend on the input parton densities 
usedd for the calculation. This may give rise to slightly different results, especially 
inn terms of the total cross section number. The effect of this is studied further in 
chapterr 6. 

Thee integrand is evaluated by an adaptive sampling Monte Carlo integration, 
usingg the VEGAS [41] routines. The procedure starts of with AT points, or hyper-
volumes,, distributed uniformly in the 4-dimensional hyper-cube, effectively repre-
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sentingg a hyper-volume. The distribution of the hyper-volumes is then optimised 
suchh that each point represents the same approximate cross section. This is obtained 
byy evaluating the integral M times and subsequently rearranging the points accord-
ingg to the functional form of the integrand after each iteration. To obtain the final 
result,, the number of points is doubled (to 2N points) and the integral evaluated 1M 
times.. The cross section is given as the average of the 1M evaluations. The leading 
andd next-to-leading order contributions to the cross section can be evaluated either 
separatelyy or together. 

Heavyy quark four vector s 

Eventss are generated according to distributions which approximate the calculated 
crosss section. The output consists of the value of Q2 and y of the event, the four vec-
torss of the heavy quark and antiquark and an event weight which corresponds to the 
crosss section for the generated configuration. The leading order and next-to-leading 
orderr parts of the cross section are generated in separate events and so the weights 
cann be negative. Finally event selection cuts are performed on the true kinematics 
off  the event and cuts are made on the D-meson or semileptonic electron momenta 
andd directions. Single and double differential distributions are then obtained by 
histogrammingg the accepted events using the event weight. 

Thee quark vectors are produced in the j*P center-of-mass frame. The vectors 
aree subsequently boosted to the laboratory frame. Here they are transformed into 
D-mesonn vectors using the Peterson fragmentation function. The scaling variable z 
(off  the fragmentation function) is applied on the spatial component. The energy is 
obtainedd by then requiring E2 = M}y +p2. 

Thee semileptonic decay is generated in the D-meson rest frame. The decay energy 
iss distributed according to input from JETSET [32], This distribution has been cross 
checkedd with HERWIG and was found to be in good agreement [42]. The spatial 
momentumm is distributed isotropically in the D-meson rest frame. The initial D-
mesonn four vector finally is used to boost the electron to the laboratory frame. 

2.5.2.. Inpu t parameter s 

HvQDISS has many free parameters that need to be set to obtain sensible results. These 
parameterss include the number of points and iterations of the hyper-grid used in the 
evaluationn of the integrand, the input parton density function, kinematic range of 
interestt and parameters related to the (fragmentation) of the heavy hadron (hadron 
mass,, ep). The default implementation of HVQDIS includes interfaces to the CTEQ4, 
CTEQ5,, GRV94 and GRV98 parton density functions. 

Choic ee of integratio n parameter s 

Ass part of the process of understanding the HVQDIS program, studies have been 
performedd to determine the optimal setting of the integration parameters: the number 
off  iterations and the number of sampling points. 

Byy comparing the (simultaneously) calculated cross section in three regions in 
QQ22 and y for a fixed set of parameters, one can get an idea of the convergence of 
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Tablee 2.3: Calculated cross sections for different choices of integration points for 
thethe leading order (LO) and next-to-leading order (NLO) contributions. The number 
ofof points are given in thousands f lO3/ The shaded cells indicate where the numerical 
integrationintegration has stabilised. 

TOTALL CROSS SECTION (NB) VISIBL E CROSS SECTION (PB) 

thee integration procedure and also of the relative error on the final result. The test 
calculationss were done using the CTEQ6 PDFs and the charm mass fixed to 1.5 GeV. 
Thee factorisation and renormalisation scales were chosen to be ^ R /F = Q2 + m2. 
Threee bins in y were examined with 4 < Q2 < 9 GeV2. The y ranges are given by 

11 0.03 < y < 0.12 

22 0.12 < y < 0.30 

33 0.30 < y < 0.70 

forr which total and visible semileptonic charm cross sections were calculated. 
Thee number of iterations for the integration was kept fixed, at 6(12) relaxation 

(integration)) iterations for the leading order part and 12(24) respectively for the next 
too leading order contributions. The resulting cross sections are given in Tab. 2.3. 
Thee table shows that the convergence for the total production cross section (five 
columnss on the left hand side) is achieved for a moderate number of sampling points, 
NLONLO = 40.000, NNLo = 60.000. For the visible cross section (five columns on the 
rightt hand side), this is however not the case, as large (statistical) fluctuations can 
stilll  been seen between different settings at this point. Even taking four times as many 
points,, both for NLO

 a nd NMLO the predicted visible cross sections are only stable 
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Colourr lines 

Protonn remnant Heavy quarks 

(a)) Laboratory frame (b) Hadronic center-of-raass frame 

Figur ee 2.3: (a) Colour lines for fragmentation in the laboratory frame, (b) Colour 
lineslines for fragmentation in the hadronic centre of mass frame. 

att the 5% level. One therefor concludes that the visible cross sections calculated in 
thiss manner have an intrinsic accuracy limitation at the level of 5%. 

2.6.. Implemented improvements 

2.6.1.. Fragmentatio n 

Thee original HVQDIS code adopts a very basic approach to fragmentation. Heavy 
quarkk fragmentation is performed based on the Peterson function and in the labo-
ratoryy (LAB) frame. The fragmentation is applied on the spatial part of the quark 
four-vectorr only, while the energy of the resulting hadron is fixed to satisfy energy-
momentumm conservation. In other words, the fragmentation is applied according 
to o 

pff  = zpt (2.6) 

P%P% = y/M^+pfp), (2.7) 

wheree i = 1,2,3, gives the spatial coordinates and z is the fragmentation fraction 
whichh is distributed according to the input fragmentation function. However, the 
functionall  form of the Peterson function is derived in the infinite momentum frame. 
Whenn trying to envisage the colour connections between the di-colour quark-(anti)-
quarkk and the proton remnant it becomes clear that the lines are not being stretched 
out,, as in the infinite momentum frame, but are rather warped as shown in Fig. 2.3(a). 
Thee notion of a rubber band that is stretched until it breaks will fail for the colour line 
onn the left hand side. The colour line will break, but it will  behave differently than 
thee colour line on the right hand side, which has a configuration that has a better 
resemblancee to the infinite momentum frame. A good approximation of the infinite 
momentumm frame is found in the Hadronic Centre of Mass (HCM) or -y*p frame 
(Fig.. 2.3(b)). The di-quark pair is found back-to-back with the proton remnant. The 

Protonn remnant 
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Figur ee 2.4: (a) Momentum and (b) 77 of the semileptonic electron after fragmenta-
tiontion in LAB (solid) and HCM (line) frame, (c) Visible cross sections differential in 
l°9io(Ql°9io(Q22)) and (d) da/dpx-

colourr lines stretch out from the two heavy quarks to the proton remnant and are 
practicallyy straight1. The difference between fragmentation in the two frames can be 
analyticallyy derived [43] for mg ~ TUQ and gives a energy difference of 

AEAE=wtr=wtrhMhM—— (2-8) 
forr small JTIQ/|PQ|. Figure 2.4 shows the effect of the choice of either frames on 
severall  distributions, for semileptonicly decaying .D-meson, based on CTEQ6 with 

Thee 'kink' is an artifact of the way that the parton configuration in this frame has been repre-
sented,, and does not imply an actual 'bending' of the colour line. 
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Figur ee 2.5: The energy of decay elec-
tronstrons (dashed line) compared to the sub-
setset of electrons that passed kinematic 
selectionselection cuts in the laboratory frame 
(1.22 < p < 5.0 GeV, 0.65 < 6 < 2.5) 
(solid(solid line). The scale difference be-
tweentween the two distributions is ^20. The 
selectedselected electrons predominantly come 
fromfrom the upper half of the initial dis-
tribution. tribution. 

«0.05 5 
O O 

^ 0 . 04 4 

0.03 3 

0.02 2 

0.01 1 

o„ ^ ^ 

.. I ' I I I I I I > 

—— Selected electrons 
Al ll  electrons 

EsLe(GéV) EsLe(GéV) 

mmcc = 1.3 GeV. The visible cross section is enhanced by «10% for low-Q2 when using 
thee hadronic centre of mass frame. 

2.6.2.. Semileptoni c decay of charme d hadron s 

Thee production of semileptonic electrons is simulated using the decay energy distri-
butionn as given by JETSET. In JETSET this distribution is generated by assuming a 
singlee decay matrix element given by 

\M\\M\22 = {pDPe){pVPh) (2.9) ) 

wheree PD,Pe,Pv and ph are the charmed meson, decay electron, decay neutrino and 
decayy (light) hadron four vectors respectively. Figure 2.5 shows the distribution 
obtainedd in this way. It is interesting to note that those electrons which pass the 
experimentall  cuts mostly originate from the upper end of the spectrum, also shown 
inn Fig. 2.5. This means that the visible cross section is particularly sensitive to the 
modellingg of the high energy part of the decay distribution. 

Thiss part of the distribution is sensitive to the particular decay of the meson. 
Specificallyy the exclusive decays to scalar mesons produce a different distribution 
thann the decays to vector mesons. In turn the ratio of vector to scalar mesons in the 
decayy depends on the identity of the decaying charm meson. A detailed treatment of 
semileptonicc decay of various charm mesons has been given by Scora [44]. The results 
off  this analysis have been implemented in the programme E V T G EN [45]. Figure 2.6(a-
c)) show the decay distribution of the D°,D+ and D+ as generated by E V T G EN 

comparedd to the standard distribution used in HVQDIS. Because of the sensitivity 
off  the results to the modelling of the decay it was decided to implement the Scora 
decayy distributions in HVQDIS. To this end one must first determine the mixture of 
mesonss produced in the fragmentation of the charm quark. 
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D-D- Meson mixtur e 

Thee meson mixture has been derived by counting the decay modes of the higher states 
(D*,D**)(D*,D**)  into the ground state D-mesons. The JETSET ratio of u : d : s = 3 : 3 : 1 
forr the production of light quarks in fragmentation was assumed. Following this, one 
findsfinds that the mixture of D ,£>~ and D~ is given by, 

l-Fl-F bb-F-F FH FH. 2FH** 
*D-*D-  2 ^~Y ~3~ — 3 ~ ^ ' ) 

_1-F_1-Fbb-F.'F-F.'FHH 5FH* 4F„: 

% > -- J ( " 2 " + - 3~ + ^ - ) ( 2 ' U ) 

FFD7D7 = Fs (2.12) 

(2.13) ) 

where e 
FFb b 

FFs s 

FFH H 

FFHH--

FH** FH** 

= = 
= = 
= = 
= = 
= = 
= = 

Fractionn of charmed baryons 
Fractionn of cs mesons 
Fractionn of L — 0 mesons 
11 - FH* - FH** 

Fractionn of L = 1 mesons 
Fractionn of L = 2 mesons 

aree the (experimental) input. The baryons contribute between 0 and 8% to the total 
hadronn sample when generated with JETSET. 

Thee fraction of cs mesons is obtained from the JETSET ratio for the light quarks. 
Al ll  excited states of cs decay finally into the D~. The hadronisation fraction c —» 
D*~D*~  is experimentally well established and found to be 0.255. As fragmentation is 
indifferentt to u and d it follows that FH*  =0.51. Due to the mass differences of D*
andd D*° to the D  and D° states, the decays of D* mesons predominantly produce 
D°D° mesons: BRiD** -•< D)0) = 55% and BR{D*° - • D°) = 100%. The number 
forr FH**  is not so easy to derive. The Monte Carlo generator HERWIG yields 7% 
off mesons in this state, while RAPGAP has zero. Experimentally this fraction has 
beenn measured (with large errors) to be of the order of a few percent. Therefore, this 
fractionn is set to 0. 

Semileptoni cc  branchin g ratio s of D-meson s 

Thee branching ratios of the three ground-state £>-mesons have all been measured. 
Thee PDG quotes in its 2002 edition [33] the branching ratios given in Tab. 2.4. The 
inclusivee branching fraction c —+ e 4- X has also been measured and is also given in 
Tab.. 2.4. 

Byy combining these branching ratios with one of the meson mixtures from Tab. 2.5 
thee relative contributions of the mesons to the total charm-electron signal is obtained. 
Thesee ratios can subsequently be used to calculate the inclusive energy distribution 
off the semileptonic electrons. It should be noted that the branching ratio for D~ is 
veryy poorly measured. Therefore this branching ratio is determined from the given 
particlee ratios and the inclusive c —» e~X branching ratio. The used value of 11% is 
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Tablee 2.4: Inclusive branch-
inging ratios of charmed mesons 
toto electrons. 

Decay y 

D-D- -> e~X 

5°° - e -X 
/?77 - e-A" 
cc —• e X 

r«/ rr  (%) 
17.22  1.2 

6.99  0.3 
8.00  6.0 
9.66  0.4 

Tablee 2.5: Comparison of the effect of different choices for the mixture of meson 
states.states. The Monte Carlo generators RAPGAP and HERWIG are compared to the 
usedused set of choices. The last column gives the inclusive semileptonic branching 
ratioratio obtained from the given meson mixture. 

Model l 

RAPGAP P 

HERWIG G 

Used d 

FFB B 

0.08 8 
0.02 2 
0.08 8 

FF3 3 

0.13 3 
0.13 3 
0.13 3 

FH** FH** 

0.00 0 
0.07 7 
0.00 0 

FH* FH* 

0.75 5 
0.40 0 
0.51 1 

Fft* Fft* 

0.25 5 
0.53 3 
0.49 9 

FFDD~ ~ 

0.202 2 
0.282 2 
0.263 3 

FFD° D° 

0.592 2 
0.509 9 
0.529 9 

FFDD7 7 

0.132 2 
0.132 2 
0.132 2 

B R R 

9.0% % 
9.2% % 
9.7% % 

stilll in good agreement with the measured branching ratio. Table 2.5 gives the final 
numberss used in the subsequent analysis. Figure 2.6(d) shows the final total electron 
energyy distributions obtained from these settings. 

2.7.. Comparin g cros s section s 

AA natural question now arises: how do the cross sections of HVQDIS compare to 
thee cross sections of RAPGAP? The first are based on the NLO matrix element, the 
secondd on the leading order matrix element of boson gluon fusion with the kinematics 
modifiedd by initial state parton showering. This question is relevant in two ways, 
whichh necessitates answering it. 

Firstt we compare the visible cross sections. The programs are expected to give 
(slightly)) different results for this quantity. This is a direct consequence of the inclu
sionn of an additional order of the perturbation series in the matrix element definition 
inn HVQDIS. 

Byy comparing the HVQDIS and RAPGAP predictions for this cross section for 
variouss bins in Q2 any biases due to this effect can be evaluated. Table 2.6 gives the 
resultss for charm production cross sections, with the visible final state being chosen to 
bee the semileptonic cross section of chapter 6. For these results, the proton structure 
functionss from the CTEQ5F3 set were taken and m c fixed to 1.50 GeV. The reason 
forr the relative high charm mass lies in the fact that RAPGAP uses this mass natively. 
Thee comparison in the table shows that the two programs produce similar values for 
thee visible cross section, although there is a tendency RAPGAPproduces a slightly less 
steepp distribution in Q2. From this it can be concluded that RAPGAP can be used 
forr detection efficiency evaluation without biasing the signal 
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Figur ee 2.6: The energy distribution of the semileptonic electron. The calculation 
ofof E V T G EN for different charmed mesons is compared to the default HVQDIS imple-
mentation:mentation: (a) D , (b) D~ and (c) D~. (d) The combined energy distribution of 
thethe D-mixture given by Tab. 2.5 compared to the distribution used by HVQDIS in the 
simulationsimulation of the decay. 
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Tablee 2.6: The visible cross section for 
HVQDISS and RAPGAP for various bins in 
QQ22.. All bins satisfy 0.03 < y < 0.70. 

QQ22 range 

22 - 4 
44 - 9 
99 - 15 

155 - 25 
255 - 40 
400 - 70 
700 - 130 

1300 - 1000 

HVQDIS S 

12.8 8 
10.7 7 
4.4 4 
2.9 9 
1.7 7 
1.2 2 
0.7 7 
0.4 4 

RAPGAP P 

10.8 8 
10.0 0 
4.6 6 
3.2 2 
2.0 0 
1.5 5 
0.9 9 
0.7 7 

Secondd we estimate the contribution of 66-production. Beauty wil l contribute to 
anyy charm measurement. The decay b —• cW+ gives rise to a charm component. For 
anyy experiment that attempts to measure direct charm production from a pure QCD 
processs this is a background. For the measurement of charm production through the 
semileptonicc decay it also contributes through the decay b —• cW~ —> ce~ve, which 
iss a pure semileptonic decay of the b and which is very hard to distinguish from the 
charmm decay. This beauty contribution needs to be subtracted using a Monte Carlo 
estimate.. This estimate is directly proportional to the calculated production cross 
sectionn and the accepted fraction of 6-events: 

\Tacc \Tacc 
NNbb

Bk9Bk9 = j^m-Cdata-a^ (2.14) 
bb bb 

wheree gen denotes the number at generator level, ace the number after applying 
selectionn criteria, and Nskg is the actual background estimate. It is in particular 
importantt that the calculated cross sections behave similarly for different regions of 
phasee space (Q2,y), such that there is no sensitivity to the edge of phase space. 

Too investigate this, the cross sections as determined by RAPGAP and HVQDIS are 
comparedd for various choices of phase space, both for charm and beauty production. 
Thee phase space definitions are given by combined Q2-y ranges. In addition the 
eventss are counted that were generated by RAPGAP within the kinematic domain. 
Thee results are summarised in Tab. 2.7. The ratio between the two is practically 
constant,, with HVQDIS predicting a 2% higher total production cross section than 
RAPGAP.. The number of generated events is determined by applying cuts on the true 
kinematicss of a sample of events generated in the first kinematic domain. This shows 
thatt the number of generated events indeed follows the calculated total production 
crosss section. One concludes that the beauty background to the charm cross sections 
cann be effectively determined with the Monte Carlo event sample. 
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Tablee 2.7: Comparison of the total open beauty production cross section cal-
culatedculated by RAPGAP and HVQDIS for different kinematic regions. The beauty 
massmass was fixed at 5 GeVtogether with the GRV98 PDFs. 

"min n 

3.010-3 3 

1.0-10"2 2 

3.0-10"2 2 

KINEMATI CC RANGE 

"maxx Ve min 
(GeV2) ) 

1.0 0 
0.9 9 
0.7 7 

1.0 0 
1.5 5 
2.0 0 

OO2 2 

****  max 
(GeV2) ) 

1000 0 
1000 0 
1000 0 

0"RPG G 
(nb) ) 

0.784 4 
0.670 0 
0.521 1 

0"HVQ Q 
(nb) ) 

0.805 5 
0.685 5 
0.529 9 

Rati o o 

1.02 2 
1.02 2 
1.02 2 

Events s 

323781 1 
277433 3 
214799 9 

2.8.. Summar y 

Inn this chapter an overview has been given of the Monte Carlo programs that will be 
usedd in the measurement of charm production through detection of the semileptonic 
electron.. The process of fragmentation, and that of heavy quarks in particular, has 
beenn discussed in detail. The implementation of the NLO-pQCD calculations for 
heavyy quark production in neutral current DIS, HVQDIS, has been highlighted in 
particular. . 

Thee use of the Monte Carlo programs breaks down into three separate targets. 
Thee DJANGOH Monte Carlo is used to examine the DIS event selection. The RAPGAP 

Montee Carlo is used to determine the detection efficiencies of semileptonic charm 
electrons.. The programme HVQDIS is used to confront the measurement directly 
withh QCD predictions that are the results of an exact calculation, unlike the event 
generatorss where phenomenological (data tweaked) models have to be used. 

Severall  improvements to the HVQDIS treatment of the fragmentation and the 
semileptonicc decay have been discussed. The choice of the frame of reference in 
whichh the fragmentation takes place is non-trivial. In fact, the predicted visible cross 
sectionn is non-invariant to this. Performing fragmentation in the j*p frame rather 
thann in the laboratory frame gives an increase of about 10% and 5% for the visible 
semileptonicc and D* cross section, respectively. 

Thee implementation of the semileptonic decay of charm in JETSET uses a softer 
energyy spectrum than what is obtained from direct calculations. By replacing the 
JETSETT based HVQDIS implementation with the .D-meson mixture weighted spectrum 
obtainedd from E V T G EN an additional 10% is gained in the visible cross section. 

Thee effect of variations in the integration settings for HVQDIS has been studied 
ass well. Based on these results the integration settings for the distributions shown in 
laterr chapters were chosen. 
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II The HERA accelerator and the ZEUS detector 

Inn this chapter the electron-proton collider HERA is described including a short 
descriptionn of the experiments that use this machine. This is followed by a more 
extensivee treatment of the ZEUS detector, in particular those detector components, 
usedd in the analysis presented in the following chapters, are discussed in detail. 

3.1.. The HERA accelerato r 

Thee Hamburg, Germany based Hadron Elektron Ring Anlage, or HERA, is an accel-
eratorr with colliding electron (positron) and proton beams. This makes it unique in 
thee world, being the first machine to collide two different types of particles. The first 
collisionss in the interactions points at HERA were recorded in 1991. In this thesis 
dataa of the 1996-1997 running period will be presented. 

3.1.1.. A shor t histor y 

Thee experiments at HERA started data taking in 1991, after the commissioning of 
thee accelerator. The first two years of data were taken with electron-proton collisions. 
Inn July 1994 the electrons were substituted by positrons and this has remained so 
untill  the end of 1997. The reason for this switch was inspired by the better lifetime of 
positronn beams leading to better background conditions for the experiments. During 
thiss period the protons were accelerated to an energy of 820 GeV, and the positrons 
too 27.5 GeV. The resulting centre of mass energy of y/s = 300 GeV offered many 
possibilitiess for measurements to study perturbative QCD and the structure of the 
proton.. During the 1996-1997 running period HERA delivered a total integrated 
luminosityy of 17 + 36 = 53 pb"1 (Fig. 3.1(b)). 

3.1.2.. Physic s programm e 

HERAA hosts four experiments, as shown in Fig. 3.1(a). 
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Febb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Figuree 3.1: (a) An overview of the HERA machine and its preaccelerator chain. 
TheThe location of the four experiments is also shown, (b) The collected integrated lu-
minosityminosity of the ZEUS experiment for the period 1993-1997 as function of time. The 
19961996 run started after a long shutdown in which the experiments improved their de-
tectors. tectors. 

Thee HI detector [46] is situated in the North Hall and has been designed to 
studyy ep interactions. It is a general purpose experiment and the most notable 
componentt is its calorimeter which consists of a liquid-argon calorimeter [47] and 
thee high-granularity 'Spaghetti Calorimeter', or SPACAL [48] in the rear direction, 
whichh allows the very precise measurement of scattered positrons at low scattering 
angles. . 

Thee HERMES experiment [49], found in the East Hall, only uses the positron 
beam.. This experiment measures the spin dependent structure functions of nucleons 
byy looking at deep inelastic scattering of the polarised positron beam on a polarised 
gaseouss jet target that is injected into a storage cell located in the beam vacuum. 

Inn the West Hall the last addition to the HERA experiments is found: HERA-
BB [50]. Designed as an experiment to measure CP violation in the b-sector in proton-
nucleonn interactions it only uses the HERA proton beam on a fixed target consisting 
off  wires in the beam halo. 

Thee two general purpose experiments, ZEUS and HI have been around from the 
startt of HERA operations, whereas the HERMES experiment and HERA-B were 
commissionedd at a later date. 

3.2.. The ZEUS detector 

Thee ZEUS detector [51] has an almost 4ir coverage, except for the beam pipe en-
trancee and exit; here only those subcomponents relevant to the presented analysis 
wil ll  be treated in detail. Figure 3.2 shows a cross section of the ZEUS detector, 
upp to the Backing Calorimeter (BAC) which is the outermost detector shown. The 
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Figuree 3.2: The ZEUS detector. The protons enter the detector on the right hand 
side,side, the positrons on the left hand side. 

calorimeterr system (Rear, Barrel and Forward Calorimeter) and the tracking system 
(Centrall  Tracking Detector - CTD, Forward Detector - FDET, Rear Tracking De-
tectorr - RTD and Small Angle Rear Tracking Detector - SRTD) are the two most 
importantt subcomponents for the measurement of charm production in DIS. 

