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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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CHAPTERR 2 Mont ee Carlo simulatio n 

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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Leadin gg orde r Mont e Carlo even t generator s SECTIONN 2.2 

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. 

mQQ (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 

21 1 



CHAPTERR 2 Mont ee Carlo simulatio n 

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 E N 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 will 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 

KINEMATICC 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 E N 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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