Thee ZEUS coordinate system is a right-handed Cartesian system, with the Z axis 
pointingg in the proton beam direction, referred to as "forward direction", and the 
XX axis pointing left towards the center of HERA. The coordinate origin is at the 
nominall  interaction point. 

3.2.1.. The centra l trackin g detecto r 

Thee Central Tracking Detector of ZEUS, the CTD, is a cylindrical wire chamber that 
coverss 2.05 meters in Z and extends from 16.2 cm to 79.4 cm in r. The drift chamber 
iss organised in 9 superlayers (Fig. 3.3), each layer consisting of 8 wires, giving a total 
off  72 wire-layers. Five of the superlayers, the odd numbered ones, have a zero angle 
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Figuree 3.3: Track hits in the Central 
TrackingTracking Detector (CTD). The nine su-
perlayersperlayers are labelled appropriately. 

superlayerr 1 2 3 4 5 6 7 8 9 

withh respect to the CTD-axis, whereas the even numbered superlayers all have small 
stereoo angles with respect to this axis. The CTD is surrounded by a thin super-
conductingg solenoid coil that generates a magnetic field of 1.43 T. The CTD covers 
thee polar angle region 15° < 6 < 164°. 

Thee hits from the CTD are combined to form tracks by a pattern recognition 
softwaree package in the offline event reconstruction, called VCTRAK, as described in 
Ref.. [52]. These tracks are then used to fit a primary or secondary vertex. Tracks that 
aree associated with a vertex are refitted using that vertex as an additional constraint. 

Thee transverse-momentum resolution for full-length tracks is o-(pT)/pT = 0.0058prÉ 
0.00655 8 0.0014/pr [53], with pT in GeV. The resolution is built up from three in-
dependentt contributions. The first is the error on the measurement on the hit, the 
secondd is due to multiple scattering within the CTD and the third stems from multiple 
scatteringg in (inactive) material before a particle reaches the CTD. 

Particl ee identificatio n 

Chargedd particle identification can be achieved by measuring the ionisation energy 
thatt is deposited in the CTD per unit path length, or the alE/dx for short. The 
energyy loss by ionisation is given by the Bethe-Bloch formula [54]: 

-- = - 4 . i N T A r e W ^ ( l n ( — - f ^ ) - / ?2 - - ) (3.1) 

whichh relates the energy loss to the velocity of the particle, its electrical charge and 
propertiess of the medium it is traversing. The charge of the particle is given by z, 
thee velocity and Lorentz factor are /3 = v/c and 7 = l / i / l - (32. The medium is 
summarisedd by Z, the atomic number and A, the atomic weight. The density effect, 
6,6, accounts for the screening of the particles electrical field in a dense medium and 
flattenss off the relativistic rise of the energy loss. The mean ionisation potential, I, 
iss given approximately by 16Z0 9eV for Z > 1. NA denotes Avogadro's Number, me 

thee electron mass and re the classical electron radius. 

34 4 



Thee ZEUS detector SECTIONN 3.2 

''  ' I  I 1—1 1 1 1 1 1 1 1 — L 

10"11 1 10 

pp (GeV) 

Figur ee 3.4: The measured dE/dx versus momentum for a sample of tracks in the 
CTD.CTD. The lines show the Bethe-Bloch prediction for different particles. In certain 
momentummomentum ranges a perfect particle identification can be achieved for the hadrons. 

Withh the dependence of dE/dx on v the mass of the particle can be measured 
throughh the relation between the velocity and the momentum of relativistic particles. 
Figuree 3.4 shows the actual reconstructed dE/dx as function of track momentum. 
Clearr bands are seen corresponding to pions, kaons, protons and electrons traversing 
thee detector. 

dE/dxx in the CTD 

Thee calibration of the CTD output to the true energy loss is based on the signal of 
aa pion. The ionisation of these pions is considered as the standard of a minimum 
ionisingg particle: MIP. Technically, the peak in the energy loss distribution (Eq. 3.1) 
iss estimated by the truncated mean of the measured energy loss per wire. The use 
off  the truncated mean (lower (upper) 10(30)%) allows to compensate for the very 
asymmetricc shape of the energy loss, which follows a Landau-distribution [32]. If the 
numberr of saturated wire responses exceeds the 30% of the truncated mean than all 
saturatedd wires are removed from the calculation and the calculation of the truncated 
meann is adjusted to accommodate this. From a sample of charged pions the scale 
off  the response of a 1 MIP particle can be determined; all dE/dx measurements 
cann subsequently be expressed in this unit. As the CTD is operated at atmospheric 
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Figuree 3.5: A schematic overview of 
thethe geometry of the Small angle Rear 
TrackingTracking Detector (SRTD). The dis-
tancestances are with respect to the nominal 
beambeam line. 

pressuree it is necessary for the 1 MIP value to be determined on a run-by-run basis, 
too correct for atmospheric pressure fluctuations between runs. The typical duration 
inn time of the runs allows pressure fluctuations within one run to be ignored. 

Whenn tracks are considered that pass through (at least) 7 superlayers, which is 
necessaryy for a good measurement of dE/dx, a polar angle range of 37° < 9 < 143° (= 
0.655 < 9 < 2.5 rad) is available. In this case dE/dx is measured with a resolution of 
aboutt 9%. The resolution is measured by fitting a Gaussian to the dE/dx distribution 
off  a sample of conversions. These conversions have been selected using very strict 
criteriaa on the reconstructed invariant mass of and the opening angle between an 
electronn and positron pair. 

3.2.2.. The small angle rear tracking detector 

Thee small angle rear tracking detector (SRTD) is a scintillating strip detector that 
consistss of two planes of strips with horizontal (vertical) orientation [55]. It is located 
betweenn the RTD and RCAL. The SRTD has been designed to improve the precision 
off  reconstruction of the (angle of the) scattered positron and correct the measurement 
off  the electron energy. 

Figuree 3.5 shows the layout of the SRTD on the RCAL surface. Each plane is 
dividedd in four quadrants, 24 x 44 cm2 each. The original layout was such that 
thee four quadrants had a perfect square outline, but due to the decision to move 
thee central calorimeter modules closer to the beam this was changed to the shape 
presentedd in Fig. 3.5. The hole of 20 x 8 cm2 in the centre accommodates the 
beam-pipe. . 

Thee SRTD yields a position measurement with an accuracy of 3 mm in both X 
andd Y and the measured pulse height information is used to correct the RCAL energy 
measurementt of the scattered positron. Finally, the SRTD gives timing information 
forr minimum ionising particles, with a resolution better than 2 ns. This information 
iss used at the first level trigger stage to reject beam-gas events from upstream of the 
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rresampier r 

— — — — 

Forwardd calorimeter surface Rear calorimeter surface 

Figuree 3.6: The coverage of the presampler on the calorimeter surface for both the 
forwardforward (left) and rear (right) calorimeter surfaces is shown by the shaded colour. 
TheThe calorimeters cell granularity is also shown. The forward region has twice the 
granularitygranularity in the electromagnetic calorimeter (EMC) modules compared to the rear 
direction.direction. The modules that are shadowed by the barrel instrumentarium only have a 
singlesingle EMC cell. 

detector. . 

3.2.3.. The presampler system 

Thee presampler system (PRES) was installed on the rear and forward calorimeter 
surfacee during the 1995 shutdown. It identifies early showering particles and will 
improvee the energy measurement of the calorimeter by taking into account energy 
losss information in the reconstruction. The presampler consists of 576 20 x 20 cm2 

scintillatorr tiles with a thickness of 0.5 cm, see Fig. 3.6. 
Thee rear presampler (RPRES) system is used in the reconstruction of the energy 

off  the scattered positron. 

3.2.4.. The uranium calorimeter 

Surroundingg the tracking system is the ZEUS uranium-scintillator sampling calorime-
terr [56] (CAL), as shown in Fig. 3.2. The calorimeter consists of three independent 
detectors:: the rear (RCAL), barrel (BCAL) and forward (FCAL) calorimeters. The 
threee detectors cover almost completely the solid 47r angle, with adequate overlap 
betweenn RCAL-BCAL and BCAL-FCAL. 

Thee calorimeters are divided in towers. Each tower is segmented into two hadronic 
sectionss (HAC) (only one for RCAL) and one electromagnetic section (EMC). The 
BCALL EMC towers are projective in both 0 and <fi.  The HAC towers have a surface 
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off  20 x 20 cm2 and the two individual sections are called cells. The EMC section 
consistss of four 5 x 20 cm2 cells in the FCAL and two 10 x 20 cm2 cells in the 
barrell  and rear calorimeters. The layout of the EMC cells of both FCAL and RCAL 
aree shown in Fig. 3.6. The thickness of the calorimeter varies between 7 interaction 
lengthss A for the F- and BCAL (1A for the EMC and 3A per HAC section) and 4A 
inn the RCAL (1(3)A for the EMC(HAC) section). 

Eachh cell consists of alternating slabs of 3.3 mm depleted uranium and 2.6 mm 
scintillatorr material. One interaction length (1A) consists of 25 slabs of depleted 
uraniumm and scintillator material. The light from scintillator tiles is transported by 
wavee length shifters that are mounted on two sides of the tiles. These wave length 
shifterss are read out with photomultiplier tubes. By applying readout on two sides 
aa redundancy is introduced that, to a large extent, prevents dead spots, or holes, in 
thee calorimeter readout. An additional feature is that for isolated particles position 
reconstructionn can be done with the measured energy asymmetry in the cell. This is 
usedd to reconstruct the position of the scattered positron in the absence of the SRTD. 

Thee calorimeter is calibrated using the natural radioactivity of the depleted ura-
nium.. It allows the monitoring and calibration of the scintillator light yield and the 
gainn of the photomultiplier tubes, at the level of 1% [51]. 

Thee thickness of both the depleted uranium and the scintillator material has been 
tunedd such that the measured response for hadronic (h) and electromagnetic showers 
(e)) is equal for particles of equal energy, throughout the whole calorimeter. In the 
casee that e/h is not equal to one, a deterioration of the energy resolution arises 
becausee of the creation of ir°  in the first hadronic interaction. Neutral pions give a 
electromagneticc component within hadronic showers, as they decay into two photons. 
Ass 7T°-production in hadronic interactions follows a non-Gaussian distribution [57], 
thee pure \fË scaling of the energy resolution gets violated. The compensating design 
thereforee optimises the energy resolution for hadrons. This is reflected in the energy 
resolutionn of the calorimeter which is an excellent a(E)/E = 0.35/y/Ë~ for hadrons 
andd a{E)/E = 0.18/'y/Ë~ for electrons (E in GeV). 

Becausee of the importance of the calorimeter response to electrons and hadrons 
forr the analysis presented in chapter 5, a digression is made here to give a more 
detailedd treatment of the development of showers for electrons and hadrons. 

Ann electromagneti c showe r 

Forr electrons, with E > 9 MeV moving through uranium, the primary source of 
energyy loss is the bremsstrahlung process. The incident electron radiates a photon 
underr the influence of the electromagnetic field of the atomic nuclei in the absorber 
material.. The energy spectrum of the radiated photons falls as 1/E, where E is the 
energyy of the photon. The photon is radiated more or less collinear to the trajectory 
off  the electron, which in its turn deviates a littl e from its original path. The electron 
wil ll  continue to do this until it reaches the critical energy. At that point the energy 
losss of the electron wil l be mainly driven by the ionisation and excitation of the 
absorberr atoms. 

Ass long as the bremsstrahlung photons have an energy that is larger then twice the 
electronn mass they wil l produce electron-positron pairs. These leptons wil l undergo 
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Electromagneticc First hadronic Second hadronic 

calorimeterr (EMC) calorimeter (HAC1) calorimeter (HAC2) 

Figuree 3.7: Energy deposition profile for electrons and hadrons in the ZEUS 
calorimetercalorimeter (oval shaped forms). Electrons deposite the larger part of their energy 
inin the EMC section. Hadrons on the other hand have a slower shower development 
whichwhich is also less spread out in the direction perpendicular to the incident particle's 
directiondirection of movement. 

thee same energy deposition trajectory as the initial electron, until the electron is 
absorbedd by an ion and the positron annihilates with an atomic electron. 

Iff  the photon energy is below the pair-production threshold it will  dissipate its 
energyy by incoherent (Compton) scattering on the atomic electrons. At even lower 
energiess the photon can be absorbed by an atom. 

Thee shower starts to develop as soon as the electron enters the material. The lon-
gitudinall  length of an electron shower is logarithmically proportional to its energy. 
Inn the first stage of shower development, before the maximum number of particles is 
reached,, the transverse spreading of the shower is dominated by the multiple scatter-
ingg of the electrons and positrons due to the repetitive radiation of bremsstrahlung-
photons.. After this initial stage, the main processes involved in the energy deposition 
aree Compton scattering and the photo-electric effect. These processes have a more 
isotropicc nature, thus contributing extensively to the broadening of the shower profile. 

AA hadroni c showe r 

Thee development of a hadronic shower follows a different mechanism than in the 
electromagneticc case. Unlike in the electromagnetic case the hadrons do not start to 
radiatee photons in bremsstrahlung interactions. This is due to the large difference in 
masss between hadrons and electrons/positrons: rn^jm  ̂ « 300. The bremsstrahlung 
crosss section is proportional to the inverse of the mass of the parent particle squared. 
Instead,, the shower develops through hadron-nucleus scattering, producing secondary 
hadronss in the process. The produced secondary hadrons typically have a transverse 
momentumm with the shower axis of about 350 MeV. As a result a typical hadronic 
showerr is much broader than the electromagnetic shower of an electron with the same 
initiall  energy. If the secondary hadron is a 7r° then an electromagnetic component 

39 9 



CHAPTERR 3 Thee HERA accelerato r and the ZEUS detecto r 

developss in the shower due to the decay of the pion into two photons. 
Thee cross section for hadron-nucleus scattering is in the order of 100 mb for a 1 

GeVV hadron [36]. Compared to the bremsstrahlung cross section of 1 GeV electrons, 
whichh is of the order of 400 barns this is relatively low. A direct result of this 
differencee is that an electron starts to produce a shower as soon as it reaches the 
calorimeterr while (on average) a hadron wil l be able to pass through a significant 
amountt of calorimeter material before developing a shower. 

AA qualitativ e compariso n 

Thee differences in the average shower development behaviour of an electromagnetic 
andd hadronic shower have been summarised in Fig. 3.7: an electron (or positron) 
producess a relatively narrow shower, starting as soon as it hits the calorimeter whereas 
thee hadron only starts to shower after it has traversed a good part of the EMC section. 
Also,, the shower produced by the hadron tends to be much wider and extends to a 
largerr depth in the calorimeter. Electrons can be differentiated from hadrons with the 
measurementt of the longitudinal depth of the shower in terms of the energy profile 
inn the three (two) section of a calorimeter tower. 

3.2.5.. Luminosit y measuremen t 

Thee delivered luminosity at ZEUS is determined by measuring the bremsstrahlung 
processs ep —• epj. The cross section of the Bethe-Heitler process has been calculated 
too high accuracy [58]. This process is measured using a lead-scintillator calorimeter 
thatt is placed at Z =-107 m from the interaction point. It accepts photons at angles 
<< 0.5 mrad with the electron beam. The data equivalent luminosity is measured with 
thiss detector with an « 3% uncertainty [59]. 
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Eventt reconstruction and selection 

Thee focus of this chapter will be on the methods and strategies used to select neutral 
currentt DIS events. First an introduction wil l be given on the reconstruction of the 
kinematicc variables of the events. This wil l be followed by a discussion of the event 
selectionn criteria. This chapter ends with a comparison between the selected data 
andd the Monte Carlo simulation results. 

4.1.. Event reconstructio n 

Thee final state of a DIS event contains two distinct objects: the scattered positron 
andd the hadronic system (Fig. 4.1). The hadronic system combines everything that 
iss not attributed to the scattered positron in one single object. There are methods 
availablee that relate the scattered positron (E'e,6e), the hadronic system (£ji,-Pr,h) 
orr a combination of the two to the kinematic variables that characterise the hard 
processs that lay at the basis of a DIS-event. The hadronic system can be further 
brokenn down into the current jet, which is the result of hadronisation of the struck 
quark,, and the proton remnant. 

4.1.1.. The scattere d positro n 

Identificatio n n 

Thee scattered positron which interacted through a photon with a quark in the proton, 
iss experimentally described by its final state energy and the polar scattering angle. 
Thee key detector signature of the scattered positron is an isolated electromagnetic 
energyy deposit in the calorimeter (E » 5 GeV). 
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Incomingg positron (Ec) Scattered positron (E'e,9c) 

Incomingg proton (Ep) Proton remnant 

Figuree 4 .1: A schematic view of a DIS-Event. The initial state is, apart from 
initialinitial  state radiation, completely determined by the HERA-beam parameters. 

Reconstructio n n 

Thee standard ZEUS reconstruction software includes a feed-forward neural network [60] 
calledd SINISTRA. This neural network is fed 54 energy measurements from a cluster 
off  3x3 calorimeter towers with 2 EMC and 1 HAC sections, separated in the indi-
viduall  left and right photomultiplier signals. As the shape of the energy profile is 
alsoo dependent on the angle of incidence with the calorimeter surface, the cosine of 
thee angle of incidence is given to the network as well. This makes a total number of 
555 input variables. The output of the network is a single variable that can be inter-
pretedd as the probability that the given input was caused by a positron. The positron 
candidatee with the highest probability is assumed to be the scattered DIS-positron. 

Thee final state energy E'e is reconstructed using the calorimeter. To improve the 
energyy resolution ZEUS utilises the pre-shower measurement of either the presam-
plerr system or the SRTD. The energy corrections have been obtained by the ZEUS-
inclusivee F2 working group after an extensive analysis of the detector responses [61]. 

Thee scattering angle 9e is determined by combining the position measurement 
att the calorimeter surface with the vertex that is obtained from the track/vertex 
reconstruction.. When the positron enters within the fiducial surface, at least 0.5 cm 
fromm the borders of the SRTD, it is used to determine the impact point. In all other 
casess the calorimeter is used to determine the entry point. 

4.1.2.. The hadronic system 

Thee hadronic final state can be divided in several jets where one jet, typically the most 
energetic,, can be directly associated with the struck quark of the hard interaction. 
Anyy other jet is produced by gluons that are radiated by the struck quark. The 
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Figur ee 4.2: An example of the 
cell-islandcell-island clustering algorithm. The 
squaressquares are calorimeter cells. The filled 
squaressquares are cells that have energy de-
positedposited in them. Island 1 shows a nor-
malmal case of the clustering algorithm. 
TheThe islands 2 and 3 show an example 
ofof two cells that touch each other only 
atat the corner. 
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analysiss of jets is a topic on its own, and for the analysis of the semileptonic decay of 
charmedd hadrons it is of no principle interest. Here it suffices to look at the hadronic 
finalfinal state in a very course manner, namely by looking at the energy deposited in 
thee calorimeter that has not been attributed to the scattered positron. The hadronic 
finalfinal state is defined in terms of detector observables: 5h, the hadronic E — pz and 
andd the transverse momentum of the hadronic system, PT,h, which are defined as 

N N 

66hh = ^2(Ei-pz,i) 
i = l l 

N N N N 

v\h v\h (5>.o 22 + (X>.«)2 

(4.1) ) 

(4.2) ) 
i = i i i = i i 

wheree the sums run over all the calorimeter clusters that are not associated with the 
scatteredd positron. These two observables can be combined to give another variable, 

22 -51 PT,hPT,h - °h 
coss 7ft = — 

PP22T,hT,h + tl 
(4.3) ) 

whichh is, at leading order, the polar angle of the struck quark. 
Thesee three variables are reconstructed by combining calorimeter cells to form 

cell-islands.. A cell-island is a cluster of neighbouring calorimeter cells with a signal 
ass shown in Fig. 4.2. This is done for the EMC, HAC1 and HAC2 sections separately. 
Thee cell-islands of the different layers are then combined into cone-islands, again with 
aa nearest neighbour algorithm. The position of the cone-island is determined by the 
center-of-gravityy of the energy deposits. 

Thee next step is to combine the cone-islands with tracking information. Only 
trackss that arc fitted to a vertex and have a reasonable transverse momentum, 0.1 
<< PT < 20 GeV, are considered. The distance between the track projection on the 
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calorimeterr surface and the cone-island is used to determine if a track is matched to 
aa cone-island. This results in a list of cone-islands, unmatched tracks and tracks with 
aa matched cone-island. These three objects are all called ZUFOs [62], where ZUFO 
standss for Zeus Unidentified Flow Object. 

Thee last step in the reconstruction of the hadronic system is the backsplash cor-
rection.. The term backsplash is used for a range of effects that cause isolated energy 
depositss away from the 'true' hadronic system [63], which includes 

•• Calorimeter backsplash - an effect occuring when a highly energetic particle hits 
thee calorimeter surface. Occasionally this will yield low energy neutral particles 
thatt scatter back from the calorimeter (albedo effect). These particles can pass 
throughh the tracking detector and deposit their energy in another part of the 
calorimeter. . 

•• Pre-calorimeter showering - particles always pass some material before they 
reachh the calorimeter. Once in a while this will trigger the development of a 
showerr before the calorimeter. 

•• Noisy calorimeter cells - noisy cells that are not already identified as such can 
givee a signal coinciding with actual events in the detector. 

Inn general any of these effects is characterised by the fact that it involves low-energy 
depositss in the calorimeter without a matched track and relatively far (in terms of 
polarr angle) from the hadronic system. Backsplash is removed by rejecting those 
low-energyy clusters (E < 3 GeV) that have a large pull on the 7^ of the event and do 
nott have a vertex fitted track associated to them. An exception is made if the cluster 
hass an energy of more than 1.5 GeV and has a timing that is correct for coming from 
thee primary vertex, in which case the cluster is not removed. 

Afterr the clustering, matching and the backsplash correction there is a list with 
ZUFOss that all have an energy and momentum assigned to them. The ZUFOs are 
thenn combined to give the 5^, p\ h and 7^ of the event. 

4.1.3.. Kinemati c estimator s 

Alll the information of the hard scatter is contained in a combination of any two of 
thee variables Q2, x and y, which are related through Q2 = sxyy where s is the centre 
off mass energy squared. To relate the measured final state objects, the scattered 
positronn and the hadronic system, to the hard scatter information several methods 
aree available. In figure 4.3 the isolines for the used four observables of the final state 
aree shown. 
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Figur ee 4.3: The isolines in the Q2 — x plane of (a) the hadronic angle, (b) the 
hadronichadronic 6, (c) polar angle of the scattered positron and (d) the energy of the scattered 
positron.positron. The diagonal line (from left-bottom to right-top) gives the kinematic limit 
forfor the ZEUS experiment, where y = 1. 
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Jacquet-Blonde ll  metho d 

Thee Jacquet-Blondel method uses only the hadronic system to reconstruct the kine-
maticss of the event. The following set of equations is used: 

VJBVJB = -^r  ̂ (4.4) 

<HB<HB  = T^f-  (4.5) 
ll  -yjB 

wheree Eê e3im is the energy of the incoming positron beam. The use of this re-
constructionn method is very limited in the case of NC-DIS. A large fraction of the 
hadronicc system, the proton remnant, will escape detection as it goes down the beam-
line,, in the beam-pipe, distorting the p\ ^-measurement. This unavoidably makes 
that,, especially for low Q2, moderate x the resolution of this method is poor. A 
secondd problem is the fact that in the determination of yjs the nominal positron 
beamm energy is used. In the case of initial state (QED) radiation (ISR) events this 
underestimatess the y of the event. For charged current interactions on the other 
hand,, it is the only available method, as in that case the neutrino escapes undetected 
andd thus removes the information of the leptonic part of the interaction. 

Electro nn metho d 

Wheree the Jacquet-Blondel method uses solely the hadronic system, this method 
reliess on the measurement of the scattered positron. The kinematic variables are 
reconstructedd with the following equations: 

V*V*  = 1 - 9 F ^ ( l -cosf le) (4.6) 

QlQl = 2 £ ^e i b e a m( l + cos0e) (4.7) 

Bothh the ye and Q\ are directly dependent on the energy of the scattered positron, 
E'E'ee.. This variable does not have very good discriminative power in the region of 
moderatee x (x — 10- 4 — 10- 2) , as can be seen from Fig. 4.3(d). This is however 
thee region that is of most interest for this analysis. This therefore disqualifies the 
electronn reconstruction method as the algorithm of the kinematic reconstruction. 

Doubl ee angle metho d 

Thee double angle method is a reconstruction method that is based on the angles of 
bothh the hadronic system and the scattered positron [64] 

-- s in f le( l -cos7h) 
VDAVDA - ;—:—2j —, 2TT  ̂ °> 

sm7,ll + sin0e - s i n^ - 0e) 
nn22 _ AF2 s in7 / l( l + cosfle) 
QUAQUA - 4^e,beam̂ j ^~7 —, JT i 4-9) 

sinn 7^ + sin 0e - sin(7/l - 9e) 
Thee principle strength of this method is that there is no dependence on the measure-
mentt of any of the energies. The two observables, 9e and 7 ,̂ used in this method 
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bothh have good discriminative power in the region of interest, which combined will 
alloww for a good reconstruction of the kinematic variables. 

Sigmaa metho d 

Thee sigma method attempts to tackle two of the problems of the Jacquet-Blondel 
reconstructionn method. To accommodate the effect of ISR the <5tot — E — pz of the 
eventt is used instead of the positron beam energy. The second improvement can be 
foundd in the replacement of the hadronic pr with the pT of the scattered positron. 
Withh these enhancements the equations become 

Itee = j p " (4.10) 

QlQl = -TIT  (411> 

Thee resolution of the S-method is better than that of the double-angle in the low Q2 

regionn (Q2 < 40GeV2). At intermediate and high Q2 the two are comparable. 

Forr  thi s analysi s 

Thee present analysis uses several of the presented reconstruction methods. The 
Jacquet-Blondell  and electron methods are used to reject certain specific regions of 
phasee space (Sec. 4.3). Because of the better resolution in the low-Q2 region the 
E-methodd is preferred above the double angle algorithm. As a consequence, the kine-
maticc variables for the single and double differential cross sections are reconstructed 
usingg this method. 

4.2.. Event pre-selection with the trigger 

Thee ZEUS data acquisition system uses a three level trigger system. After each step 
thee data volume is reduced and more time is available, allowing for the reconstruction 
off  more (complicated) information on which to base trigger decisions. 

4.2.1.. The first level trigger 
Att the FLT level all components store their data in a 52 step deep pipeline buffer. 
Thee data is moved down the pipeline following the HERA clock-cycle of 96 ns, which 
iss equal to the bunch crossing interval. During these 52x96 ns=4.68 /is component 
triggerr logic must reach a decision and allow the Global First Level Trigger (GFLT) 
too combine all such input into a global trigger flag. This leaves a maximum time 
off  2 jus for the local FLT-systems to process information and another 2 pis for the 
GFLT.. The extra time is needed to ensure proper read out of all the components on 
ann ACCEPT signal. The most important systems at this level are the CAL [65] and 
thee CTD [66]. The SRTD-FLT is used to veto events that have a signal in the SRTD 
butt did not coincide with the beam-crossing time. 
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Att the FLT-stage a neutral current DIS event is identified by tagging the scattered 
positron.. For the analysis presented here, there are four trigger slots at the FLT that 
weree used to select the events. Three of these slots are designed to select events 
wheree the scattered positron enters the rear calorimeter. The first trigger requires an 
isolatedd cluster with the larger part of the energy in the electromagnetic calorimeter 
(ISOe).. This condition is defined as 

ISOee = (EHAC < 0.95 GeVor EHAC/ETOT < 1/3) and EBMC > 2.08 GeV 

wheree the energies are the respective sums of hadronic (HAC), electromagnetic (EMC) 
andd combined parts of the associated isolated cluster. In total there are three trigger 
slotss defined to identify electrons in the RCAL: 

FLT11 - ISOe and ECAL > 0.46 GeV and a signal in the SRTD, 

FLT22 - threshold E§C
M

A  ̂ > 3.75 GeV, 

FLT33 - nominal E%<faA
c
L > 3.4 GeV, 

wheree the labels threshold and nominal denote different calorimeter energy sum 
strategies.. In the case of the nominal energy sum all the towers with E < 464 MeV 
aree set to zero, as well as the inner ring of the towers in the RCAL. The threshold 
energyy sum excludes no towers and is the total sum of measured energy. These com-
binationss of trigger logic select events with positrons in the RCAL with an efficiency 
off  well over 99% for E'e>7 GeV. 

Thee events where the scattered positron ends up in the barrel calorimeter are 
selectedd by 

FLT44 - threshold Eg££L > 4.78 GeV and a track in the CTD FLT 

Thesee four trigger definitions were combined to form two trigger selection bits: 

••  GFLT4 6 =  FLT 1 o r  FLT 2 

••  GFLT4 4 =  FLT 3 o r  FLT 4 

Thee rates for data and Monte Carlo for these trigger bits are shown in Fig. 4.4(a). 

4.2.2.. The secon d level trigge r 

Thee second level trigger is built up of per-component transputer based sub-triggers 
andd a Global Second Level Trigger (GSLT) network. The GSLT decides on the event-
ACCEPTT based on the information passed by the trigger components, like the GFLT. 
Thee most important information for the GSLT is found in global energy sums (£r> 
66 = E — pz), primary vertex information and timing of the event. The output rate 
off  the SLT is capped at 60 Hz. 

Too select the data sample for this analysis no explicit cuts on SLT-bits were made. 
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Tablee 4.1: The data sample split into the years of 
runningrunning and trigger configuration. All luminosities are 
givengiven %npb~l. 

Year r 

1996 6 
1997 7 

combined d 

£DISOI I 

5.7 7 

5.7 7 

£öIS03a a 

2.4 4 
0.6 6 

3.0 0 

^DIS03b/d d 

24.7 7 

24.7 7 

£TOT T 

8.1 1 
24.7 7 

32.8 8 

4.2.3.. The thir d level trigge r 

Att this stage the event is completely reconstructed. The reconstructed primary vertex 
allowss 5 to be determined with better precision, so the event selection can be more 
stringentt than at previous trigger levels. The TLT runs four different electron finder 
algorithms,, among which is the SINISTRA programme. Events are selected as a DIS-
typee event if any of them returns a suitable candidate. Events are selected if they 
satisfyy all of the following criteria: 

•• E'e > 4 GeV for any one of the electron finders best candidates 

•• 5 + 2E L u m i 7 > 30 GeV 
wheree Ez,umi7 is the measured energy in the photon calorimeter of the lumi
nosityy monitor. 

•• Scattered positron position. 
Duringg the 1996-1997 run period the trigger has been operated with various 
selectionn criteria: 

-- DIS01 :\X\ > 12 cm or | y | > 6 cm 

-- DIS03a : \X\ > 14.5 cm or \Y\ > 14.5 cm 

DIS03b/dd : sjX2 + Y2 > 25 cm 

Thee DIS01 and DIS03 trigger bits are called the low- and medium-Q2 trigger, respec
tively.. The rate for the DIS01 trigger was too high during high luminosity operation 
andd therefore this trigger was disabled for the larger part of the 1996-1997 running 
period.. The period that it was active has proven to be long enough to do a reasonable 
measurementt in the low-Q2 region. The difference between DIS03b and DIS03d is 
purelyy in the definitions of the used electron finders. 

Thee exact definition of the electron finder algorithms changed four times during 
thee 1996-1997 running period. As the Monte Carlo simulation only incorporates one 
sett of these definitions, a separate simulation package was developed to allow a proper 
treatmentt of data and Monte Carlo for the whole running period [67]. 

Thee contribution of the different years and triggers to this luminosity is given in 
Tab.. 4.1. 
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Figur ee 4.4: Accepted events for the FLT and TLT trigger bits used in the analysis. 
TheThe points are accepted events from data. The bars give the (luminosity) corrected 
numbersnumbers from the DJANGOH MC-sample. 

4.3.. DIS Selection criteria 

Inn the offline stage the final event selection criteria are applied. These selection cuts 
aree based on the selection of a neutral current DIS sample in favour of backgrounds 
fromm other production processes, which for DIS analyses is exclusively photoproduc-
tionn (PHP). The ratio of signal to background events is optimised by the kinematic 
cutss (5,Q2,y) and further tightening of the selection criteria of the scattered positron 
candidate.. On the event sample that passed the TLT requirements the following, 
additional,, criteria were applied to select the set of events that will  be further used 
forr analysis: 

•• 38 < S < 65 GeV 

Forr a perfectly contained and measured DIS event the 5 should be 55 GeV 
(== 2Eetbeam), which follows from energy and momentum conservation. Parti
cless that escape down the forward beam-pipe have almost identical energy and 
longitudinall momentum, which nullifies their contribution to the overall 6. In 
photoproductionn events the 'scattered' positron escapes down the rear beam-
pipe.. This effectively lowers the measured S for these type of events, as the E'e 

andd pz do not cancel. 

-"vertex -"vertex << 50 cm 

Thee Z of the vertex is restricted to this range to ensure an excellent under
standingg of the acceptances of both the calorimeter and the central tracking 
detector. . 

VELVEL < 0-95 
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Sometimess SINISTRA identifies an electromagnetic cluster in the FCAL as the 
mostt probable candidate for the scattered positron. Usually this is due to a 7r°, 
whilee the real scattered positron can be found elsewhere in the detector. As 
thesee fake 'positrons' are produced in a decay, they have an energy that is much 
lowerr than expected for a high Q2 event. Prom Eq. 4.6 it then follows that IJEL 

wil ll  be very high for such misidentified positrons. Rejecting those events that 
havee a \)EL larger then 0.95 removes those events from the final sample. 

•• Combined positron energy and probability cut 
Thee scattered DIS positron is selected by a combination of energy and SINISTRA 

probabilityy requirements. A previous analysis [61] showed that the rejection of 
photoproductionn backgrounds could be improved if an energy-dependent prob
abilityy cut is applied. Therefore the following set of criteria is applied: 

-- 10 > E'e GeV: all rejected 

-- 10 < E'e < 20 GeV: probability > 0.94 + 0.0025^ 

-- 20 < E'e < 30 GeV: probability > 1.17 - 0.0090^ 

-- E'e > 30 GeV: probability > 0.9 

•• Scattered positron position projection on RCAL surface (if on RCAL surface, 
Fig.. 4.5) 

-- DIS01 : \X\ > 13 cm or | r | > 7 cm + excluding 'ears' (see Fig. 4.5) 

-- DIS03a : \X\ > 14.5 cm or \Y\ > 14.5 cm 

DIS03b/dd : y/X2 + Y2 > 25.5 cm 

•• yJB > 0.02 
Thiss cut removes the part of the phase space that is characterised by low total 
hadronicc energy in the calorimeter. This particular part is hard to properly 
reconstructt and is therefore rejected. 

Finally,, events are required to lie in the kinematic domain of interest, defined by: 

•• 2.0 < Q2
DA < 1000 GeV2, 

 0.03 < yDA < 0.70. 

4.4.. Event sampl e 

Withh this set of criteria a data sample of slightly over 2 • 106 NC-DIS events has 
beenn selected. In figure 4.6(a-e) distributions of the reconstructed final state objects 
aree shown. The data (points) are compared to the DJANGOH Monte Carlo sample 
(histogram),, after event selection. The positron final state (E',0e) shows agreement 
(Fig.. 4.6(a,b)). The different cuts on the scattered positron position are immediately 
visiblee in the distance between the positron impact point on the RCAL surface and 
thee nominal beamline (Fig. 4.6(c)). The Monte Carlo has a slightly higher tail in 
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Figur ee 4.5: Overview of the three sets 
ofof position cuts that are used to select 
thethe scattered positron 

thee p\ h distribution (Fig. 4.6(e)). The 7^ distribution is however well described by 
thee Monte Carlo (Fig. 4.6(d)). The reconstructed 5 combines both the positron and 
thee hadronic final state in the detector and is shown in Fig. 4.6(e). Figures 4.6(g-i) 
showw the results of the track/vertex reconstruction. For these selected events the 
reconstructedd double angle variables are compared in Fig. 4.7. Overall, data and 
Montee Carlo agree. 

Thiss event sample will be the starting point for the quest for the electrons from 
thee semileptonic decay of charmed mesons. The event samples contain roughly 15 
millionn tracks, which will  serve as the haystack in which the electron-needles need to 
bee found. 
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Figur ee 4.6: Comparison between data (points) and Monte Carlo (histogram) for 
somesome selected properties of the positron (a-c), the hadronic final state (e-f) and the 
tracktrack reconstruction (g-i). 

W W 



CHAPTERR 4 Eventt  reconstructio n and selectio n 

xlO'' ' 

S S 
> > 

4 0 0 --

200 0 

22 3 

loglOO Q%A 

) ) 
-^ J J 

Ö Ö 
> > 

HH 1000 

500 0 

0 0 

<102 2 

I I 

__ J 1 1 

• • 

.. ZEUS 1996-1997 

Montee Carlo 

--

ii . . • i . . • r ^ 

0.22 0.4 0.6 0.8 

E
ve

nt
s 

s 

O
 O

 

o 
o 

400 0 

200 0 

0 0 

x102 2 
-- i i i | i i 

,, i • 1 i i 

,, 
. 

I 
, 

. 

1 1 

1 1 

 ^ ^  . . 

(b) ) 
-6 6 

x102 2 

-22 0 

log100 XDA 

(c) ) VDA VDA 

1000 150 200 250 
WWDA DA 

Figur ee 4.7: Comparison between data and Monte Carlo for the reconstructed dou-
bleble angle variables, after event selection: (a) Q\,A (logarithmic on x-axis), (b) XDA 
(logarithmic(logarithmic on x-axis), (c) \)DA and (d) Wr>A-
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CHAPTERR 5 . 

Charmm electron signal extraction and backgrounds 

Too examine the semileptonic decay of charmed hadrons an event sample with elec-
tronn track candidates will be selected. The primary detector tools for doing this are 
thee calorimeter and the central tracking detector. However, still a large fraction of 
thesee electron candidates are hadrons. The final number of events with real electrons 
iss estimated after subtraction of this hadron contamination. To enable subtraction 
aa pure hadron sample is selected, again with the calorimeter and central tracking 
detector,, to make a precise estimate of the hadronic content in the electron sam-
ple.. The extracted electron signal contains electrons from the semileptonic decay of 
charmedd hadrons, photon conversion, Dalitz decay of 7r°'s and the semileptonic decay 
off  beauty. 

5.1.. Electro n identificatio n in th e calorimete r 

Inn chapter 3 it has been explained how a distinction between an electromagnetic 
andd hadronic shower can be made. In the ZEUS detector the energy deposit can 
onlyy be measured in terms of total energy deposits in the different sections of the 
calorimeterr (EMC/HAC1 /HAC2). A good quantity to select electrons is the fraction 
off  the total energy that is deposited in the electromagnetic section of the calorimeter 
{EEMC/ETOT)-{EEMC/ETOT)- In figure 5.1 this ratio is shown for a Monte Carlo sample of both 
electronss and hadrons. The electrons indeed deposit well over 90 percent of the total 
energyy in the £MC-section of the calorimeter. By applying a cut at a value of the 
ratioo of EEMCI^TOT = 0.9 only 3.6% of the initial electrons are lost, compared to 
37.9%% of the initial hadrons. Hadrons clearly deposit their energy more evenly in 
bothh the electromagnetic and the hadronic sections. However, the tail above the 
0.99 boundary in the distribution of the hadrons is non-negligible: the abundance of 
hadronss with respect to the number of electrons makes that the number of hadrons 
thatt satisfy this criterium dwarfs that of the electrons. An extra handle is needed to 
separatee the produced electrons from the hadrons. 
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Figur ee 5.1: (a) The calorimeter response in terms of EEMC/ETOT for both elec-
tronstrons and hadrons is shown. The particles were selected to have 1.2 < p < 5.0 GeV. 
TheThe electrons deposit almost all energy in the electromagnetic section of the calorime-
ter.ter. The hadrons deposit their energy more evenly in the hadronic and electromagnetic 
sections,sections, (h) The electron acceptance (solid line) and the signal/1/(background) (filled 
histogram)histogram) as a function of the EEMC/ETOT ratio. 

5.2.. Particle identification with dE/dx 

Inn chapter 3 it has been argued that there is a relation between the normalised 
energyy loss of a particle (dE/dx) and its momentum. In the momentum range that 
iss of interest for this analysis (0.1-20 GeV) the dE/dx distribution of electrons is 
completelyy fiat (Fig. 3.4). For particle momenta below 1 GeV the electron band is 
crossedd by that of the TT~,K~ and p, respectively. In this momentum region (p < 
11 GeV) it will be impossible to uniquely identify an electron. For momenta above 
1.22 GeV the dE/dx does give the handle to identify an electron, as then the electron 
dE/dxdE/dx -band becomes slightly separated from the rising hadron-bands. For particle 
momentaa of the order of 10 GeV the correlation again becomes non-unique as the 
electronn band is merged with the hadron bands, that are undergoing the so called 
relativisticc rise. 

Thee measurement of dE/dx with the ZEUS detector has been treated in chapter 
3.. In this section the motivation and methods of additional calibrations on the 
dE/dxdE/dx will  be given. 

5.2.1.. Space charge correction 

Thee measured dE/dx of a particle shows a dependence on the polar angle 6 of the 
trajectory.. This polar angle is equivalent to the opening angle between the particle 
trajectoryy and the CTD sense wires. The dependence can be understood in terms of 
aa geometrical effect, known as the space charge effect [68]. The total volume of gas 
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Figur ee 5.2: Average value of 
dE/dxdE/dx for a sample of conversion 
electronselectrons as a function of polar angle. 
TheThe error band shows the Gaussian 
spreadspread of the fit on the peak position. 
AA clear dip is visible when the particles 
passpass the CTD wires with an angle close 
toto 90°. The dashed line shows the 
expectedexpected average position of the peaks. 
TheThe line shows the fitted 4th order 
polynomialpolynomial that is used to correct for 
thisthis effect. 

99 (radï 

thatt can contribute to the signal on the wire is limited to a cylinder with a radius 
equall  to the free electron drift velocity times the response time used in the read-out. 
Thiss volume is further reduced by the length of the trajectory of the particle through 
thiss volume. The larger the volume of the contributing gas, the larger the number of 
potentiallyy free electrons is and hence the lower the chance of saturation of the gas. 

Thee gas saturation effect is directly proportional to the 'true' dE/dx of a particle: 
aa lower true dE/dx means less secondary electrons, effectively reducing the needed 
gass volume to allow the secondaries to evolve into a full electron avalanche towards 
thee sense wire. A direct effect of this is that the space charge effect is not visible for 
minimumm ionising pions, so these can be used as the unity measure for the energy loss 
withoutt complications. Other particles, with higher 'true' dE/dx value do show this 
effect,, as is shown in Fig. 5.2 for a sample of photon conversion electrons. Photon 
conversionn electrons have a very distinct topology which allows the selection of a 
veryy clean sample of pure electrons; the selection criteria applied will  be discussed in 
Sec.. 5.5.2. The dependence of the measured average dE/dx on the polar angle of the 
track,, and thus of the angle with the CTD sense wires, is clearly visible as the drop 
inn the average for 0 values around 1.6 radians (« 90°). To correct for this effect a 
fourthh order polynomial in 9 has been fitted to the conversion electron results. This 
fitfit  is also shown in Fig. 5.2, as the solid line. Measured dE/dx -values are shifted by 
thee difference between the function value for the tracks 9 and the nominal dE/dx (= 
1.388 MIPS). 

5.2.2.. Loca l multiplicit y correctio n 

Thee CTD response also shows a dependence on the local multiplicity of tracks, p(n). 
Too reveal this dependence, the average dE/dx is plotted for good tracks, where a 
goodd track is defined as vertex fitted, 1.2 < p < 5.0 GeV and 0.65 < 9 < 2.5, rad 
binnedd in the number of other nearby good tracks, as illustrated in Fig. 5.3. Figure 
5.4(a)) shows the average dE/dx, < dE/dx >, for given p(n) as a function of the 
openingg angle Q. For Q = 0.7 rad the distributions have flattened off enough that 
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Figur ee 5.3: A schematic view of the 
definitiondefinition of p(n): the number of tracks 
foundfound in the cone that takes the target 
tracktrack as central axis and has an opening 
angleangle of 0.7 radians. In this case one 
wouldwould find p(n) equals 4-
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Figur ee 5.4: (a) dE/dx as a function of the opening angle of the cone (Q) at fixed 
valuesvalues of charged track multiplicity. The effect stabilises for higher values of (I. The 
valuevalue of 0.7 has been chosen in order to optimise the correction for a large range in 
p(n).p(n). (b) dE/dx as a function of p(n) is shown for a sample of pions (1.2 <p < 5.0 
GeV,GeV, 0.65 < 6 < 2.5 rad). The line is a first order polynomial that has been fit to 
thethe data for a cone opening angle of Q, = 0.7 rad. 
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itt can be used as the defining opening angle for calibration. In Fig. 5.4(b) the 
averagee dE/dx is shown as function of the local multiplicity. There is a clear linear 
correlationn between the two. The fitted function, also shown, is used to correct the 
dataa for this effect. The fact that this function does not pass through dE/dx = 1 for 
zeroo multiplicity is due to the selected momentum range, which selects pions with a 
higherr than average momentum. 

5.2.3.. Track constraint s 

Inn order too maximise the use of the cf£'/<ix-information, constraints have to be applied 
onn the properties of the candidate tracks. The first set of selection criteria come from 
thee desire to have an optimal resolution on the dE/dx measurement itself. A track 
thatt passes at least seven of the CTD superlayers has a well measured dE/dx value. 
Thiss can be related to a cut on the polar angle of tracks that has an equivalent 
effect:: 0.65 < QTRK < 2.5 radians. A second constraint arises from the wish to 
identifyy electrons: only tracks with a momentum above 1.2 GeV wil l be considered, to 
assuree that the (p,d£/da;)-correlation can be used to identify electrons. These cuts 
alloww the target electrons to be tagged with a very high efficiency, well over 90%. 
Thee downside of these two constraints is that almost 90% of the total semileptonic 
electronn sample is lost due to the phase space constraints. This is illustrated in 
Fig.. 5.5, where the results of pQCD calculation are shown for electron production 
fromm the semileptonic decay of charm. The accepted contribution is based on the 
polarr angle (0.65 < OTRK < 2.5 rad) and momentum (1.2 < PTRK < 5.0 GeV) 
selectionn criteria. 

5.3.. Cluster s and track s 

Basedd on the properties of electron showers in the calorimeter and the dE/dx mea-
surementt for tracks, a sample of electron candidates can be devised. The two recon-
structedd objects containing this data are calorimeter clusters and vertex fitted tracks. 
Thesee two objects are reconstructed independently of each other and therefore it is 
neededd to match a track uniquely to a calorimeter cluster. The match is made by 
extrapolatingg the track-trajectory until it reaches the calorimeter surface. This gives 
aa set of coordinates on the calorimeter inner surface which allows for the calculation 
off  distances between the track projection and calorimeter clusters center-of-gravity. 
AA track is matched to the cluster if all of the following criteria are met: 

•• Distance between track projection and calorimeter cluster < 20 cm 

•• No other track projection within 25 cm of that of the matched track. 
Thoughh it might be suspected that this cut would affect the charm signal 
greatly,, this is fortunately not the case. This is due to the fact that the lep-
tonss from the semileptonic decay of the charmed hadron, which is produced 
inn a jet itself, have a relative large transverse momentum with respect to this 
jet.. Effectively this detaches them from the parent jet. The rationale behind 
thiss criterium is that if several tracks can be projected to the same calorimeter 
cluster,, as tends to happen in jets, then the EEMC/ETOT ratio is not purely 
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WW p (GeV) (b) 9 (rad) 

Figur ee 5.5: Theoretical predictions (NLO pQCD) for the production of semilep-
tonictonic electrons from charmed hadrons as function of the observables (a) p and (b) 9. 
TheThe parts of phase space that are rejected are also shown. The motivation for also 
excludingexcluding the range of p larger than 5 GeV will  be given in section 5.4-2 (page 62). 
AA large fraction of the electrons produced by the semileptonic decay of the charm is 
lostlost due to the relative low momentum with respect to the lower boundary. 

thatt of the track associated with it. It wil l be a superposition of the responses 
off  all particles that contributed to the cluster; such a cluster is not fit  for 
identificationn uses. 

•• 0.2 < ECAL/PTRK < 3.0 

Thesee requirements ensure that the measurement of the energy of the cluster 
iss not spoiled by neutral hadrons that may also deposit their energy there. 

Thee distributions of these aforementioned variables are shown in Fig. 5.6. A compar
isonn is made in the generic DIS Monte Carlo sample between an inclusive electron 
samplee and a hadron sample [EEMC/EHAC < 0.4). This set of criteria selects the 
semileptonicc electrons with a efficiency of about 70%. The dE/dx spectrum of the 
selectedd electron sample is shown in Fig. 5.7. The signal of electrons is still over
whelmedd by a hadronic background which is the (stochastic) tail of the calorimeter 
ratioo distribution for hadrons, resulting in hadrons that have a EEMC/ETOT-^^O 

biggerr than 90%. This, convoluted with the resolution of the dE/dx measurement 
givess a very large 'tail' of hadrons in the dE/dx region where the electrons are located. 
Theree is need for 'a cunning plan' to remove this background from the signal. 

5.4.. The subtraction method 

Thee ZEUS detector does not offer other observables that can be used to distinguish 
thee electrons from the hadrons. However, a very clean hadron sample can be selected 
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Figuree 5.6: Monte Carlo results for the three track-cluster variables used in the 
selection,selection, for tracks in the used (p,6)-window. The hadron sample has been scaled 
toto the same integrated number of entries as the electron candidate sample, (a) The 
distancedistance between the track projection on the CAL surface and the associated CAL 
cluster,cluster, (b) The isolation on the CAL surface of the track projection, (c) The generic 
matchmatch quality cuts on ECAL/PTRK-
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Figur ee 5.7: The measured dE/dx dis-
tributiontribution of all semileptonic candidate 
tracks.tracks. The dashed line indicates where 
thethe electron signal peak should be ex-
pected.pected. The dE/dx distribution of a 
samplesample of clean conversion electrons, 
whichwhich is contained in the first sample, 
isis also shown. The fact that the elec-
trontron candidate sample peaks at 1 MIP 
makesmakes clear that the sample suffers from 
aa large hadronic background. 

byy reversing the calorimeter principle that is used to select electrons. With a selection 
cutt of EEMC/ETOT < 0.4, which replaces the ratio criterium of the electron sample, 
andd keeping all other criteria the same, a clean hadron sample is obtained that can be 
usedd to understand the hadronic contamination of the electron candidate sample. The 
mostt direct approach to do this is found in the subtraction of the hadronic content 
fromm the electron candidate sample. To this end it has to be ensured that the pure 
hadronicc sample has the same dynamical properties as that of the background in 
thee electron candidate sample. The recipe that has been followed to perform the 
statisticall  subtraction is as follows. 

5.4.1.. Reweighting of the hadronic background 

Inn figure 5.8 the ratio of hadron candidates over the number of electron candidates 
iss shown in bins of p and 9. To correct for the differences the pure hadron sample is 
reweighted.. The corrections are calculated on a two dimensional grid in p and 6. 

Thiss reweighting procedure also gives rise to the last cut that is necessary on 
thee sample: all tracks with a momentum greater than 5 GeV have to be excluded 
too make the reweighting procedure stable: allowing higher momentum tracks would 
introducee (p, 6) bins that contain too few tracks to do proper reweighting. 

5.4.2.. Absolute calibration 

Afterr the reweighting the scaling factor for the hadronic sample to the electron 
samplee is already close to unity. But since it is of utmost importance that the 
hadronicc background beneath the electron peak in the electron candidate sample is 
quantitativelyy exactly described by the pure hadron sample, the hadronic sample is 
scaledd to the electron candidate sample in a fiducial region of the dE/dx distribution: 
0.88 < dE/dx < 1.1. This includes the pion peak but is slightly asymmetric with 
respectt to it, toward the lower edge. In this way a region in the dE/dx distribution is 
chosenn that is extremely clean: in this region there are about 20 electrons in the elec-
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Figur ee 5.8: (a,) TTie ratio in bins of p of hadronic background candidates over the 
semileptonicsemileptonic candidates. The two distributions show large differences in some parts of 
thethe phase-space spanned by these the observables. (b) Likewise for the 9-distribution. 
TheThe reweighting itself is performed using a two dimensional grid in (p, 6)-space. 

tronn candidate sample, compared to 120.000 hadrons. This means that the hadronic 
purityy is 99.98%. The scaling region is also indicated in Fig. 5.9(a). 

5.4.3.. Signa l extractio n and error s 

Thee last step is the extraction of the number of electrons. By subtracting the hadronic 
samplee from the electron candidate distribution the electron signal from Fig. 5.9(b) is 
obtained.. The errors on the electron signal are calculated directly from the contents 
off  both the electron candidate sample and hadronic background in the bin, i. e. 

aaii  — "i.elec + ai,had (5.1) ) 

Ass a consequence, bins that lie closer to the pion peak have larger errors. To reduce 
thee sensitivity to these fluctuations the total number of electrons is extracted by 
integratingg the upper half of the electron distribution only and subsequently extrap-
olatingg this to also include the lower half of the distribution. The dE/dx distribution 
off  the electron signal is Gaussian. By gauging the centre and the width on a distribu-
tionn of photon conversion electrons this method does not introduce any biases which 
mightt be hidden in the electron distribution itself. Fixing these two parameters in 
thee fit on the electron signal only leaves the height of the distribution free, which is 
aa direct measure for the actual number of electrons contained in the electron signal. 

Thee funnel leading from the initial DIS sample to the final electron signal is 
summarisedd in Tab. 5.1. For completeness the numbers of charm tracks from the 
RAPGAPP charm Monte Carlo sample are also given. 
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Figur ee 5.9: (a) The electron candidate and hadronic background dE/dx -
distributions,distributions, after the reweighting and scaling of the latter. On the rising flank, 
thethe hadronic distributions follow the shape and size of the electron candidate sample 
perfectly,perfectly, (b) The dE/dx -signal of the electrons in the semileptonic candidate sam-
pleple after the subtraction of the hadronic background. The dE/dx -distribution of the 
initialinitial  semileptonic candidate sample is shown in the background. Statistical fluctua-
tionstions in the original distributions have a relative large effect in the signal distribution, 
asas can be seen on the rising flank of the electron signal, where some bins are even 
wellwell below 0 (and thus of scale for this plot). 

Tablee 5.1: Overview of the numbers of events/tracks available for 
thethe determination of the electron signal. 

Typ e e 

Data a 

Montee Carlo 

Source/Target t 

selectedd DIS events 
electronn candidates 
hadronn candidates 
-- after reweighting and scaling 
Electronn signal 
SLe-cc events 
SLe-cc in (p,#)-window 

Samplee size 

1913128 8 
194676 6 
134234 4 
186415 5 

7758 8 
1938049 9 

38493 3 
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5.5.. Othe r relevan t contribution s to th e signa l 

Thee electron signal that is obtained is an inclusive one. Apart from electrons from 
thee semileptonic decay of the charm there are also electrons from other sources and 
aa remnant of anti-protons. The contribution from each of these sources is deter-
minedd and subtracted from the total number of electrons in the signal distribution. 
Thee backgrounds to this analysis are: anti-proton background (the only non-electron 
background),, photon conversion, Dalitz decay of 7r° and semileptonic beauty decay. 

5.5.1.. Anti-proto n backgroun d 

Thee subtraction of the hadronic background is not 100% efficient for anti-protons. 
Thoughh rather modest in size, it still contributes around 8% of the total electron sig-
nall  [42]. This contribution is subtracted directly from the total number of electrons. 

5.5.2.. Photo n conversio n electron s 

Thee process 7 —• e+e~ is the second largest source of electrons in the electron signal. 
Photonss are produced in large numbers at the primary vertex, mainly by the decay 
off the 7T° into two photons. Due to momentum conservation photon conversions only 
occurr in the presence of a second object. This means that conversions take place in 
thee detector material. There is a distinct displaced secondary vertex at which the 
conversionn occurs. At this vertex an electron and a positron are produced and they 
cann be reconstructed to a system with a invariant mass of virtually zero. 

Electronss from photon conversions can be successfully identified by exploiting 
thee distinct topology of the photon conversion. The efficiency for the reconstruc
tionn of the trajectory of the leptons is 95% for particles with a momentum over 200 
MeVV and 0.65 < 6 < 2.5 rad (Fig. 5.10(a)). For lower momenta the efficiency 
dropss rapidly. The reconstruction of the correct number of electrons that come from 
aa photon conversion is assured by only looking at tracks with a momentum over 200 
MeV.. Inevitably some electrons that have a photon-parent will not be identified as 
aa photon conversion electron, because the photon conversion leptons are known to 
sometimess have a large asymmetric momentum sharing, i.e. some photons produce 
aa low momentum positron while the electron has a relative large momentum. It is 
cruciall to correctly determine the number of these invisible conversions. In 1974 
Tsaii [69] derived the next-to-leading order quantum electro-dynamical (QED) equa
tionn for the initial energy sharing between the two leptons from a photon conversion. 
Inn Fig. 5.10(b) the number of reconstructed conversions where both leptons have a 
trackk momentum above 200 MeV is compared to the prediction from the Tsai calcu
lation.. There is good agreement between the measured numbers and the theoretical 
prediction.. This shows that the Tsai equation can be used to correct for the fraction 
off conversions that are missed due to the momentum requirement. Figure 5.11 shows 
thee fraction of visible conversions as function of the energy of the parent photon with 
thee requirements pe+ > 200 MeV and pe- > 1.2 GeV. This histogram is used to 
correctt for the a priori  invisible conversion electrons. 

Inn short, the contribution of photon conversions to the total electron signal can 
bee determined by making use of the accurate reconstruction of the distinct event 
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Figur ee 5.10: (a) The efficiency for reconstructing a vertex track as a function of 
thethe particle momentum, (b) The measured energy sharing distribution (Ee- /Ey) from 
thethe clean conversion sample with the momentum of the tracks > 200 MeV. The light 
areaarea gives the prediction of the Tsai calculation. The dark area gives the prediction 
forfor the case with no track-momentum cuts applied. 

Figur ee 5.11: The fraction of visi-
bleble conversions over invisible conver-
sions,sions, due to the applied cut on the lep-
tonton momentum (pe+ > 200 MeV,pe~ > 
1.22 GeV), as a function of the recon-
structedstructed photon energy according to the 
TsaiTsai calculation. The weight that is ap-
pliedplied to the found conversions is the in-
verseverse of this fraction. 

£ 77 (GeV) 

topologyy in a well understood part of the phase space, which can be expanded to the 
fulll  phase space by using NLO-QED calculations. 

Thee conversion tagging is still not 100%, even allowing for the minimal track 
momentumm requirement. The efficiency to tag a conversion electron was found to be 
89.5%% in Monte Carlo. The found number of electrons have been corrected for this. 

5.5.3.. Dalitz decay of the pions 

Thee second largest non-charm contribution of electrons to the signal is by the Dalitz 
decayy of neutral pions: 7r° 7e+e" " Thee branching ratio for this decay is very 
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Figur ee 5.12: The smallest recon-
structedstructed invariant mass for a sample 
ofof Dalitz decay electrons and electrons 
fromfrom the decay of charmed hadrons. 
ElectronElectron candidates are tagged as a 
DalitzDalitz electron if they reconstruct to a 
minimumminimum invariant mass of less then 
0.20.2 GeV. 
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small,, only 1.198  0.032 % [36]. Nevertheless, due to the large abundance of neutral 
pionn production in generic DIS events it is a background that has to be estimated 
correctly. . 

Thee Dalitz decay of pions occur directly at the primary vertex. Therefore, elec-
tronss produced in this process are experimentally a priori  not distinguishable from 
thee electron produced by the decay of a charmed hadron. To determine the back-
groundd from this process three, in principle independent, methods have been inves-
tigated. . 

Mont ee Carlo predictio n 

Thee first, and most simple, is the counting of selected electrons from a Dalitz decay 
inn a large sample of generic DIS Monte Carlo. This method is cumbersome as it 
reliess on a very large Monte Carlo sample to get a statistical accurate estimate. This 
methodd also implicitly shows a great dependence on the Monte Carlo simulation of 
7T°° production in DIS. Data from e+e~ collider experiments on 7r° production have 
beenn used as input for the Monte Carlo. In first order this will certainly be a valid 
ansatz,ansatz, but this is by no means an assurance that, for the case of e+p scattering, it 
willwill  describe the pion production well enough to allow the extraction of the size of 
thee background directly from Monte Carlo. 

Invarian tt  mass reconstructio n 

Thee second method is based on the reconstruction of the invariant mass. As the 
Dalitzz decay of the ir°  occurs virtually at the primary vertex, the following algorithm 
iss used: 

1.. every electron candidate, not tagged as a photon conversion electron, is com-
binedd with every other vertex fitted track of the opposite charge, not tagged as 
conversionn positron. 
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Figur ee 5.13: A direct comparison of the (a) production momentum and (b) produc-
tiontion angle between the three pionic flavours. The three distributions are, apart from 
aa slight normalisation factor for the ir°, in excellent agreement. The n+ results are 
mostlymostly hidden by the distributions of the negative pion. 

2.. an invariant mass is reconstructed based on the assumption that the tracks are 
ann electron and a positron. 

3.. if the invariant mass is less then 200 MeV then the electron candidate is tagged 
ass a Dalitz electron. 

Thee combination with the smallest invariant mass is plotted in Fig. 5.12. The number 
off  electrons found in this manner needs to be corrected for the in-efnciency of the 
method.. The methods efficiency is determined from Monte Carlo simulation and is 
foundd to be 68.1  9.1%, where the error is purely statistical. This algorithm has 
quitee good accuracy, due to the fact that it takes the actual data to determine the 
backgroundd and it is only moderately dependent on Monte Carlo results. 

Charge dd trac k multiplicit y 

Thee last method is also the most elaborate method. It takes advantage of the total 
chargedd track multiplicity. Figure 5.13 shows the comparison of production momen-
tumm and angle for the three flavours of pions, TT+,TT~ and n°. The three pions show 
similarr production distributions, apart from a slight normalisation difference. This 
showss that it is reasonable to use the charged pions to estimate the number of elec-
tronss from the Dalitz decay of the ir°. 

Thee first step in this process is to determine the fraction of charged pions in the 
totall  charged track multiplicity. This number has been obtained from a large sample 
off  inclusive DIS Monte Carlo. The result of this study is 

N{TT+N{TT+ +n~) 

N(X++X~) N(X++X~) 
0.57 7 
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Figur ee 5.14: (a) The fraction of momentum from the parent pion carried of by 
thethe Dalitz electron. On average, the electron only gets a very small fraction of the 
initialinitial  momentum, greatly reducing the number of electrons that are accepted by the 
momentummomentum range, (b) The direction of the produced electron with respect to the parent 
directiondirection of the polar angle. These two distributions are used to estimate the number 
ofof electrons from the Dalitz decay that contribute to the total electron signal by using 
thethe total charged track multiplicity. 

inn the momentum and polar angle window that is of interest for this analysis. 
Thee second ingredient is the normalisation factor between the neutral and the 

totall  charged pion rates. The number is also obtained from Monte Carlo (effectively 
fromm the distributions in Fig. 5.13) and is found to be 

) ) 

AT(7r++ + 7r-) 
== 0.55, 

whichh is almost in accordance with isospin conservation. It is expected that the 
isospinn symmetry for pion production is slightly broken in the ep DIS events, which 
iss in good agreement with this number. These two numbers are constant over a wide 
rangee in p and 0 and with these two numbers one derives the initial number of 7T° in 
thee total sample. The charged tracks have to be convoluted with the energy sharing 
off  the parent pion to the electron and the recoil angle (in the polar plane) of the 
electronn with respect to the parent. The distributions of Fig. 5.14 are used for this. 
Randomm numbers are generated according to these two distributions, which hold all 
thee information of the Dalitz decay, and applied on the momentum and polar angle 
off  the charged track. Only those tracks are considered that after this convolution still 
passs the track selection criteria. The integrated total of such tracks is corrected for 
thee branching ratio of this decay to yield the size of the Dalitz decay contribution. 

Thee last step is to correct for the difference in selection efficiency of Dalitz decay 
electronss and semileptonic charm electrons. Whereas the later have a high detection 
efficiency,, based on the set of cuts described earlier, this is not true for the Dalitz 
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Tablee 5.2: An overview of results of the three meth-
odsods to reconstruct the contribution of the Dalitz decay 
toto the electron signal The combined result the average 
ofof the last two quoted methods with the error based on 
thethe spread between them. 

Method d 

Montee Carlo counting 
Invariantt mass reconstruction 
Totall  charged track multiplicity 

Combinedd result 

Contributio n n 

1544  30 
3100  18 
3522  8 

3311  27 

decayy electrons. This difference can be easily understood in terms of the decay itself: 
thee pion has a lower mass than the charmed hadrons. A higher mass translates into 
too a higher relative transverse momentum for the decay products with respect to the 
initiall  vector: electrons from the semileptonic decay are found on the outskirts of the 
jett profile, while the Dalitz decay products stay in the core of the initial jet and are 
thuss vetoed by the isolation criterium. 

Thee method described above is dependent on the correct description of the Dalitz 
decayy in the Monte Carlo. However, it can safely be assumed that the kinematics of 
thiss decay are well known to allow for the extraction of the convolution distributions 
inn momentum and polar angle. There is also a Monte Carlo simulation dependence 
inn the numbers that translate the total charged track multiplicity to the number of 
producedd neutral pions. However the advantage is a high statistical accuracy that 
iss obtained by using all the charged tracks available: a sample of almost 1.5 million 
tracks. . 

Inn table 5.2 an overview is shown of the results of the three methods described 
above,, based on the 1996-1997 event sample. Though the results are all of the same 
orderr of magnitude there is no clear agreement, nor disagreement, between the meth-
ods.. The Monte Carlo counting method deviates so much from the other two that 
itt is not used further. The subtracted Dalitz electron background is based on the 
averagee of the remaining two methods. 

5.5.4.. Semileptoni c decay of beaut y 

Nott only the charm quark is subject to a semileptonic decay. The same is also true 
forr beauty quarks. Beauty production in QCD has a higher threshold in terms of Q2 

duee to the higher mass of the quark: 4.5 GeV compared to 1.3 GeV for charm quarks. 
Beautyy pairs wil l only be produced if the energy of the process is around twice the 
squaree of the quark mass: it starts to develop at Q2 w 30GeV2. The production 
crosss section of beauty is additionally suppressed by the lower electric charge of the 
quark.. The beauty quark has a charge of 1/3 compared to 2/3 for charm. As the 
boson-gluon-fusionn process is proportional to the square of the electric charge, this 
reducess the cross section by a factor of four with respect to the charm production 
crosss section. All this results in a small contribution of the semileptonic decay of 
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Figur ee 5.15: The electron signal broken down into the different electron contribu-
tions.tions. The quoted uncertainty is the statistical error only. 

beautyy to the total electron signal. The most straightforward method to estimate this 
backgroundd is therefore chosen: directly from Monte Carlo simulation. The RAPGAP 

generatorr is used for the generation of the sample, with all settings identical to that 
forr the signal sample, but for the produced quark. The contribution is estimated 
fromm a sample of 179.328 events with a semileptonic electron, either from beauty or 
charmm decay. Of these events, 9589 electrons passed all the requirements for events 
andd track selection. When corrected for luminosity, this yields a contribution of 211 
electronss or 3% to the total electron sample. 

5.6.. Putting it together 

Byy combining the calorimeter information with the differential energy loss in the 
CTDD (Fig. 3.4) it is possible, to extract an electron signal (Fig. 5.9). With the 
inclusionn of the four background sources from the previous section all the non-charm 
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Tablee 5.3: The total number of electrons broken down to 
thethe different contributions. 

Categoryy Number  of electrons 

totall  signal 7758  174 
photonn conversion 3127  87 
protonn background 622  14 
Dalitzz decay of pions 332  27 
semileptonicc decay of beauty 211  2 

semileptonicc decay of charm 3468  197 

contributionss to the total electron signal are known. Figure 5.15 shows again the total 
electronn signal but also shows the electron background sources superimposed. The 
semileptonicc charm signal is the result of the subtraction of all the background sources 
fromm the total number of electrons in the signal. The results are also summarised in 
Tab.. 5.3. 

Thee largest background contribution, photon conversions, is well understood. The 
contributionn from Dalitz-electrons is perhaps not as well understood, but considering 
thee relevance to the total signal, around 4%, the overall contribution to the systematic 
uncertaintyy is small. Beauty production hardly contributes at all and at this stage 
itt is clear that this analysis, with this set of cuts, holds no sensitivity to measure it 
concurrentlyy with charm production. 

Thee result is a sample of 3468 electrons from the semileptonic decay of charmed 
hadrons.. In the next chapter this is converted to a visible cross section. The analysis 
wil ll  be extended to give differential cross sections. The double differential cross 
sectionn (in Q2 and x) wil l be used to determine the contribution of charm to the 
protonn structure. 
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II Results from the semileptonic charm 

Promm the events with a possible electron from charm we want to determine a produc-
tionn cross section. In this chapter the cross section calculation is explained, followed 
byy a review of experimental uncertainties. The differential cross sections give more 
detailedd information about the underlying hard production process, which then can 
bee compared to NLO-pQCD predictions. Finally the charm structure function F " is 
extractedd to allow a direct comparison of the inclusive charm production measure-
mentt of this analysis with the published D* measurements of the ZEUS [70] and 
HII  [71] experiments. 

6.1.. From signa l to cros s sectio n 

Thee production cross section in a given region of phase space is given by 

ATdata ATdata 

aa = electronelectron / g 1 \ 

€DIS€DIS  eSLe  C 

wheree N$££.Ton is the measured number of electrons from the semileptonic decay of 
charm,, e^is is the efficiency to select a DIS event with a semileptonic electron, esLe 
iss the efficiency to tag the semileptonic electron in this sample and C is the integrated 
luminosityy used. For a single differential cross sections the following equation is used: 

ArrArr  ATdata 
afJafJ _ ly electron (a 2) 

dXdX 6DIS  CSLe  £  A X 

wheree X can be any kinematic observable and AX denotes the size of a given bin in 
X.X. The double differential cross section is given by 

J 22 nTdata 
""  u _ iy electron ta <g\ 

dXdYdXdY €DIS • eSLe • £ • AX • AY 
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Figur ee 6.1: The selection efficiencies for the different components of the event 
selectionselection as a function of Q2 as well as the combined (total) selection efficiency. 

wheree X and Y are different kinematic observables. With these tools in hand the 
measurementt of the number of electrons can be confronted with theoretical predic
tions. . 
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6.2.. Selectio n efficienc y 

6.2.1.. Event selectio n efficienc y 

Thee efficiency to select DIS semileptonic charm production events is estimated from 
Montee Carlo. The event selection efficiency is given by: 

Kjselected Kjselected 
CCDISDIS — ^generated  ̂ ' ' 

forr events with : 2 < Q2 < 1000 GeV2, 

0.033 < y < 0.70. 

Figuress 6.1(a) and (b) show the selection efficiency for the different trigger slots at 
thee first and third level respectively and (c) for the selection criteria of the scattered 
positron.. The combined event selection efficiency is shown in Fig. 6.1(d). All are 
shownn as a function of Q2. At low Q2 there is a clear effect of the cuts on the 
positionn of the scattered electron in the third level trigger. For Q2 > 20 GeV2 the 
selectionn efficiency converges to a value of 0.90. The event selection efficiency for the 
wholee Q2-region was found to be 38.3%. 

6.2.2.. Semileptoni c electro n findin g efficienc y 

Forr the electron tagging efficiency the following relation is used: 
^selected ^selected 

tSLetSLe — ^generated  ' ' 

forr electrons with : 1.20 < pSLe < 5.00 GeV, 

0.655 < BSLe < 2.50 rod, 

withh the additional requirement that the semileptonic electrons are produced in events 
thatt have passed the event selection criteria. This electron selection efficiency is the 
convolutionn of the track finding, calorimeter selection and cluster-track matching 
efficiencies.. These efficiencies are shown separately in Fig. 6.2 both as a function 
off  track momentum, pSLe, and as a function of the polar angle, 6sLe. The dip in 
thee efficiency for 6 « 2.25 rad is due to the super crack region, which is the opening 
betweenn RCAL and BCAL for the readout cables an cooling of the inner detector 
subcomponents.. The tagging efficiency, after integrating over the whole pSLe and 
99SLeSLe range, was found to be 72.4%. 

6.3.. Source s of systemati c uncertaintie s 

Beforee a sensible comparison between data and theory can be made it is necessary 
too quantify the uncertainties in the measurements. Looking at the source of these 
uncertainties,, they can be divided in three different categories: event selection, elec-
trontron selection and background subtraction related. The effect of these uncertainties 
iss estimated by changing the selection thresholds for the first two categories, and 
byy varying the net contribution to the total electron signal within the limits of the 
expectedd uncertainty for the background sources. 
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Figur ee 6.2: The efficiency to select a semileptonic electron in a sample of events 
thatthat have passed the initial event selection criteria. The efficiencies from top to 
bottom:bottom: track finding and calorimeter tagging, cluster-track matching and combined 
selection.selection. On the left hand side these are shown as a function of momentum, the 
rightright hand side as a function of polar angle. 
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Tablee 6.1: An overview of the event selection 
relatedrelated systematic studies. 

Variatio n n 

Increasee 5 window 
Decreasee S window 
Increasee zvertex window 
Decreasee zVf> rtex window 
Expandd Hl-box cut 
Increasee minimum E'e energy 
Decreasee minimum E'e energy 

Combinedd up 
Combinedd down 

effectt  (%) 

-0.56 6 
0.87 7 
0.25 5 
0.83 3 

-0.70 0 
-0.87 7 
-0.78 8 

1.23 3 
1.47 7 

6.3.1.. Event selectio n induce d uncertaintie s 

Inn the selection of the DIS events, both online and offline, a bias might be introduced 
too the final event sample. The checks performed to study the size of such effects are 

•• 5 of the event 
Thee (5-distribution is typically the place where photoproduction background 
raisess its head. By varying the borders of the acceptance window with 4 GeV, 
suchh a background can be identified. 

•• vertex distribution 
Thee efficiency of track finding and the subsequent vertex fitting is dependent 
onn the location of the primary vertex. As this analysis is exceptionally sensitive 
too any effects in the track and vertex finding the accepted vertex region was 
variedd by 5 cm. 

•• the scattered electron position 
Thee simulation of the detector response in the region which corresponds to a 
(relative)) low scattering angle for the DIS positron is known to be very difficult. 
Too quantify this effect the Hl-box cut was expanded in every direction by 1 cm. 

•• scattered electron energy 
Thee minimum required energy for the scattered DIS electron was varied by 1 
GeVV to account for any differences in the electron finding efficiency of the neural 
networkk SINISTRA. 

Thee effect of these variations of event selection criteria is summarised in Tab. 6.1. The 
studiess give an estimated uncertainty on the final results of (+1.23;-1.47)%, which 
wass obtained by adding the individual sources in quadrature. 

6.3.2.. Electro n selectio n induce d uncertaintie s 

Thee electron selection efficiency as a function of the applied selection criteria is studied 
ass follows. 
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Kinemati cc  acceptanc e 

Ass only a small part of the allowed phase space is accepted for this analysis, there 
cann be a sensitivity to effects in the modelling of the hadronisation and semileptonic 
decayy processes in the Monte Carlo. To estimate any such systematic biases the 
dependencee of the electron finding efficiency on the allowed phase space is studied in 
Montee Carlo. 

•• variation of momentum window by  0.1 GeV 
Thee momentum range was in total made larger (smaller) by 0.2 GeV, i.e. the 
momentumm range was changed 1.1 < p < 5.1 GeV and 1.3 < p < 4.9 GeV 
inn Monte Carlo. As this variation exceeds the detector resolution of the track 
momentum,, this is a measure of the biases introduced by the Monte Carlo in 
thee modelling of the semileptonic decay of charmed hadrons. 

•• variation of the polar angle window by  0.05 rad 
Thee same holds here as for the study of the momentum range dependence. 

Track-cluste rr  matchin g 

•• track isolation 
Thee radius of the circle that defines the isolation space has been varied by  5 
cm.. This will quantify any differences in the particle-jet structure1 as seen in 
thee data and simulated in the Monte Carlo. 

•• track-cluster matching 
Thee separation between the track-projection and the cluster-center was varied 
byy  3 cm around the default. This study effectively compares the Monte Carlo 
parametrisationn of the detector material to the real setup that was used for the 
measurements. . 

Calorimete r r 

Thee ratio of electromagnetic and hadronic energy that define the electron candidate 
andd hadron samples are the core of the analysis. The effect of the hadron mixture 
inn both the electron candidate and hadron sample, and thus the shape of the in
clusivee electron candidate and hadronic background sample dEjdx distribution, is 
investigated. . 

•• electron candidate 
Thee calorimeter energy ratio EEMC/ETOT is varied with  5% from 0.9, to 
0.855 and 0.95 respectively. 

•• hadronic background selection 
EEMC/ETOTEEMC/ETOT is changed by  10%, which is larger than for the electron se
lection.. It is expected that the mixture of the hadron sample depends more 
criticallyy on the ratio-requirement than that of the electron candidate sample. 

11 In the case of the electrons this also tests the subsequent separation of the decay electron from 
thee parent jet. 
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Tablee 6.2: An overview of the track selection related 
systematicsystematic studies. 

Variat ion n 

Increasee momentum window 
Decreasee momentum window 
Increasee polar angle window 
Decreasee polar angle window 
Increasee isolation 
Decreasee isolation 
Increasee match distance 
Decreasee match distance 
Increasee EEMC/ETOT for electron 
Decreasee EEMC/ETOT for electron 
Increasee EEMC/ETOT for hadron 
Decreasee EEMC/ETOT for hadron 

Combinedd up 
Combinedd down 

Effectt (%) 

-1.53 3 
2.05 5 

-1.17 7 
2.05 5 

-0.75 5 
0.00 0 

-0.09 9 
0.09 9 

-0.11 1 
1.35 5 

-0.58 8 
0.74 4 

3.29 9 
2.15 5 

Inn Tab. 6.2 the results of these studies are summarised. The quoted combined result 
iss obtained by adding the separate sources in quadrature. This group is the second 
largestt source of (systematic) uncertainty on the final result (+3.3;-2.2)%. 

6.3.3.. Backgroun d source s uncertaintie s 

•• photon conversions 
Byy loosening (tightening) the cuts on the reconstructed secondary vertex of the 
conversionn the contribution of this background to the signal was systematically 
raisedd (lowered). 

•• Dalitz decay of n° 
Thee contribution of this process to the total electron signal was varied by , 
whichh covers the spread on the average number of the two methods used to 
determinee the background. 

•• Semileptonic decay of beauty 
Currentt measurements show that there might be a rather large discrepancy 
betweenn the theoretical prediction for the beauty production cross section and 
thee measurements. The contribution of the semileptonic decay of beauty was 
variedd by a factor of 2, both up and down. This accounts for the current 
differencess between the data and theory. 

Thee effect of these studies is given in Tab. 6.3. The uncertainty on the beauty contri
butionn to the total electron signal is the single largest contribution to the systematic 
uncertaintyy in this analysis. The total systematic uncertainty due to electron back
groundss is (+3.69,-6.20)%. 
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Tablee 6.3: An overview of the background related 
systematicsystematic studies. 

Variatio nn Effect (%) 

Increasee conversion acceptance -0.92 
Decreasee conversion acceptance 1.95 
Increasee Dalitz background -0.61 
Decreasee Dalitz background 0.61 
Increasee Beauty background -6.09 
Decreasee Beauty background 3.03 

Combinedd up 3.67 
Combinedd down 6.18 

6.3.4.. Tota l systemati c uncertaint y 

Overalll  it can be concluded that the event selection hardly induces any systematic 
effectss to the final result. The typical size for the effects is of the order of 1%. The 
electronn selection contributes about 3.5% to the systematic uncertainty. Especially 
thee variation of the kinematic acceptance contributes a large fraction to the total 
error.. The uncertainty due to the background electrons is the largest source of sys-
tematicc uncertainty. The sole culprit for this is found in the semileptonic decay of 
beauty.. This uncertainty can not be further reduced without accurate measurements 
off  the beauty production cross section, preferable at HERA. The uncertainty due to 
thee electron backgrounds is +3.7/-6.2%. In Fig. 6.3 all the results of these studies 
aree summarised. The sequence of the points follow the list of studies as presented 
inn this section. The total systematic uncertainty adds up to +5.1/-6.7%, which is 
comparablee to the statistical error. 

6.4.. Tota l productio n cros s section 

Thee first experimental result that is extracted using the methods and knowledge 
describedd previously is the total visible production cross section. This is the cross 
sectionn restricted to that region of phase space that is directly measurable. In the 
casee of this analysis this turns out to be, based on the kinematic restrictions on the 
eventt and track samples: 2 < Q2 < 1000 GeV2, 0.03 < y < 0.7, 1.2 < pSLe < 5.0 
GeV,, 0.65 < OsLe < 2.5 rad. Within this region of phase space the results as shown 
inn Tab. 6.4 were obtained. 

Thee visible cross section measurement can be compared to NLO-pQCD predic-
tionss obtained with the HVQDIS programme, using the same phase-space restrictions. 
Thee results of the calculations are given in Tab. 6.5. The visible cross section was 
calculatedd for four different PDFs (ZEUS94, GRV98, CTEQ5F3 and CTEQ6) and 
inn each case for three values of the charm quark mass: mc = 1.15/1.30/1.45 GeV. 
Thee measured cross section is in agreement with all these results. The GRV98 set 
howeverr yields a significantly lower value for the predicted cross section, but it is still 
consistentt with the experimental result. The table also shows the effect of varying the 
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Figur ee 6.3: The size of the contribution of the. different systematic studies to the 
totaltotal systematic error for the total inclusive cross section. The light shaded band 
showsshows the total systematic uncertainty. The contribution of the three categories is 
shownshown as the dark band. The statistical error is given by the vertical dashed lines. 
TheThe closed (open) points show the effect of the +(—)-variation. The labels refer to 
thethe descriptions in Sec. 6.3.1-6.3.3. 
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Tablee 6.4: Overview of the experimental results that lead to the visible 
crosscross section extraction. 

electronss number + stat. err . 

totall  signal 7758  173 
ofof which 
conversionss 3126  87 
protonn background 622  14 
Dalitzz decay of TT° 331  27 
semileptonicc decay of b 211  2 

semileptonicc decay of c 34688  197 

detectionn efficiencies &  luminosity 

eois eois 
CSLe CSLe 
CC (pb"1) 

38.3% % 
72.4% % 

32.88  0.7 

visiblee cross section 

^p^e+ccp^p^e+ccp ( Pb ) 3800  21 (stat) til  (SYS) 

fragmentationn function (parameter). This shows that both the charm mass and the 
fragmentationn function change the measured total cross section significantly. This 
factt is taken up in Ch. 7, where mc and ep wil l be extracted from the differential 
crosss sections presented in the following section. 

6.5.. Differentia l cros s sectio n result s 

Thee available data sample allows the study of several differential cross sections. In 
thiss analysis two features of the production process can be examined: the kinematics 
off  the underlying hard interaction and the cascade of processes that lead to the 
detectedd electron itself. The kinematics are studied by looking at the shape of cross 
sectionss differential in Q2, x and W. This allows a comparison with the perturbative 
QCDD calculation and a verification of the parameter settings as they were used in 
thee numerical evaluation of the theoretical prediction. The cross sections differential 
inn PT and 77 of the produced electron give a more detailed handle on the production 
mechanismm that is involved in the soft cascade of fragmentation and decay, but they 
alsoo give a handle on the parameters that are involved in the hard scattering process 
itself.. Notably, the pf.Le relates closely with the charm mass and the r] SLe gives 
informationn on the parton distribution of the gluon in the proton. 

Thee measured differential cross sections are shown in Fig. 6.4. The efficiencies, 
backgroundss and systematic uncertainties were determined for each kinematic bin 
separately.. The theory curves that are shown are the result of the HVQDIS pro-
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Figur ee 6.4: The single differential production cross sections for semileptonic de-
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basedbased on the CTEQ5 PDF for mc = 1.30 GeV is shown (dashed line). 

«3 3 



CHAPTERR 6 Result ss  fro m the semileptoni c charm 

Tablee 6.5: A comparison between theoretical predictions of the vis-
ibleible semileptonic charm production cross section, with different input 
choices,choices, and the measurement as presented in this thesis. The nomi-
nalnal mass is 1.3 GeV. The uncertainty quoted on the cross section is 
duedue to varying the mass to 1.15 and 1.45 GeV. 

PDF F 

ZEUS94 4 
GRV98 8 
CTEQ5F3 3 
CTEQ6 6 

CTEQ6 6 
CTEQ6 6 
CTEQ6 6 

Data a 

fragmentatt  ion 
function n 

Peterson n 
Peterson n 
Peterson n 
Peterson n 

Peterson n 
Peterson n 

Kartvelishvili i 

fragmentation n 
parameter r 

ee = 0.035 
ee = 0.035 
€€ = 0.035 
ee = 0.035 

ee = 0.025 
ee = 0.045 
aa = 3.750 

<7HVQ Q 

(Pb) ) 

4155 g 
3399 A 

3844
3866 1 

402 2 
372 2 
384 4 

3800  21 til 

gramme,, based on the ZEUS94 PDF and epeterson = 0.035. In general, there is 
agreementt between the data and theory. Interesting is the fact that the forward rj 
regionn (Fig. 6.4(b)) shows no hint of the proposed beam-drag effect which should 
explainn a discrepancy in the same region when comparing theory prediction to re-
sultss from the D*-analysis [70]. However, it should be noted that, though there is a 
relationn between rjD and r] SLe, it is not so simple that a direct comparison like this 
iss justified. The deviations seen in the cross section as a function of W (Fig. 6.4(e)) 
aree not understood. The difference seems to be due to some kind of shift, but the 
naturee of such a shift is not understood. Despite this, the main conclusion is that 
NLO-pQCDD DGLAP describes the production cross sections. 

6.6.. Doubl e differentia l cros s section  and extractio n of 
F CC CC 

2 2 

6.6.1.. From cros s sectio n to structur e functio n 

Anotherr convenient way to look at the data is found in the so-called reduced cross 
section,, which is nothing more then the double differential cross section, but for the 
leadingg propagator term which has been divided out, i.e.: 

uu = 
2na2nai i -i-i  - I 

xQ* xQ* (ll  + ( l - ï / ) 2 ) 
dd22aaeeP-P-*eccX *eccX 

dQdQ22dx dx 
(6.6) ) 

whichh already has been restricted to the case of charm production for the purpose 
off  this analysis. By dividing the propagator out of the measured cross section, the 
sensitivityy for the structure functions of the DIS/quark parton framework comes out 
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Figur ee 6.5: The binning in Q2 and x 
forfor the measurement of the double dif-
ferentialferential cross section and the extrac-
tiontion of the reduced cross section and the 
structurestructure function F%c  The numbers 
inin the center of the bins correspond to 
thethe labelling of the measurements in the 
correspondingcorresponding tables. 

as s 

Ff(x,QFf(x,Q22) ) 
Y, Y, KKXFf XFf (x,Q(x,Q2 2 (6.7) ) 

wheree  = (1  (1 — y)2) and all three inclusive structure functions are represented. 
Byy extracting the reduced cross section a model-independent measure of the charm 
structuree of the proton is obtained. The charm structure function, for a given value 
off  Q2 and x is unfolded from the double differential cross section by assuming that 

j 22 e+p—>e+ ccX 

dQdQ22dx dx 22 J (6.; ; 

i.e.i.e. that the contribution of F£c and xF£° to the cross section is negligible. In the 
regionn of phase space probed by this analysis this is certainly true for the xF%c contri-
bution.. The F[c contribution is not per se negligible. The validity of this assumption 
wass studied by calculating the F£c contribution to the total cross section directly from 
currentt PDFs and this was found to be of the order of a few percent. With the current 
statisticall  accuracy of the analysis it can therefore safely be neglected. 

Too extract F!f from the double differential cross section the following unfolding 
methodd is used: 

2.data a (Q(Q22,x) ,x) 
-data -data 

aatheorytheory 2,theory {Q\x), {Q\x), (6.9) ) 

whichh uses the NLO-pQCD predictions for both the F f̂ and the cross section. The 
-^theoryy 's extracted directly from the input PDFs and the cross section is calculated 
withh the HVQDIS programme. The double differential cross section is measured in the 
(Q2,a;)-binss of Fig. 6.5. These bins have been selected such that the average number 
off  signal electrons is approximately equal for all bins. 
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6.6.2.. Electrons » efficiencie s and systematic s 

Thee whole analysis as done for the total production cross section was repeated for 
thee 20 individual bins of Fig. 6.5. The results on the electron signal composition, 
eventt selection efficiency and semileptonic electron tagging efficiency are summarised 
inn Tab. 6.6. These numbers were used to calculate the visible cross section (crvis), 
thee reduced cross section (aViS) and finally the charm structure function (F£c

data). 
Thee studies to systematic effects on the cross section measurement were also 

performedd for these 20 kinematic regions. The results of these studies are given in 
detaill  in appendix A. The conclusion is that there are no surprises compared to the 
inclusivee production cross section results (Sec. 6.3). 

6.6.3.. Result s on th e reduce d cros s sectio n and F f 

Tablee 6.6 gives in addition to the 'raw' numbers also the visible cross section and the 
errorr on the calculated cross section. 

Fromm the cross sections the reduced cross section and the structure function 
F^00 are extracted. The results of this are given in Tab. 6.7. The theoretical pre-
dictionn for the visible cross section (from HVQDIS) and the structure function are 
givenn in the last three columns. The kinematic bin definitions are given by columns 
44 through 7, while the structure function was 'unfolded' at the kinematic point given 
byy the columns two and three. 

Another,, more elegant, way to represent the F£c results is by plotting them in 
binss of fixed values of Q2. This is done in Fig. 6.6, where the results are compared 
too the pQCD prediction of the ZEUS94 PDFs. The structure function shows a clear 
risee with increasing Q2 and decreasing x which is also followed by the NLO-pQCD 
resultss from ZEUS. 

Whenn the results are plotted for fixed values of x as a function of Q2 the scaling 
violations,, due to the gluon contribution to the structure of the proton, become clearly 
visiblee (Fig. 6.7). For this figure the cross section were unfolded at different x-values 
comparedd to Tab. 6.7. The results are again compared to the ZEUS NLO-pQCD fits. 
Thee data seem to require a faster rise of the structure function as a function of Q2, 
whichh in terms of parton density functions would mean a higher or harder gluonic 
contentt for the proton. 

6.6.4.. Compariso n to D* result s 

Ass the D* analysis focuses on one single decay chain, but also, and perhaps more 
importantly,, as the exact selection criteria for the two analyses select different regions 
off  phase space, it is hard to compare the (differential) production cross sections. The 
charmm structure function, which is assumed to be a universal property of the proton, 
onn the other hand can be used to directly compare the charm results. This is done 
inn Fig. 6.8, where the ratio F£c/F2 is shown, effectively the contribution of charm 
too the total proton structure. This analysis and the published ZEUS D* results for 
thee same dataset [70] agree. The Hl D* results complete the charm data from the 
1996-19977 running period and agrees with the two ZEUS analyses. This figure also 
demonstratess that charm contributes a substantial part of the proton for increasing 

86 6 



Doubl ee differentia l cros s sectio n and extractio n of F!f SECTION 6.6 

CO O 

OBB " O 

uu « 

ee g 
o o 
£* £ £ orr  <u 

ee e 

* . § § 
co o 

I1 1 
oo £ 

-- È 
II  6 
<n<n y 
KK  "43 

B3 3 
" ""  ö 

-^^  «5 

- ee E-H 

HO O 

«« ë 
33 « 

coo ö 
«3 3 
cc c 

E E 
P2 2 

OQ Q 

>> > 

a>> in 

aa + 

aa

vu u 

Q Q 

^ ^ 

NN > 

* * 

<MM 1-H 

ivv oo 
T ff l O T j ( O l O r-11— I CN O T—I r-H © i—11—I 1-H i — I O T — I I—I CN 

HH 0 0 O O U D 
MM ( O N O ( N Q O O i O l r t O ^ N I N N i f O H M » » 

i nn 0 5 M M M r - l O i - H O i - H i — l O O i - t O i - i i - H C N O C N 

O l O O O O N ^ N H N H ^ O M M O O P J r t n O O 
H i O O O N W ( O N O l N ! 0 ^ « O H C i 5 0 1 t O ( D ! 0 0 0 0 0 

N M ü O O O O O ^ W P 3 ( N ( N C < < 
i-HH CN 

t-HH CN CN * -H CN i—i CN CN CN 

M O O ^ H O O O O N H t O ^ i O i J O S N a n N H H 

< r o i > : o o ï W r ^ c ^ c o i o « c o o p i - H ' - ; O i t ^ - i C i - i ' ^ ^ 
H O N T f ï Ö T f t D N i n o i i O O Ó M H M ^ Q Ö ' ^ d O ) ) 
i—II kO T-H ^  " ^  i—Il— I CN i—li— I 1—I i—I T-H i—I i-H i—I 

e N C N i - i i O C ^ C O b - T F O C N C O ^ ' O C O C O b - C N i - H C N t ' ^ ^ 
H i O H 0 t ) O O i X H N h « ! D S ( 0 © C » © H i n N N 

Ö Ö Ö Ö Ö Ö Ö Ö Ö Ö Ö Ö Ö Ö Ö Ö Ö Ö O Ö Ö 

i — l i — i t ^ - ^ L O O t —— m O C N C N r - l 

O O O i - H i - H C S J C < | C Q < Ö b - ; C D p p 

© O O Ö o ' Ö Ö Ö Ö Ö O O 

C O t ^ i - H C N C N c o t — - ^ ^ 
H i f M i o o o o o e o o i i 
o i c o o i t ^ C i c o o q i o o 

T - H O Ö Ö Ö Ö Ö Ö Ö Ö 

c o ^ o o o N O c q o i N q n o j N M ^ i o c s p j in n 
N H i H T f ü M i Ó n ^ o Ö o Ó d Ö N N H N O ^ N N 
H i o n ^ ( D o c s i o o ) i o m H O i o o o ) o o o öK K 

0 < O N H ^ O O ü O i « 0 ^ ^ 0 0 0 0 5 C N N 

d O O r i ^ ^ 
l—II  CN Tf t -

M W ( N N S © ( N Q O ^ N O O ) M M M 
1-HH i—11—I < M i — I I — I CN i—I i-H i-H i-H 

c o 5 ï i o a < D N o o i N O ) c i © H c i 5 r o N q N q M M 

i-Hr-HCNT-Hi-HCNi-HCSCNCNCNCOOO O 

o o i N ^ ^ i M H o o i f q i O T f i n ^ H q ^ c o q N q q 
^ i - H o i c S c o ^ o i ^ o ó a i o ^ ^ ^ c ^ i ^ c s i T f o ó o i i I-HH c s N ^ H c o i N i o c o ^ w M i o m c o n i M H 

^ T f n N N M o o c c o q i n i n N H ö f f l H q u o ^ ^ 
H H ^ c ^ ( o c ó d ^ d ' * « i i n o ( J i H d d , J 6 d N N 
l O S N O O M ï D O l r H M O O ^ N O O M i O O O i O K J N O O O 

T-HH i-H CN <N i — I N N H N N H H H 

iOO N ü O S Oi O) H t j < N ( D H j H O ) m N f i o q o o 
d o i d T ) i d H © d ^ M ^ Ü M 0 O o i o i f Ó ( N Q Ó N N 

üü TT ^ © lO N 
aii  co ÖÖ ( O I N H 

i—ll  CO 

«oo oo 
ö ö 

T t M i O N M i O O f D C j q q 

I O T - HH C O T - H C O C N O O C N 
CNN i-H 

k O i O i O ^ i O O p p p p p i C i O i O O O O O O O O 

f q i N d ü ^ i N i N i N ' d d d i N i N ^ i i ó i n d d i ó i o o 
T - H r - H i - H C N C N C S C O C O C O l O l O O O ^ O O 

1—II i—I l O lO 

i - H C N C O T f i O C O t - O O O O i - l l ( M W T f i n c N O O O i O O 
r H ^ T - H r - H r H i - H T - H T - I C N N 

87 7 



CHAPTERR 6 Result ss  fro m the semileptoni c charm 

"<3 3 

Or r 
I I 
S5 5 

<5> > 

e e 

I I 

10 0 

«bb S 

8? ? 

>b b 

P*S£ £ 

Si Si 

«B B 
or r 

* * 

N T J U O O O N O I O I O ^ ^ N O H H W ^ O O H O O 
O a O i - i t > - a > C O t - - t - ' < t f © C M © T - H © c O i O C O C O O i O O 
1 0 0 0 0 1 H H H H N H N « H M M M « N M H H H 
OO O O 
oo o  o o o o o o o o o o o o o o o o o o o 

k o o t ^ o i o o o i t o c o - ^ i o i - i i - i o i - i i o m i - i o o i o o 
N n n ^ N c i o ^ o o i f H o o o o s r t T i i T f O H H OOK)) O ffl N 

h--
CD D 
O O 
CM M 

CO O 
h--
CO O 
I—1 1 

o o 
«tf f 
00 0 

00 0 

CN N 

co o 
I O O 
I—1 1 

l O O 

re e co o 
Oi Oi 

a> > 
o o 
CM M 
i—1 1 

l~ --
CD D 
Tf f 
i—1 1 

m m 
CO O 
Tt< < 

t > > 

CO O 
00 0 

o o 
I—1 1 

l O O 
l O O 
CS S 

t --

m m 
i- H H 
i- H H 

t --

M I D N O H i f l a i N n H f f l O O Ö C S ' M O l N M O O 
t o o i o « ^ o » 0 ) r t ! ö S ( f l i O H ( o o n f f l o t i o o 
ï o i o t t i T f m ^ N T r H o n n o a i f a i ^ ^ ' j i o o 
i-HCOCOi-HCNOii- lcOCOCMCOi-HCMCOCMCOCMrf,- lCM M P P P o ó ^ ó ó ^ o o d o o ó d d ó d d d oo o  o  o  o 

rtOOOCOTjiNMSNHNinCfl^'lOCOOOtON» rtOOOCOTjiNMSNHNinCfl^'lOCOOOtON» 

H ^ N h K J C O t O i O M O f f i C O f f l O O N r t a H D O C C 

*-?? o o 

WW IO co 

CMM CO C O C O i - H C O W C O C O C O O O - ^ t — — 

T } < C M i - i i - l t - C M 0 0 C 5 a 0 C i C 0 C M C M C M C M 0 0 C O t — — 
O f f l f O ( D O ) ^ O N H ^ ! D O 0 0 0 ) O ) C 0 n n 
i | i ; M i f l ( - N O ) i o q i o o H N O H i o r ii  i—i 
C Ó H H C N d f f i l O H H H C Ó ï i ' ^ H O M H O O 

CMM CM 

OO H 

C N O O ^ H O ^ K C N X C O f f f l ^ O N N N f O N C N N 
n N O o i O H M M o n w ^ O H H o i o o i O H H H 
H Ö c N ^ c d ' < j c d N ' ' ? c f t i ( 5 P r t i - i r t c ó , v : T i < 6 T ) ! ! 
i—II l O i—I T f -̂ < i-H i—I CM I O i — I f - I O O i - H i — I T — I T-H X I—I I—I CT> 

l O O C M O O - ^ t - O i - H O O i - H O O O O O O O O O 
H N H n N H N N H W N r i 0 0 S ( N S N N r t N N 
Ó Ö Ö Ö Ö O Ö Ö O Ö Ö Ö Ö O Ö C J O O Ö Ó Ó 

c o i o c o c M O c o ^ t - e o i - i c c 
O i - H O i - H C O O i - H C M O i - H C i i 

© © © © o ö o o © ö ö o ö ö ö ö o o o ö ö 

I - H O C O O C O O C O O O 
T - H C O O C M O C M O C O O 

i-HH i-H i-H CM CM CM 

O C M O J C M b - O O C O O O O O O 

c ó ^ c i c ó i - i r - H c d c M c o o 
o o 

I-II o 

o o o o o o o o o o 
T-HH T—I O O 

oo o o o o o 
i 11

 T)< N N « CO 

O C M C M ^ C O O C M C O O I O O 
_HH . . __i  . . . co ~ 
" H N l i O M l O ^ J O O N N 
^ B H S M H f f l M f l H H 

l O i o i o i o i o o o o o o o i o i r a i n o o o o oo o 
C M C N C O c d c Ó C M C M C M C J Ö Ö C M C M C M l O l O Ó Ö i Ó i n n 

i - H i - t i - H C M C M C M C O C O C O l O l O O O c O C O O 
r HH i-H IO IO 

H f t n ^ i o c s o o o i O H H C N C O ^ m t D N O O O l O O 
r - l i - H ^ ^ H , - ! , - ! . - ! . - ! ^ ^ 

88 8 



Doubl ee differentia l cros s sectio n and extractio n of F'2'
: SECTION 6.6 

x x 

Figur ee 6.6: The charm structure function of the proton in fixed bins of Q2 as a 
functionfunction of x. The data are compared to the ZEUS NLO-pQCD fit results of the 
inclusiveinclusive F2 measurement. 
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Figur ee 6.7: The charm structure function of the proton in fixed bins of x as a 
functionfunction of Q2. The data are again compared to the ZEUS NLO-pQCD fit results. 
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Summar yy SECTION 6.7 

Q2,, rising to approximately 35% of the total proton structure for x « 10~5 at Q2 > 
1000 GeV2. 

6.7.. Summar y 

Inn this chapter the transformation of the found number of electrons, to cross sec-
tionss and derivatives thereof has been discussed. The selection efficiencies have been 
treatedd in detail. The event selection efficiency increases with Q2, due to the adopted 
strategyy of the third level trigger. The semileptonic electron tagging efficiency was 
foundd to be flat, both as a function of momentum and of polar angle, which together 
definee the visible phase space of the decay electron. An overview was given of the 
studiess to systematic effects that might bias the final results. These effects have 
beenn quantified and are treated as a source of uncertainty on the final results. The 
visiblee production cross section was presented and compared to predictions of the 
NLO-pQCDD programme HVQDIS, for several choices of the input parameters. The 
singlee differential visible cross sections in Q2, x and W of the event and pr and 77 
off  the electron were shown. These results were compared to predictions of HVQDIS, 

withh the ZEUS94 PDFs, mc = 1.3 GeV and the standard Peterson fragmentation 
function.. Overall agreement was found, but for the dcrjdW distribution. This distri-
butionn seems to be shifted compared to the theoretical prediction. For the moment, 
thiss remains a puzzle unsolved. The double differential cross section in Q2 and x was 
usedd to extract the charm structure function F " . The data agree with the current 
PDFs. . 

91 1 



CHAPTERR 6 Result ss  fro m th e semileptoni c char m 

•• ZEUS 96-97 SLe 

•• ZEUS 96-97 £>*="= 

AA HI 96-97 D*

ZEUSS NLO QCD 

Figur ee 6.8: A direct comparison between published D* results (ZEUS - squares, HI 
-- triangles) and this analysis. The contribution of charm to the total proton structure 
isis shown infixed bins ofQ2 as a function of x. The top-most label indicates the Q2 of 
thethe given bin. These data are plotted as published, without re-unfolding to the central 
QQ22 values of this analysis. 
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CHAPTERR 7 

NLOO Fits on the charm production cross section 

Inn this chapter fits of the charm quark mass, mc, the Peterson and the Kartvelishvili 
fragmentationn functions are described. First there wil l be a short discussion about 
thee goal of the fits. The available experimental data are described which is followed 
byy an outline of the fit strategy. Results of one and two dimensional fits are presented 
andd discussed. 

7.1.. Goal of the fit s 

Thee motivation for the fits presented in this chapter wil l be outlined in this section. A 
tersee description wil l be given on what the current methods are to obtain knowledge 
onn the charm quark mass. It wil l be argued why NLO-pQCD fits of the charm quark 
masss cannot be done without taking into account fragmentation. This will lay the 
basiss for the work described in the remainder of this chapter. 

7.1.1.. Mass of th e char m quar k 

Thee mass of the charm quark is one of the 19 free parameters of the Standard Model. 
Ass a consequence, there is the need to know its value with as much accuracy as 
possible.. As free quarks have not been detected the only way to extract the charm 
quarkk mass is indirectly. The traditional method has been to extract it from the 
welll  known charm-meson masses. One approach uses the quark binding potential 
obtainedd from Heavy Quark Effective Theory (HQET) to extract the charm quark 
masss from D-mesons. Unfortunately this is hampered by the relative lightness of 
thee charm quark. Using non-relativistic QCD the mass can be extracted from the 
spectrumm of the Jj& and the higher bound cc states. 

Ann alternative to using effective theories is found in lattice-gauge calculations 
wheree again the mass of charmed mesons is determined. This method suffers from 
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(a)) Q2(GeV2) (b) P?' (GëV) (c) log10z 

Figur ee 7.1: Differential cross section calculations for open D*^ production at 
HERAHERA by HVQDIS for CTEQ6 and ep = 0.035. (a) the total production cross section 
differentialdifferential in Q2 and (b) differential in pr(D*). (c) The visible production cross 
sectionsection for the ZEUS data, differential in x. The upper (lower) curve shows the 
calculationcalculation for mc = 1 (1.4) GeV. 

thee fact that the charm quark mass is so high that it is sensitive to so-called lattice 
artifacts:artifacts: effects of choices related to the size and spacing of the lattice [33]. 

Thesee extraction methods have been the subject of detailed studies over the past 
years,, revealing the mentioned difficulties when extracting the mass of the lightest 
heavyy quark. Especially for the lattice-gauge calculations it is true that new insights 
inn the difficulties have been obtained in recent years. This is reflected in the fact that 
thee Particle Data Group has increased its estimate of the uncertainty on the mass 
betweenn the 1998 [72] and 2002 [33] editions of the Review of Particle Physics by 
33%,, to 1.0 <mc<  1.4GeV (was 1.1 <mc<  1.4GeV). 

Withh the advent of more precise charm-production data from the HERA exper-
imentss a fourth method becomes available. As shown in chapter 1, the role of the 
charmm quark mass in the charm production cross sections is most pronounced in the 
factt that the cross section rises with a falling charm quark mass and vice versa as 
shownn in Fig. 7.1. The effect of the uncertainty on the charm quark mass is always 
treatedd as an uncertainty on the cross section calculation, but actually it provides a 
windoww of opportunity for determining mc. 

7.1.2.. Fragmentatio n function s 

Fragmentationn functions are extremely important in building the bridge between the 
hardd QCD interaction and the experimental reality. Furthermore, the Peterson func-
tionn has an implicit correlation with the quark mass: ep ~ 1/TTIQ. When extracting 
thee charm quark mass from the visible cross section this cannot be overlooked. Apart 
fromm this (direct) argument, there is the additional effect of the kinematic cuts ap-
pliedd on the charm-originating particles (D*,e~). Variations in the kinematics of 
thee produced mesons directly affect the predicted visible cross sections. This mainly 
manifestss itself in terms of normalisation but additionally it can also directly influ-
encee the shape of differential cross sections. Examples hereof are the da/dpr and 
do/drjdo/drj cross sections. 

94 4 



Thee availabl e dataset s SECTIONN 7.2 

Figur ee 7.2: The ARGUS and CLEO 
measurementsmeasurements of the D° and D*+ cross 
sectionsection as a function of z'. These data 
werewere obtained in e+e~ annihilation at 
^/s^/s « 10 GeV. The Peterson functions 
havehave been fitted to the two D-mesons 
separately,separately, but with the data sets com-
bined. bined. 

00 0.2 0.4 0.6 0.8 1 

Thiss leads to the conclusion that, when extracting the charm quark mass from 
differentiall  production cross sections, this must be done in conjunction with tuning of 
thee fragmentation functions. And in fact, doing so has two main advantages. First, it 
decreasess the (fragmentation) model dependence of the extracted charm quark mass. 
Second,, it gives rise to a novel way to extract information about the heavy quark 
fragmentation. . 

Traditionallyy fragmentation functions are tuned by fitting them to cross sections 
differentiall  in a parameter z', where z' is an approximation of the fragmentation 
functionn z, the fraction of the transfered light cone momentum (Ch. 2). Typical 
exampless are z' = p/pmax, used by ARGUS [73], and z' = (E + p)/(E + p)max, used 
byy CLEO [74] to extract ep for D° and D  production. These measurements and 
thee resulting Peterson function are shown in Fig. 7.2. Though the parameter z' is 
relatedd to the fragmentation z it is not quite the same. This makes the interpretation 
off  the obtained fragmentation parameter less clear. 

7.2.. The available datasets 

Z^-dat a a 

Thee straightforward nature of the D* -final state compared to the semileptonic state 
(seee Ch. 2) makes it an excellent working ground for pioneering fits on both the 
masss and the fragmentation function. Both the ZEUS and HI collaborations have 
publishedd results on the inclusive production of D* (2010) [70, 71]. The data used in 
thesee fits cover the 1996-1997 running period. The two collaborations have measured 
thee differential production cross sections in slightly different regions of phase space. 
Thiss is mainly due to the respective designs of the two experiments. The kinematic 
characteristicss of the two data sets are given on the left hand side in Tab. 7.1. 

Bothh experiments reported single differential production cross sections as a func-
tionn of Q2, XBJ and W of the event and pr and n of the D*. Additionally, ZEUS 
hass published a cross section differential in x(D*) = 2\f(D*)\/W, with p*  the 

3 3 
CM M 

b b 
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CHAPTE RR 7 NLO Fit s on th e char m productio n cros s sectio n 

Tablee 7.1: Kinematic range of the measured D* 
crosscross sections measured by ZEUS and HI. 

(left)(left) and semileptonic (right) 

D^-Var iabl e e 

Q2
M / i v ( G eV2) ) 

QQ22MAXMAX (GeV2) 
VMIN VMIN 

UMAX UMAX 

PT,MIN(GCV) PT,MIN(GCV) 
Pf,MAx(GeV) Pf,MAx(GeV) 

\\rr lMAx\ lMAx\ 

ZEUS-L»** * 

1 1 
600 0 

0.02 2 
0.70 0 

1.5 5 
15 5 

1.5 5 

Hl-£>*

1 1 
100 0 

0.05 5 
0.70 0 

1.5 5 
inf f 
1.5 5 

ZEUS-SLe e 

2 2 
1000 0 
0.03 3 
0.70 0 
1.2 2 
5.0 0 

0.65 5 
2.50 0 

SLe-variable e 

PPSSM%(GeV) M%(GeV) 
PPSSMMLLXx(GeV) Xx(GeV) 

00SSM%M% (^d) 
00SSMAXMAX (rad) 

spatiall  vector of the D* in the 7p center of mass frame, and HI a da/dz, where 
zz = (E — pz)D*/2yEe. All these results include a statistical and a systematic uncer-
taintyy estimation from which a total error was derived by adding them in quadrature. 

Thee semileptoni c dat a 

Thee semileptonic data presented in the previous chapter will be fitted separately and 
thee result will be combined with the D*  data to yield a combined result for the 
simultaneouss extraction of both mc and ep. For completeness, the kinematic range 
coveredd by this data is given on the right hand side in Tab. 7.1. 

7.3.. Fit strateg y 

Too investigate the parameter space for mc and ep initially one parameter will be 
fixedfixed while the other is determined. The results of these fits are the input of a second 
roundd of fits to estimate the minimum of a combined fit. Additionally, this allows 
aa proof of concept and the investigation of the behaviour of the x2 shape in a more 
controlledd setting. 

Inn this simple setting, the use of the Peterson fragmentation function is compared 
too that of the Kartvelishvili form. The fit of the Kartvelishvili fragmentation function 
wil ll  be done with the best-fit value of the charm quark mass of the first round of fits. 
Thiss ensures that it can be directly compared with the result of the second fit of the 
Petersonn function. 

Thee knowledge obtained from this exercise wil l be applied in the simultaneous 
extractionn of both the charm quark mass and ep. Apart from determining the sta-
tisticall  uncertainty of these two dimensional fits, there will also be an assessment of 
thee effect of systematic choices involved in these fits on the obtained results. 

Thee calculation of a full set of cross sections for one configuration of parameters 
byy HVQDIS is rather time consuming. Depending on the machine and parameter 
configurationn it can take between 8 hours and 2 days. As a result it is not feasible 
too do a (MiNUiT-like ) steepest descent parameter fit. Therefore, instead of scanning 
thee parameter space with decreasing step sizes as the x2_minimum is approached, 
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itt is binned equidistantly and the visible cross sections are calculated a priori. The 
X2-valuess are calculated in each bin. The x2-function can be obtained by fitting a 
functionn to these x2-values. Using this analytical function a steepest descent search 
cann be applied to find the best-fit value of the parameter. The obtained best-fit 
parameterr value can be determined with an accuracy better than the parameter bin 
size,, due to the fact that the x2-function is well over-constrained on a relative large 
interval.. An additional benefit of this approach is the greatly reduced sensitivity to 
statisticall  fluctuations in the calculated visible cross sections (see Ch. 2). 

7.4.. Fixed choice s for all fit s 

Thee charm quark mass and the fragmentation function are not the only parameters 
inn the calculation as done by the HVQDIS programme. The other, fixed, settings are 
givenn here. 

Parto nn densit y functio n 

Inn figure 7.3 the results of using CTEQ6 are compared to distributions obtained using 
thee CTEQ5F3 PDF, which is a true fixed-three-flavour set. Both PDFs yield very 
similarr results for the total cross section distributions. The CTEQ6 PDF have been 
extractedd from data sets that include the latest (high precision) results on structure 
functionss from HERA and the high-Ey jets data from the Tevatron. This is more 
likelyy to account for the small differences than the use of a not VFNS for the PDF 
extraction.. In addition the CTEQ6 set has the added bonus that the FORTRAN 
implementationn of the PDFs has a faster interface to the results, compared to the 
CTEQ55 set. In principle other PDFs (GRV98, ZEUS94) are also available, but those 
aree all (a lot) older than CTEQ6, and none included the aforementioned new datasets. 
Therefore,, CTEQ6 was chosen as basis for the fits. 

Renormalisatio nn and factorisatio n scal e 

Pastt analysis of HVQDIS results have given insight in the effect of the scales for 
renormalisationn and factorisation, which for HVQDIS are set to be equal. The most 
detailedd description of such an analysis can be found in the work from the author of 
thee programme [39]. The conclusion of such studies is invariantly that the choice of 
thee exact definition of the scale has only a small effect (« 2%). As HVQDIS offers the 
optionn to choose from many different scale-definitions, which all are equally valid, 
thee choice was made to use to the scale-definition as used in the calculation for the 
ZEUSS D**  publication [70]: fj, =  y/Q

2 + m'>. 

Hadronisatio nn fractio n c —  D

Thee hadronisation fraction is effectively a normalisation parameter for the theory 
distributions.. It is applied after the pQCD calculation as a global scale. In the 
ZEUS-Z?**  publication a value of 0.222  0.020 is used. The current PDG only quotes 
thee DELPHI result ƒ (c - • D*+)  = 7 [33]. However, combined results of all 
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aa ZEUS-D** 
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55 10 15 
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Figur ee 7.4: (a) The \2-distribution of the ZEUS-px cross section for the fits of the 
PetersonPeterson fragmentation function with mc = 1.30 GeV. The fifth order polynomial, 
usedused to obtain the best-fit value is also shown. A fit on a limited range of a parabola 
showsshows that this functional form cannot describe the underlying \2-distribution, (b) A 
comparisoncomparison between the data (dots) and the best-fit HVQDIS-distribution. 

Whenn the best fit values for the individual differential cross sections are listed 
thee o-stat will be quoted. The best fit  values will be given with the two uncertainties 
separately,, following /XBF  O~BF  o"spread. 

7.7.3.. Result s fro m th e fit s 

Inn all, five sets of fits were performed: two on ep, two on mc and one on the Kartvel-
ishvilii  fragmentation model. The first fits for both ep and mc were based on a 
reasonablee prior assumption for the other variable. For the second fit the other pa-
rameterr was fixed to the result of the first fit. This way correlations between optimal 
valuess of mc and ep are probed. 

Char mm quar k mass fi t for ep = 0.035 

Thee fit range for mc was fixed to mc e [1.0 GeV, 2.0 GeV] with Amc = 0.01 GeV. In 
appendixx C, Fig. C.l the x2-distributions of the individual differential cross sections 
andd the combined result are shown. The best-fit values from these x2-distributions 
aree given in Tab. 7.2 and shown in Fig. 7.5. The statistical uncertainty on the best fit 
valuee is « 3 times larger than the initial grid spacing. The result is in good agreement 
withh the PDF value of mc = 1.0 - 1.4 GeV. 

Peterso nn fragmentatio n fi t for mc = 1.30 GeV 

Too fit the Peterson fragmentation function a grid was spanned for ep with ep G 
[0.024,0.300]]  and AeP = 0.002. The x2 distributions are shown in Fig C.4 and the 
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Tablee 7.2: The charm quark mass fit results, with Peterson frag-
mentationmentation (ep = 0.035,) 

Exper iment t 

ZEUS S 

HI I 

combined d 

dcr/dY dcr/dY 

PT(D") PT(D") 

V(D*) V(D*) 
x{D*) x{D*) 
log10(<22) ) 
logio(a;) ) 
W W 
PT(D*) PT(D*) 

V(D*) V(D*) 
z(D*) z(D*) 
log10(Q

2) ) 
logiofa) ) 
W W 
(bestt fit) 
(spread) ) 

bestt fi t 

1.384 4 
1.342 2 
1.389 9 
1.251 1 
1.314 4 
1.318 8 
1.25 5 
1.15 5 
1.31 1 
1.22 2 
1.14 4 
1.17 7 

1.297 7 

+l<r r 
0.101 1 
0.084 4 
0.083 3 
0.088 8 
0.084 4 
0.088 8 
0.11 1 
0.12 2 
0.13 3 
0.13 3 
0.12 2 
0.13 3 

0.028 8 
0.087 7 

-1<7 7 

0.093 3 
0.078 8 
0.075 5 
0.084 4 
0.080 0 
0.082 2 
0.11 1 
0.12 2 
0.11 1 
0.11 1 
0.11 1 
0.12 2 

0.027 7 
0.087 7 

xVdof f 

7.1/4 4 
3.7/5 5 
4.6/5 5 
1.8/6 6 
1.7/4 4 
1.8/5 5 
5.2/4 4 
1.4/3 3 

11.8/6 6 
1.8/5 5 
0.4/3 3 
1.1/3 3 

50.3/53 3 

(a) ) 

1.88 2 

mmcc (GeV) 

HII  - W 

HII  - XBJ 

m-Qm-Q2 2 
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ZEUSS - W 

ZEUSS - XBJ 

ZEUSS - Q2 

ZEUSS - xD. 

ZEUSS - i) 

ZEUSS - pr 

combined d 

x ' ' 
^ ^ 
X X 
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- h -- ' ' 

1 —  ^ 
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(b) ) ep ep 

Figur ee 7.5: The individual and combined results of (a) the charm quark mass fit, for 
eepp = 0.035 and (b) the ep fit with mc = 1.30 GeV compared. The distributions that 
werewere not used to obtain the combined ep result are marked by the coloured background. 
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Tablee 7.3: The results for ep with mc = 1.3 GeV. The distributions 
markedmarked with an * have been used to obtain the combined result. 

Experiment t 

ZEUS S 

HI I 

combined d 

dcr/dY dcr/dY 

**  PT(D*) 

**  n{D*) 
**  x(D*) 

logio(Q2) ) 
l°gio(z) ) 
W W 

**  PT(D*) 

**  T]{D*) 
**  z(D*) 

log10(Q
2) ) 

logiofr) ) 
W W 
(bestt fit) 
(spread) ) 

bestt fit 

0.060 0 
0.048 8 
0.060 0 

--
0.034 4 
0.037 7 
0.055 5 

--
0.069 9 

--
--
--

0.054 4 

++  1<T 

0.015 5 
0.024 4 
0.014 4 

--
0.022 2 
0.026 6 
0.020 0 

--
0.039 9 

--
--
--

0.0076 6 
0.0074 4 

-1<7 7 

0.013 3 
0.020 0 
0.012 2 

--
0.009 9 
0.011 1 
0.017 7 

--
0.028 8 

--
--
--

0.0067 7 
0.0074 4 

x
2 / d of f 

3.8/4 4 
3.7/5 5 
1.8/5 5 

--
1.7/4 4 
1.9/5 5 
4.0/4 4 

--
10.5/6 6 

--
--
--

29.2/28 8 

resultss are summarised in Tab. 7.3 and Fig. 7.5. To obtain the combined results only 
thosee distributions that have a direct measure of the D*-fragmentation are used: 
da/dp$*,da/dp$*, da/dnD*  and da/dxD*  or da/dzD*. 

Thee first thing that stands out is that the HI global {Q2,XBJ,W) differential 
distributionss have no minimum on the scanned interval and likewise for the ZEUS-
QQ22. . 

Thee distributions that represent the D*-final state (PT,T),X(D*) and z(D*)) give 
resultss that are very compatible, with the only exception being the Hl-77 distribution, 
whichh has no minimum on the probed interval for mc =1 .3 GeV. The ^-distribution 
off  this cross section was nonetheless combined with the other D*-specific distributions 
forr the determination of the combined result. 

Continuatio nn of th e unfoldin g 

Thee charm quark mass and the Peterson fragmentation function are now fixed to the 
fi tt results in order to determine the other parameter in a new fit. The procedure for 
thesee fits is identical to the ones presented in the previous sections. Therefore only the 
resultss wil l be given here. The individual results for fit  on mc (ep) are given in table 
7.44 (7.5). The results are also given in Fig. 7.6. The HI cross sections typically give a 
lowerr mass as best-fit result than the ZEUS cross sections. This systematic difference 
betweenn the result of the two experiments is however well within the respective quoted 
uncertaintiess on the luminosity, which is 2%. 

Thee second fit of the charm quark mass, though within the combined error of 
thee first fit result, has moved significantly. The ep result remains for all practical 
purposess the same. This last comes as no surprise as the input charm quark mass 
onlyy changed by « 1%. Both results have an improved x2/dof with respect to the 
initiall  fits in common. To conclude, the chain of (combined) results are given in 
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Tablee 7.4: The charm quark mass fit results, with Peterson fragmenta-
tiontion (eP = 0.054; 

Experimentt  dcr/dY best fit  + l t r  -la x 2 / d o f 

ZEUS S 

HI I 

combined d 

ppTT(D*) (D*) 

*?(£>*) ) 
x(D*) x(D*) 
iog10(Q

2) ) 
logi0(ar) ) 
W W 
pr(D*) pr(D*) 
*(D*) *(D*) 
z{D*) z{D*) 
log10(Q

2) ) 
logio(ar) ) 
W W 
(bestt fit) 
(spread) ) 

1.245 5 
1.259 9 
1.259 9 
1.168 8 
1.234 4 
1.242 2 
1.15 5 

1.072 2 
1.23 3 
1.13 3 

1.062 2 
1.079 9 
1.201 1 

0.100 0 
0.086 6 
0.083 3 
0.094 4 
0.086 6 
0.090 0 
0.11 1 

0.122 2 
0.13 3 
0.14 4 

0.117 7 
0.144 4 
0.028 8 
0.077 7 

0.094 4 
0.081 1 
0.080 0 
0.088 8 
0.082 2 
0.085 5 
0.10 0 

0.076f f 

0.12 2 
0.13 3 

0.067* * 
0.084* * 
0.029 9 
0.077 7 

3.3/4 4 
3.4/5 5 
1.1/5 5 
2.0/6 6 
1.1/4 4 
1.8/5 5 
2.0/4 4 
1.2/3 3 

10.3/6 6 
1.8/5 5 
0.4/3 3 
1.2/3 3 

36.1/53 3 

**  These uncertainties are truncated to not exceed the lower edge of the 
fitt interval. Therefore they appear smaller than what they should be. 

Tablee 7.5: The result for ep with mc = 1.29 GeV. The distributions 
markedmarked with an * have been used to obtain the combined result. 

Experiment t 

ZEUS S 

HI HI 

combined d 

dtr/dY dtr/dY 

**  PT{D*) 

**  V(D*) 
**  x(D*) 

logio(<22) ) 
logio(x) ) 
W W 

**  PT(D*) 
**  n(D*) 
**  z{D*) 

log10(Q
2) ) 

logiofc) ) 
W W 
(bestt fit) 
(spread) ) 

bestt  fit 

0.057 7 
0.047 7 
0.056 6 

--
0.038 8 
0.041 1 
0.054 4 

--
0.062 2 

--
--
--

0.054 4 

++ 1<T 

0.013 3 
0.022 2 
0.013 3 

--
0.020 0 
0.023 3 
0.019 9 

--
0.044 4 

--
--
--

0.007 7 
0.005 5 

- 1 < T T 

0.011 1 
0.017 7 
0.010 0 

--
0.012 2 
0.015 5 
0.015 5 

--
0.023 3 

--
--
--

0.006 6 
0.005 5 

X 2/dof f 

3.5/4 4 
3.5/5 5 
1.2/5 5 

--
1.7/4 4 
1.8/5 5 
3.8/4 4 

--
10.4/6 6 

--
--
--

27.1/28 8 
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Figur ee 7.6: 77ie individual and combined results of (a) the charm quark mass fit, for 
epep = 0.054 and (b) the ep fit with mc = 1.29 GeV compared. The distributions that 
werewere not used to obtain the combined ep result are marked by the coloured background. 

Tablee 7.6: The results of the two rounds of fits. 

initia l l firstfirst  fit secondd fit 

11 OQ7 i 0.028_i_0.087 11 o m -1-0.029 i 0.077 
1.ZU11 3=o.029: E0.077 mmcc (GeV) 1.3 

F DD n ( WR f) ( l U -LÜ.0076 i 0.0074 n nc.A i 0.0066_i_0.0053 
eePP U.UÖO U.U04 0 . 0 0 7 6 0 . 0 0 74 U.UÖ4 0 . 0 0 53 

Tab.. 7.6. 

Fitss  of th e Kartvelishvil i fragmentatio n functio n 

Thee Kartvelishvili fragmentation function has been successfully fitted on beauty pro-
ductionn data at SLD [76]. The parameter aK was determined to be 3.904  0.072. 
Inn principle charm fragmentation is softer, so the expected value for charm should 
bee (slightly) below this value. Based on these considerations the following interval of 
investigationn was defined: aK G [1.,5.] with AaK = 0.05. For these fits the charm 
quarkk mass was fixed to mc = 1.30 GeV, based on the results from the ep/mc fits. 
Ass for the fits of ep, the fits were restricted to those distributions that are directly 
sensitivee to the heavy quark fragmentation. The x2 distributions of these fits and the 
accumulativee result are shown in Fig. C.5. The results are summarised in Tab. 7.7. 
Thee combined result of ax = 3.34 is in good agreement with the initial assessment 
off  the authors, whom assessed it to be ax ~ 3 [37]. 

7.7.4.. Comparison of fragmentation functions 

Inn Fig. 7.7 the Peterson and Kartvelishvili fragmentation functions are compared, 
withh the parameters fixed to the fit  results. The Kartvelishvili function with aK = 
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Tabl ee 7.7: The results of the fit of OLK, for mc = 1.3 GeV. 

Experiment t 

ZEUS S 

HI I 

combined d 

da/dY da/dY 

**  PT(D*) 

**  rj(D') 
**  x(D*) 

log10(Q
2) ) 

log10(a;) ) 
W W 

**  PT(D*) 

**  Tj{D*) 

**  z{D*) 
iog10(Q

2) ) 
logio(^) ) 
W W 

(spread) ) 

bestt  fi t 

3.21 1 
3.48 8 
3.20 0 
4.56 6 
3.90 0 
3.82 2 
3.37 7 
4.82 2 
3.05 5 
4.82 2 
4.82 2 
4.82 2 
3.34 4 

+l<r r 

0.39 9 
0.82 2 
0.41 1 
0.47 7 
0.91 1 
0.94 4 
0.59 9 

0.20* * 
0.92 2 

0.20+ + 
0.20+ + 
0.20+ + 
0.22 2 
0.62 2 

-la -la 

0.36 6 
0.61 1 
0.37 7 
0.93 3 
0.70 0 
0.74 4 
0.50 0 
0.91 1 
0.71 1 
1.36 6 
0.81 1 
1.03 3 
0.21 1 
0.62 2 

X 2/dof f 

3.7/4 4 
3.6/5 5 
2.5/5 5 
1.8/6 6 
1.7/4 4 
1.7/5 5 
3.7/4 4 
1.9/3 3 
9.8/6 6 
1.8/5 5 
1.0/3 3 
1.4/3 3 

28.3/28 8 

'' These uncertainties are truncated to not exceed the upper edge of the fit  interval. 
Thereforee they appear smaller than what they should be. 

Figur ee 7.7: The Peterson (solid) 
andand Kartvelishvili (dashed) fragmenta-
tiontion functions for the central values 
(thick(thick line) and quoted the uncertain-
tiesties (thin lines). All the distributions 
havehave been normalised individually. 
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3.344 peaks at approximately the same value of z as the Peterson function with the 
bestt li t value for ep. The main difference lies in the fact that the Kartvelishvili 
functionn has a more pronounced tail on both sides of the peak. This is also reflected 
inn that the peak yields a lower D(z)-value. The difference on the high end side is 
importantt as it directly effects the fraction of the cross section that is a priori  visible. 

7.8.. Simultaneou s extractio n of tw o parameter s 

7.8.1.. Parametrisatio n of th e \2-distributio n 

Inn the two dimensional case the best-fit coordinate is found by locating the minimum 
off  the x2-distribution, analogous to the one dimensional case. The two dimensional 
gridd is defined within the ranges xmin - xmax {ymin - Vmax) for the first (second) 
variedd parameter. Each point on this grid has an associated x2-value. 

So,, where the one dimensional case uses a (simple) fifth order polynomial, the 
twoo parameter case needs a more elaborate functional description. This is found in 
thee completely correlated two dimensional polynomial of order two: 

XX22{x,y){x,y) = aix2y2 + a2x
2y + a3x

2 

+a+a44xyxy22 + a5y
2 

+a+a66xyxy + a7x + a8y + a9 (7.6) 

Beforee the function is fitted to the x2 grid the parameters are initialised to some sen-
siblee values. The first assumption is that the correlations between the two quantities 
onn the grid-axes are minimal, i.e. 

aii  = 0 , « 2= 0, 0:4 = 0, ae — 0 

andd the second assumption is that the grid dimensional was chosen such that the 
minimumm lies approximately half-way of the available range and that the one sigma 
uncertaintyy touches the grid boundaries 

^ 33 = ^K^max ~ ^Vmaxymin ~r ymin) 

^ 55 — ^{.Vmax ~ ^ymaxVrnin ~r ymin) 

t*77 &3\-Emax i %min) 

aa88 = -a^(ymax + ymin) 

Andd finally, the constant term is set to the average of the constants of the two 
independentt parabola, which are assumed to yield \2 ~ 2 at the minimum: 

«99 = 2 - ^(a3xmin + a7xmin + a^y  ̂ + a8ymin) 

Byy initialising the parameters in this way a stable fit  of the ^-distribution is ensured, 
wheree the correlation factors wil l not rampage to compensate one another on the grid 
domain. . 
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7.8.2.. Best fi t valu e 

Locatingg the global minimum within the grid domain is non-trivial. There is no 
analyticall  solution for a correlated polynomial of order two. To find the minimum, 
ann adapted version of the bisection method is used in which a step in the x direction 
iss followed by a step in the y direction. Both of these bisection procedures are 
treatedd independently, so the minimum in the ^-coordinate can be found, for instance, 
whilee the y coordinate still needs to be determined. To verify that indeed the global 
minimumm is found the following strategy is used. The bisection method can use any 
initiall  point as a starting point for its 'walk' towards the minimum, if indeed the 
functionn is monolithically falling towards the minimum. Therefore, by starting of in 
thee four corners of the domain it can be verified that the found minimum is the global 
minimum. . 

7.8.3.. Uncertaint y assignmen t 

Thee uncertainty for the two dimensional fit result is taken from the one dimensional 
case.. The difference lies in that the uncertainty can not be given by a set of two 
l aa deviation values, but rather as a closed curve on the two dimensional parameter 
plane.. Points on the lo"-contour must satisfy Eqn. 7.4. 

Inn the ideal case, with only a linear correlation between the two parameters, this 
closedd curve is given by an ellipse, with its focal point being the best fit  value. 

Whenn the observables, mc and ep, are linearly correlated the axes of the ellipse 
wil ll  not coincide with the axes spanned by the two parameters. Rather, the ellipse 
wil ll  be rotated in the mc-ep plane. The relation between mc-ep and the orthogonal 
basiss of the problem is given by 

wheree R is the unitary rotation matrix. The matrix R is purely defined by the 
rotationn angle <p which is shown in Fig. 7.8. The one-sigma contour can now be 
usedd to directly extract the uncertainties on and the correlation between mc and ep, 
following g 

// *m c CTmc/£% \ = R ( * a 0 \ f l _ l  ( 7 8 ) 

withh <r a and o$ as given in Fig. 7.8. This matrix wil l be given as the quantified 
numericall  uncertainty, together with the extreme values of the two parameters on 
thee contour. The quoted error on a single parameter wil l be based on the extremal 
valuess on the la-contour. 

7.8.4.. Extractio n of char m quar k mass and Peterso n fragmentatio n 

Difference ss wit h th e one dimensiona l fit s 

Thee simultaneous extraction of mc and ep follows the same principles as outlined for 
thee single parameter fits. The differences are summarised by the following. 
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•• To allow the use of a correlated 2-dimensional parabola shape for the \2~ 
distributionn not ep but rather ep is fitted. 

•• The hadronisation fraction is taken to be f(c —» D*+) = 0.235, following Glad-
ilin.. In the previous fits the value of f(c -v D*+) = 0.222 was used, in accor
dancee with the ZEUS publication on D*  production. 

•• The ZEUS xD*  distribution is strongly correlated with its P^* and rjD" distri
butions.. To exclude that such correlations bias the combined result, the first is 
nott used in the two dimensional fits. 

Result s s 

Thee fits are based on a two dimensional grid in the mc-£p-plane with 20 and 15 bins 
inn the mc and ep direction, respectively. The fit ranges are taken as 

1.00<< mc <1.95GeV 

0.0009<< ep <0.0100 

Thee results of these primary fits are given in Tab. 7.8. In figure 7.9 the \2~ 
distribution,, the best-fit point and the lu-contour are shown. In addition it shows 
thee effect of varying the hadronisation fraction f(c —> £>*+) by one sigma. This is 
partt of the systematic effects, treated in the next section. 

Onn systemati c effect s 

Thee charm quark mass and the value for ep are obtained by fixing several parameters. 
Thee correct form or value of these parameters is not known on forehand. The effect 
off these choices is investigated to get an idea of the systematic effect on the obtained 
results. . 
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Tablee 7.8: The best fit point of the combined two dimensional fit. The uncer-
taintytainty has been quantified in terms of the extreme values on the la contour and the 
covariancecovariance matrix. The best-fit value gave a \2/dof of 54/57. 

quantit y y 

bestt fit  value 
minimumm on lcr 
maximumm on lo-

mee (GeV) 

1.37 7 
1.33 3 
1.41 1 

4 4 
6.666 -KT3 

5.555 10"3 

7.688 10"3 

ep p 

0.082 2 
0.075 5 
0.088 8 

(( °m*  a™*l*%  \ ( 0.033 5.24 • 10"3 \ 
\°-m\°-mcc/el/el <?*% ) ^ 5 . 2 4 - l Q - 3 1.11 10-3 ) 

•• Choice of input PDF 
Inn section 7.4 the CTEQ6 set was compared to the CTEQ5 set, which is, unlike 
thee CTEQ6 PDFs, a Fixed Three Flavour parton density set. The effect was 
theree shown to be of the order of a few percent, compatible with the intrinsic 
statisticall accuracy of the HVQDIS calculations. Therefore, no uncertainty is 
attributedd to this effect. 

•• Renormalisation and factorisation scale 
Thee choice of renormalisation and factorisation scales was also checked. Both 
scaless were changed from the initial /z2 = Q2 + m2 to fi2 = Q2 + 4m2. The 
effectt was also negligible. 

•• Hadronisation fraction f(c —• D*+) 
Thiss constant directly affects the normalisation of the HvQDis-calculated NLO-
pQCDD cross sections. The effect of varying the central world value with one 
standardd deviation on the best fit value and the one-sigma contour has been 
studied.. The effect induced by these variations on the best-fit values is compa
rablee with the one-sigma contour obtained by taking the central value. 

Thee results of these studies are, when applicable, shown in Fig. 7.9, on top of the 
X2-distributionn of the main fit. The effect of varying the hadronisation fraction has a 
moree pronounced effect on the resulting charm quark mass than on the fragmentation 
function.. This is understood in the direct manner in which the charm quark mass 
enterss the total cross section, shown in Ch. 1. From these studies it follows that the 
systematicc error on the best-fit parameters is 5 GeV for the charm quark mass 
andd 1 on ep, which is negligible compared to the statistical uncertainty on this 
parameter. . 

7.9.. Fit s to th e semileptoni c cros s section s 

Thee cross sections presented in chapter 6 have also been fitted to the predictions of 
thee HVQDIS-programme. Based on the knowledge obtained from the fits on the D*
data.. For the calculation of the semileptonic distributions, the same settings as for 
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mmcc (GeV) 

thee D*^ cross sections were used. In addition the EVTGEN-improved semileptonic 
decay,, described in Ch. 2, was used. The branching fraction for the semileptonic 
decayy was set to be 9.6  0.4%. 

Thee result of these fits is summarised in Fig. 7.10. For the semileptonic cross 
sectionss no minimum was found. The figure clearly indicates that this can mainly be 
attributedd to the fact that there is no real sensitivity to the ep parameter. This is 
likelyy the result of the convolution of the /^-production with the semileptonic decay, 
dilutingg the already weak sensitivity to this parameter, as shown in the £>* -case. 
Stilll  this ^-distribution can be used to further tighten down the charm quark mass 
andd the value for ep, when this information is combined with the results from the 
D^-f i ts. . 

7.10.. Combined D*  and semileptonic fits 

Thee two ^-distribution of both fits can be combined and re-analysed. When doing 
so,, the result of Fig. 7.11 is obtained. 

Thiss figure corresponds to the result presented in Tab. 7.9. The maximal variation 
off  the charm quark mass has remained 40 MeV despite the inclusion of the semilep-
tonicc results in the fit. The central value of the charm quark mass has come down 
withh 30 MeV, or within \<J of the statistical error. The uncertainty on ep has not 
improvedd either, as could be expected from the ^-distribution of the semileptonic 
crosss section alone. From the evaluation of the systematic effects on the fits on the 

Figur ee 7.9: The 
resultresult of the two 
parameterparameter extrac-
tiontion on D*^ pro-
ductionduction data. The 
effecteffect of varying 
thethe hadronisation 
scalescale (triangles) is 
alsoalso shown. 
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Figur ee 7.10: 
XX22-distribution-distribution on 
thethe two dimen-
sionalsional grid for the 
semileptonicsemileptonic cross 
sectionssections of the 
previousprevious chapter. 

«Oii  0.10 

mmcc (GeV) 

Figur ee 7.11: 
XX22-distribution-distribution of 
thethe combined D
andand semileptonic 
data. data. 

1M&.. 0.10 
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Tablee 7.9: The best fit point of the combined two dimensional fit. The uncer-
taintytainty has been quantified in terms of the extreme values on the la contour and the 
covariancecovariance matrix. The best-fit value gave a \2/dof of 120/89. 

quantit y y 

bestt fit  value 
minimumm on la 
maximumm on la 

mmcc (GeV) 

1.33 3 
1.29 9 
1.37 7 

4 4 
6.033 10-3 

4.600 10"3 

7.122 10"3 

ep p 

0.078 8 
0.068 8 
0.084 4 

(( amc a™c/*%\ f 0 . 0 3 5 6 . 1 6 - 1 0 "3 \ 
VV <W4 ^ p j y 6 1 6.1 0- 3 L 4 0 .1 0-3 J 

D**  -data it can be concluded that the systematic uncertainty on the charm mass is 
off  the same order as the statistical one and for ep it is negligible. This leads to the 
finalfinal estimate for both mc and ep of: 

mmcc = 1.33  0.04  0.05 

eePP = 0.078 =t=oIo?o 1 

wheree the first uncertainty denotes the statistical and the second the systematic error. 
Thee la bands for both parameters are shown for all used distributions in Figs. 7.12, 
7.133 and 7.14. The bands for mc (ep) are for the central value of ep (mc). 

7.11.. Summar y and conclusion s 

Inn this chapter it has been shown that the visible cross sections of charm production in 
DISS ep scattering can be used to extract the mass of the charm quark and optimise the 
functionall  form of the heavy quark fragmentation function. The method presented 
iss completely novel and therefore contributes to the world knowledge of these two 
parameters. . 

Thee one dimensional fits showed that the littl e used Kartvelishvili fragmenta-
tionn function is equally able to describe the Z)* -production cross sections as the 
traditionallyy favoured Peterson function. 

Thee dual extraction of the charm quark mass and the optimal Peterson fragmenta-
tionn function has shown that these two parameters are indeed correlated. This is best 
demonstratedd in the case of the fits on the semileptonic production cross sections, 
wheree no minimum can be found, but instead a minimum-trough is seen. 

Thee data prefer a Peterson function parameter of ep = 0.078  0.010 which is 
largerr than the one currently in use, by both collaborations. However, the uncertainty 
alreadyy indicates that the visible charm production cross sections are not particularly 
sensitivee to the precise value of this phenomenological parameter. 

Thee largest contribution to the uncertainty in the extraction of the charm quark 
masss is in the absolute normalisation of the production process, i.e. the values 
off  the hadronisation fraction f(c —• D*+) and the branching ratio BR(c —• e+) . 
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Furtherr improvement on the knowledge of these two numbers wil l directly improve 
thee systematical uncertainty on the extracted charm quark mass. 

Thee obtained result of the charm quark mass of mc — 1.33 4 5 GeV is in 
agreementt with other measurements of the charm quark mass, while the uncertainty 
iss competitive with results obtained with the methods presented at the beginning of 
thiss chapter. However, unlike those methods, the result of the method introduced in 
thiss thesis can be improved without having to overcome great technical difficulties. 

Thee statistical uncertainty can be further reduced by including the new r e -
productionn data from both HI and ZEUS, based on the 1998-2000 running of the 
HERAA accelerator. These results use roughly twice the luminosity compared to the 
resultss used thus far. The increase in statistics wil l lead to finer differential cross 
sectionn measurements, vastly improving the resolution of the fits. 

I tt would also be interesting to see what results are obtained when not the Peterson 
fragmentationn function is used, but some other functional form. The Kartvelishvili 
formm already proved in the one dimensional fits that it is able to describe the charm 
data. . 

Att last an answer can be provided to the question central to this thesis. The 
fitss lead to the conclusion that, within the uncertainties, both experimental and 
phenomenologicall  (the fragmentation function), pQCD is indeed able to describe 
thee data. Current discrepancies between the visible cross sections and the theoretical 
predictionss are most likely the result from our limited knowledge of the fragmentation 
process. . 
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APPENDIX X B B 

Graphica ll  overvie w of  systemati c studie s 

Thee figures presented here follow the same key as Fig. 6.3. The key for the figures is 
presentedd again in Fig. B.l. If the statistical error is larger than 30% it is not shown 
inn the figure. The same is true for (individual) systematic uncertainties that exceed 
thiss value. 
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Figur ee C.l: The \2-distributions of the fits on mc with ep = 0.035 for individ-
ualual cross sections and the combined result (bottom). The line shows the fifth order 
polynomialpolynomial that was fitted to the distribution. 
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Figur ee C.2: The \2 distributions of the first fits on ep with mc fixed to 1.30 GeV. 
TheThe D* -distributions have filled histograms. Only these distributions were used to 
obtainobtain the combined result (bottom row). The line shows the fifth order polynomial 
thatthat was fitted to the distribution. 
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Figur ee C.3: The \2-distributions of the fits on mc with ep = 0.054 for individ-
ualual cross sections and the combined result (bottom). The line shows the fifth order 
polynomialpolynomial that was fitted to the distribution. 
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Figur ee C.4: The \ 2 distributions of the first fits on ep with mc fixed to 1.29 GeV. 
TheThe D* -distributions have filled histograms. Only these distributions were used to 
obtainobtain the combined result (bottom row). The line shows the fifth order polynomial 
thatthat was fitted to the distribution. 
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Figur ee C.5: The \ 2 distributions of the fits of aK for mc = 1.30 GeV. The 
D*D*  -distributions have filled histograms. Only these distributions were used to obtain 
thethe combined result (bottom row). The line shows the fifth order polynomial that was 
fittedfitted to the distribution. 
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Thee proton, one of the three cornerstones of every day matter, is built up from quarks 
andd gluons. The innards of the proton are not static, but rather boiling with activ-
ity,, changing appearance from moment to moment. This ongoing metamorphosis is 
describedd by the quantum theory of the colour symmetry: Quantum Chromo Dy-
namicss or QCD. The theory of QCD describes how the picture of the proton changes 
whenn zooming in on finer details. The number of visible quarks increases when the 
probedd distance decreases. This evolution of the quark structure of the proton as a 
functionn of the probed distance scale can be calculated. The way to do this is not per 
sese unique, and there are actually several approaches, each of which with a different 
anglee on how to solve this problem. The DGLAP evolution scheme is one of these 
approachess and to date it has proven to be the one best able to describe the deep 
inelasticc scattering data. 

QCDD also gives rise to the production of heavy quarks in electron-proton inter-
actions.. These heavy quarks have a mass that exceeds that of the proton itself. 
Neverthelesss they can be pair produced in interactions with the proton. This is a 
directt result of the Heisenberg Uncertainty principle, one of the founding principles 
off  quantum mechanics, combined with the dynamics of QCD. 

Inn the perturbative region, Q2 > lGeV2, it is possible to use QCD to calculate 
thee cross section of heavy quark (c,6,i) production. For the case of ep-scattering this 
hass been done up to the next-to-leading order in the DGLAP evolution scheme. The 
QCDD calculation gives predictions for the production of charm and anticharm quarks. 
Butt in the experimental reality, free quarks can not be seen. Rather, the quarks go 
throughh a series of interactions that involve energies < 1 GeV . These processes are 
usuallyy referred to as hadronisation. There are currently no calculations, based on 
thee quantum theory of chromodynamics, available for these kind of soft processes. To 
modell  these, one has to use QCD-inspired phenomenological models, that have been 
refinedd over many years. The results of the partonic (hard) cross section convoluted 
withh the (soft) phenomenological description can be confronted with experimental 
data. . 
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Withinn the realm of hadronisation, heavy quarks are in a land of their own. Due 
too their large mass, they are sensitive to simplifications made for the modelling of 
thee processes that involve the light quarks (u,d,s). For the semileptonic decay of 
charmedd mesons, this affects both the formation of the charmed mesons and the 
subsequentt weak decay of the bound charm quark. The formation of the charmed 
mesonss is simulated using the Peterson fragmentation model. For the modelling of 
thee semileptonic decay there are predictions available that are the result of exact 
calculationss using the quantum mechanical wavefunctions. The energy spectrum of 
thee decay electrons that follows from these calculations is harder, i.e. more energetic, 
thann that of the naive model that is used for the semileptonic decay of quarks in 
standardd Monte Carlo hadronisation packages. 

Thee measurement of the charm production through the detection of the semilep-
tonicc decay of charmed mesons is performed with data taken with the ZEUS experi-
ment.. The ZEUS experiment measures interactions on the HERA ring, which collides 
positronss on protons of 27.5 and 820 GeV, respectively. During the 1996-1997 run-
ningg period, a data sample with an equivalent luminosity of 33 p b- 1 was collected 
thatt is used in the analysis of semileptonic charm production. 

Thee selection of events for this analysis follows the criteria for the inclusive F2 
measurementt of the ZEUS collaboration, on the same data set. The electron from the 
semileptonicc decay is then tagged by combining calorimeter and tracking information. 
Thiss selects an electron enriched sample, but the larger part of this sample actually 
consistss of hadrons (TT~, K~ and p). It is possible to subtract these hadrons from the 
dE/dxdE/dx -spectrum of this sample, using a specifically selected hadron sample. What 
remainss is an electron sample that contains a small remnant of the ^background that 
cann easily be subtracted from the total number of electrons that is obtained. The 
inclusivee electron signal contains, in addition to the semileptonic charm electron, also 
electronss from other (background) sources. The contribution of these backgrounds, 
fromfrom photon conversions, Dalitz decay of neutral pions and the semileptonic decay of 
beautyy quarks, can be determined by using various techniques. Subsequently, these 
non-charmm electrons can be removed from the electron signal, such that only the 
charm-decayy electrons remain. 

Basedd on this analysis the production cross section could be measured for the 
kinematicc region 2 < Q2 < 1000 GeV2 and 0.03 < y < 0.70. On this same domain 
thee cross section differential in Q2, x and W as well as P^Le and r)SLe could be 
determined.. The contribution of charmed quarks to the proton structure, F^ , could 
bee extracted for 20 bins in the (Q2,a:)-plane, extending previous results by almost an 
orderr of magnitude. The comparison between these results and the aforementioned 
QCDD calculations show that the standard model holds for the production of charm 
quarkk in DIS. 

Thee agreement between the measurements on charm production and the theory 
predictionn can be used to extract one of the fundamental parameters of the standard 
modell  from data: the mass of the charm quark. As the measurements are made in 
limitedd regions of the produced quarks phase space, there is an intrinsic dependency 
onn the modelling of the hadronisation. To acknowledge this, the charm mass is 
extractedd concurrently with the free parameter of the Peterson fragmentation model. 
Thee charm mass is found to be mc = 1.33 5 GeV and eP = 0.082
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0.001.. These results are competitive with other results and in fact once again show 
thee validity of the DGLAP-QCD picture of the proton. 
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Aann het begin van de 20ste eeuw was men de mening toegedaan dat al het stoffelijke 
inn deze wereld slechts was opgebouwd uit protonen, neutronen en elektronen. Deze 
bouwstenenn die ondeelbaar of fundamenteel geacht werden, liggen aan de basis van 
bijvoorbeeldd het Periodiek Systeem der Elementen van Mendelejev. Dit beeld bleek 
echterr te eenvoudig en halverwege dezelfde eeuw vond men bij experimenten in de 
Verenigdee Staten het onweerlegbare bewijs dat het proton geen fundamenteel deeltje 
is,, maar een interne structuur bezit. Ook het neutron bleek minder fundamenteel 
dann altijd aangenomen. Beide deeltjes zijn complexe objecten met een interne struc-
tuur.. Het proton en het neutron zijn niet de enige 'samengestelde' deeltjes, ook wel 
hadronenn genoemd. Tot op heden zijn er meer dan 300 hadronen gevonden en naar 
hett zich laat aanzien is het einde nog niet in zicht. Het proton en het neutron zijn 
uniekk door het feit dat zij stabiel zijn1 en daardoor de atoomkernen kunnen vormen. 
Rondd de atoomkernen bewegen elektronen als planeten rond de zon. Gezamenlijk 
vormenn zij de stabiele wereld om ons heen. 

Mett de ontdekking van de structuur in het proton verdwenen het proton en het 
neutronn van het toneel van de fundamentele bouwstenen van de natuur, de kleinste 
blokjess waarmee materie in elkaar gezet kan worden. Hiervoor zijn de ongrijpbare 
deeltjess die men quarks noemt in de plaats gekomen, naast het (nog altijd) funda-
mentelee elektron en zijn broeders het muon en het tau. Een proton en een neutron 
bestaann uit quarks. Er zijn tot op heden zes van deze quarks 'gezien': up, down, 
strange,strange, charm, beauty en top. Dit 'zien' gebeurt niet met het blote oog, zoals men 
naarr een schilderij van Monet zou kunnen kijken, maar door het minutieus bestude-
renn van complexe patronen van uitelkaar vallende deeltjes. De reden dat we op een 
dergelijkee (indirecte) manier naar quarks moeten kijken is eenvoudigweg dat quarks 
niett alléén voorkomen in de natuur, maar altijd in paren van 2 of 3 (of mogelijk zelfs 
5). . 

Dee eerste quarkmodellen van het proton gingen ervan uit dat er slechts drie quarks 

1Hett neutron an sich heeft een levensduur van 15 minuten, maar door samenspel met het proton 
iss het neutron in atoomkernen stabiel. 
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inn een proton zouden zitten. Echter, in een proton zitten niet alleen deze drie quarks 
maarr ook gluonen: de 'lijm'-deeltjes die de quarks in een proton binden. In zekere 
zinn is een proton te vergelijken met een geleipudding met sukade: de gelei houdt 
dee sukade bij elkaar. Maar in het geval van een proton is de pudding niet statisch, 
zoalss men mag hopen van een gewone geleipudding, maar bewegen gelei en sukade 
inn een complexe dans, binnen de vorm van de pudding. In deze dans worden continu 
nieuwee quark-antiquark paren en gluonen gemaakt die kort daarop weer verdwijnen 
(annihileren)om(annihileren)om plaats te maken voor nieuwe stellen op de dansvloer van de proton 
balzaal.. De specifieke eigenschappen van het proton worden gegeven doordat er altijd 
nettonetto drie quarks in het proton zitten: 2 up-quarks en 1 down-quark (voor het neutron 
iss het 2 down-quarks en 1 up- quark). 

Quantumm Chromo Dynamica is de theorie die beschrijft hoe quarks en gluonen 
mett elkaar 'communiceren'. Deze theorie vertelt ons hoe het beeld verandert als we 
naarr kleinere afstanden binnen het proton kijken. Maar QCD is niet in staat ons te 
vertellenn hoe de precieze structuur van het proton eruit ziet, alleen hoe de structuur 
verandert.. Dit betekent dat de structuur van het proton gemeten moet worden. De 
metingenn kunnen dan gebruikt worden om voorspellingen te doen over wat er te zien 
zall  zijn als we nog dieper in het proton gaan kijken. Nauwkeurige metingen laten 
zienn dat QCD inderdaad de juiste voorspellingen geeft voor de structuur dieper in 
hett proton. Ze heeft deze proef glansrijk doorstaan. 

Naastt de voorspellingen voor de evolutie van de structuur van het proton geeft 
QCDD ook voorspellingen over hoe de zware charmquarks gemaakt worden bij bot-
singenn tussen een proton en een elektron. Het interessante aan deze charmquarks is 
datt ze zwaar zijn, zwaarder zelfs dan het proton. Toch kunnen in het proton paren 
vann charm en anticharm gemaakt worden door een eigenschap van de quantumme-
chanicaa gecombineerd met 's werelds beroemdste natuurkundige formule, E = me2. 
Dee (quantummechanische) onzekerheidsrelatie van Heisenberg stelt dat energie niet 
bepaaldd is op korte tijdsintervallen. Einstein legde reeds in 1905 de relatie bloot die 
energiee gelijk stelt aan massa: E = me2. Het gevolg van deze twee relaties is dat, 
hoewell  een charmquark zwaarder is dan een proton, het toch in een proton kan voor-
komen,, vermits voor zeer korte tijd en tezamen met een anticharmquark, als paar. 
Eenn elektron kan een dergelijk kort levend quark raken en uit het proton schieten, 
zodatt het quark gedetecteerd kan worden. Wat er vervolgens overblijft van het proton 
valtt uiteen in nieuwe hadronen. 

Inn dit proefschrift worden de bevindingen van mijn onderzoek van de productie 
vann het charmquark beschreven. Dit onderzoek valt in twee delen uiteen. Het eerste 
deell  is de meting van de productie van deze charmquarks in harde botsingen tussen 
elektronenn en protonen. Het tweede deel bevat de analyse van de resultaten van 
ditt onderzoek, gecombineerd met eerder gepubliceerde onderzoeksresultaten over dit 
proces,, in de context van de QCD. 

Dee meting van charm-productie wordt gedaan door de identificatie van het elek-
tronn dat geproduceerd kan worden als het anticharmquark vervalt. De meting is 
uitgevoerdd aan de hand van botsingen in de HERA versneller in Hamburg, Duitsland 
diee zijn waargenomen met de ZEUS detector. De HERA versneller jaagt bundels van 
positronenn (anti-elektronen) en protonen door ruim 6 kilometer lange buizen, 25 me-
terr onder de grond. De deeltjes gaan met een snelheid die de lichtsnelheid benadert 
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rondd en worden op verschillende plaatsen op elkaar gericht om botsingen tussen de 
elektronenn en protonen te veroorzaken. Op één van deze plaatsen staat de ZEUS 
detector.. De ZEUS detector is een complex apparaat van 20x12x12 meter. Bij de 
besturingg van deze detector is een internationale collaboratie betrokken van ongeveer 
4000 fysici uit 15 landen. 

Uitt een groot aantal in de PC opgeslagen botsingen worden diegene geselecteerd 
diee voldoen aan de criteria voor wat we diep inelastische verstrooiingen noemen. Dit 
zijnn het type botsingen waarbij het proton zo hard geraakt wordt, dat het uit elkaar 
geslagenn wordt. Het elektron krijgt hierdoor ook een zwiep en belandt vervolgens in 
dee calorimeter. Het vinden van een (hoog) energetisch elektron in de calorimeter is 
hètt kenmerk van deze botsingen. 

Naa selectie blijf t een verzameling van ongeveer 2 miljoen botsingen over. Het is 
vervolgenss zaak om in deze verzameling de elektronen uit het semileptonische verval 
vann anticharmquarks te vinden. Hierbij wordt gebruik gemaakt van de eigenschappen 
vann elektronen gemeten door de calorimeter. Omdat het produceren van elektronen 
eenn relatief zeldzaam verschijnsel is, vergeleken bij de productie van lichte hadronen, 
iss er een grote achtergrond. 

Uitt de gemeten elektronen is nog meer informatie te halen. Door te kijken naar 
dee afhankelijkheid van de productie van bijvoorbeeld de totale massa van de verza-
melingg van de bij de botsing geproduceerde hadronen of de verstrooiingshoek van het 
semileptonischee elektron wordt de dynamica van de onderliggende interactie verder 
blootgelegd.. Dit levert extra vergelijkingsmateriaal op om de theorie mee te confron-
teren.. Door de afhankelijkheid van de productie van de energie van het foton en de 
snelheidd van het geraakte quark in het proton te bestuderen zijn we direct gevoelig 
voorr de bijdrage die charmquarks leveren aan de structuur van het proton. Het blijkt 
datt bij voldoende hoge energie van het foton charmquarks rond 30% van de struc-
tuurr van het proton voor hun rekening nemen. Dit is een aanzienlijke bijdrage, zoals 
duidelijkk moge zijn! 

Dee tweede analyse die gepresenteerd wordt in dit proefschrift behelst het bepalen 
vann de massa van het charmquark gecombineerd met een verfijning van van het 
hadronisatiemodel.. De massa van het charmquark is een van de fundamentele, a 
prioripriori  onbekende, parameters van het Standaard Model van de deeltjesfysica. Het 
Standaardd Model is de combinatie van QCD en de electrozwakke wisselwerking, welke 
bijvoorbeeldd voor het verval van het neutron verantwoordelijk is. Het is voor het eerst 
datt charm-productie data uit diep inelastische verstrooiing gebruikt worden om de 
charmquarkk massa te bepalen. Om de technieken te ontwikkelen gebruiken we de door 
dee ZEUS en Hl collaboraties gepubliceerde data van D**-  productie, een hadron met 
eenn charm quark. Om deze bepalingen te doen zijn vele honderden berekeningen met 
hett HvQDiS-programma nodig. Elk van deze berekeningen heeft tussen de 8 en 24 
uurr nodig op een moderne (personal) computer. De drie datasets worden vervolgens 
gecombineerdd om tot een eindresultaat te komen dat concurreert met de traditionele 
methodenn om de charm massa te bepalen. Tevens stelt deze analyse vast dat er, 
gegevenn de huidige experimentele nauwkeurigheid, geen reden is om aan te nemen 
datt de QCD beschrijving van zware quark productie in diep inelastische verstrooiing 
vann positronen aan protonen onvolledig is. 
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Dankbetuiginge n n 

Naa bijna vijf jaar werken nadert het proefschrift met deze woorden zijn voltooiing. 
Tijdenss deze periode hebben vele mensen op velerlei wijzen mij geholpen en gesteund. 
Hoewell  het zeker ondoenlijk zal zijn eenieder die dit aangaat persoonlijk te danken, 
zouu ik toch graag een poging willen wagen om de mensen die belangrijke bijdragen 
hebbenn geleverd te roemen. 

Alss eerste wil ik mijn copromotor en twee sequentiële promotores bedanken. Els, 
alss directe begeleider was je het meest direct betrokken bij mijn werkzaamheden. 
Hierbijj  heb je me altijd veel vrijheid gegund en ik geloof dat dit een belangrijke 
bijdragee heeft gehad aan het proefschrift en in de 'verzelfstandiging' van mijn werk. 
Daarnaastt kon ik ook altijd goed mijn 'ei' bij je kwijt , over allerlei zaken die direct 
off  indirect met het werk te maken hadden. 

Paul,, jouw enthousiasme voor het oplossen van de problemen inherent aan het 
onderzoekk is buitengewoon aanstekelijk. Meer dan eens heeft dit me de moed gegeven 
nogmaalss de tanden te zetten in een ogenschijnlijk onoplosbaar probleem - om het 
dann vervolgens inderdaad op te lossen. 

Jos,, ondanks dat je naam niet vermeld wordt als promotor heb je toch een niet 
tee verwaarlozen bijdrage aan dit proefschrift geleverd. In de eerste plaats door mij 
aann te nemen als een van je promovendi, maar ook door altijd je interesse te tonen 
inn de voortgang van het onderzoek. 

Dee overige staf van de ZEUS groep, Henk, Leo en Els, kan én wil ik zeker niet 
overslaan.. Zij hebben altijd met raad en daad bijgedragen aan dit werk en ook hen 
will  ik daarvoor hartelijk danken. 

Dee voorgangers mag ik uiteraard ook niet vergeten: Wouter, Joost, Aart, Niels 
enn Jaap. Hun bijdrage was (met name) het opzetten van de analyse software, koffie-
leutenn en bij gezellige bier drinken in kroegen over de hele wereld. 

Niett alleen zij, maar ook Sjors heeft op deze twee gebieden een belangrijke bijdrage 
gegeven.. Niet alleen zaten we gelijktijdig in Hamburg, ook hebben we samen een 
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Dankbetuiginge n n 

nieuwee toepassing voor tandenborstels1 gevonden en de stranden van Brazilië bezocht. 
Verderr wil ik graag Gabriel en Avraam en in het bijzonder Erik succes wensen bij het 
werkk aan de voltooiing van hun proefschriften. 

Buitenn de collega's uit de ZEUS groep wil ik ook graag Eric Laenen bedanken. 
Hijj  spoorde mij aan om HVQDIS te gebruiken om de charm fragmentatie en mas-
saa te bestuderen. Dit werk was zeer interessant en heeft mij veel geleerd over de 
onderliggendee theorie van de metingen. 

Ookk een speciaal woord van dank voor Kees Huyser, die heeft geholpen mijn 
ontwerpp voor een kaft te vormen tot iets dat daadwerkelijk gedrukt kan worden. 

Buitenn het instituut zijn er uiteraard mensen geweest die er altijd voor gezorgd 
hebbenn dat er een zekere 'balans' was in mijn hoofd. Eén zo een belangrijke sanity-
factorr is altijd de Madend-gang geweest - Chris, Martijn, Rogier - wekelijks bier, 
schakenn en de mogelijkheid om naar hartelust over de duvel, z'n ouwe moer en de 
wereldd in het algemeen te kunnen klagen. De wekelijkse traditie moeten we in stand 
houdenn tot we allemaal 'grumpy old men' zijn - vooropgesteld dat we project-H 
overlevenn na onze pensioeneringen ... of toch maar ietsjes eerder uitvoeren ? Verder 
(uiteraard!)) Pieter, voor de bijna dagelijkse dosis film/game kritieken en veel te 
infrequentee 'get-togethers'. 

Tenslotte,, lest-best, ben ik aanbeland bij de 'inner-circle' van mijn familie. Mij n 
ouders,, broer en grootouders. Hoewel mijn werk voor julli e vaak meer leek op abra-
cadabraa dan op wetenschap, hebben julli e mij altijd gesteund en gestimuleerd mijn 
droomm na te jagen - voor julli e ligt het resultaat. 

Dee laatste woorden in dit proefschrift zijn, net als de eerste, voor mijn vrouw (in 
spé)) Claudia: zonder de thuishaven van rust en kalmte die je voor me gecreëerd hebt, 
zouu het onmogelijk zijn geweest dit te bereiken. Hopelijk kan ik deze gunst terug 
gevenn als ji j aan jouw promotie-onderzoek begint. 

1Voorr de duidelijkheid: het schoonmaken van detector onderdelen. 
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Thee production of heavy quarks in deep 
inelasticc scattering of electrons and 
protonss is assumed to be a pure 
Quantumm Chromo Dynamical (QCD) 
process.. Exclusive measurement of 
heavyy meson production has been the 
paramountt method to obtain exper-
imentall data. In this thesis an alternative 
methodd is used. Open charm production 
iss measured through the semileptonic 
decayy of the charm quarks, using the 
1996-19977 data of the ZEUS experiment. 
Thee electrons are identified in the 
hadronn dominated final state by com-
biningg calorimeter and tracking 
information.. The measurements can be 
comparedd with the next-to-leading 
orderr calculation of the QCD process. 
Whenn the semileptonic and D* 
measurementss are combined, the 
comparisonn with theory allows the 
determinationn of the mass of the charm 
quark,, dual with the optimisation of the 
Petersonn fragmentation model. 
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