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Chapterr 3 

Eventt simulation 

Montee Carlo (MC) simulations are used to calculate the efficiency with which charged current 
DISS events are detected and to study smearing effects introduced by the detector resolution. 
Theyy can also give an estimate of the contamination of the final signal sample with events 
comingg from ep processes other than charged current DIS. 

Thee generation of charged current DIS Monte Carlo data proceeds via the DJANGO 6.24 
packagee [46]. This simulation programme forms an interface between the Monte Carlo pro-
grammee LEPTO 6.5 [47] that describes lepton-nucleon scattering including QCD corrections 
andd the generator HERACLES 4.5.2 [11] that incorporates the first order electroweak correc-
tions.. The generation of events breaks up into three successive steps: 

 the hard lepton-nucleon scattering process. 

 initial and final state QCD cascades. 

 hadronisation. 

Thiss generation process is schematically drawn in figure 3.1. All steps are briefly described in 
thee next three sections. The output of the generator is fed into the simulation of the ZEUS 
detectorr that is based on the GEANT [45] package. This simulation contains the most recent 
knowledgee of the detector and the trigger system for a specific running period. 

3.11 Hard interaction subprocess 

Thee hard lepton-nucleon scattering subprocess V* q —> q' is simulated by LEPTO. Here V* is 
thee virtual gauge boson (7, Z or W), qisa quark from inside the proton and q' is the scattered 
quark.. This interaction is generated according to the lowest order Standard Model electroweak 
crosss section in which contributions from the longitudinal structure function FL are not included 
(seee also section 7.4.6). The CTEQ4D [15] parton density function parametrisation is used to 
describee the parton content of the proton. 

Contributionss due to higher order QCD processes are simulated up to order as by includ-
ingg their exact matrix element (ME) expressions. These processes include boson-gluon fusion 
(V*(V* g ->  qq) and gluon radiation or QCD Compton scattering (V* q -> q' g). The matrix 
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ChapterChapter 3. Event simulation 

Figuree 3.1: schematic overview of the generation of a charged current DIS event. 

elementss are divergent in the limit when the gluon energy or the q' g opening angle vanishes. 
Thesee divergences are partly absorbed in the parton density functions and partly cancelled by 
virtuall  corrections to the lowest order graph. 

3.22 Parton shower development 

Inn order to describe the development of the QCD cascade that follows the hard interaction the 
partonn shower (PS) model is adopted [48]. In this model the development of a parton shower 
cann be simulated to arbitrarily high order in as but only in the leading log Q2 approximation as 
governedd by the DGLAP splitting functions. A distinction is made between initial state showers 
beforee the interaction with the gauge boson V* and final state showers after the interaction. 

Thee final state shower is modelled as a cascade initiated by the scattered quark. This quark 
hass a timelike virtuality and will radiate partons with decreasing off-shell mass. These partons 
wil ll  also radiate partons. This process goes on until all partons have a virtuality below some 
cut-off,, usually chosen around 1 GeV2. This final state showering model has been well tested 
inn e+ e~ —> qq processes at lower energy e+e~ colliders and at LEP. 

Thee initial state shower starts from an on-shell parton in the incoming proton. In each 
branchingg one parton becomes increasingly off-shell with a spacelike virtuality and the other 
partonn is on-shell or has a timelike virtuality. This results in a spacelike parton (quark) interact-
ingg with the gauge boson while the timelike partons will develop like a final state shower. The 
mostt convenient way to describe the initial state shower is a backward evolution from the hard 
interactionn vertex towards the on-shell parton in the proton. This makes the description more 
complicatedd than for the final state showering since, for example, in each branching the parton 
densitiess must be taken into account. Moreover, this model is less well tested by experiment 
ass the measurements at hadron colliders are less "clean" than those at e+e~ experiments. 
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ChapterChapter 3. Event simulation 

AA different formulation of the QCD cascade, i.e. of parton showers, is implemented in 
ARIADNEE 4.0.8 [49]. This package uses the Colour Dipole Model that describes the QCD 
showerr in terms of radiation from colour dipoles between partons. In a DIS event a dipole is 
createdd between the pointlike scattered quark and the extended proton remnant. This dipole 
wil ll  radiate gluons such that new independent dipoles are formed that in turn start to radiate. 
Thee ordering in the cascade is now in decreasing p\ (transverse momentum squared) of the 
emittedd parton instead of the virtuality of the emitter. ARIADNE explicitly incorporates the 
boson-gluonn fusion process but assumes that the QCD Compton process is implied in the dipole 
radiation. . 

3.33 Hadronisation 

Whereass the showering of partons can be modelled with perturbative QCD the hadronisation 
phasee of the interaction has to be described by non-perturbative processes. Both ARIADNE 
andd LEPTO use the LUND string model as implemented in JETSET/PYTHIA 7.4 [50] to 
simulatee the hadronisation. In this model strings are stretched between colour triplet (quark, 
antidiquark)) and colour antitriplet states. When the potential energy contained in one of these 
stringss is large enough the system may produce a quark-antiquark or a diquark-antidiquark 
pair.. This breaking-up of strings continues until only on-shell hadrons remain where a hadron 
consistss of a small string with a quark or diquark on one side and an antiquark or antidiquark 
onn the other side. A large fraction of the hadrons will be unstable and decay to particles that 
aree eventually "detected" in the experiment. 

3.44 Monte Carlo samples 

Thiss section gives a short overview of the various charged current and neutral current DIS Monte 
Carloo samples that are used in the analysis. Also the Monte Carlo samples for background 
studiess are listed. 

3.4.11 Charged current DIS 

Variouss samples of charged current DIS Monte Carlo have been generated with the programmes 
describedd above. In order to be independent of Monte Carlo statistics a good coverage of the 
entiree phase space is necessary even at very high Q2 and x where the data are statistically 
limited.. This is achieved by applying several cuts on Q2 and x at the generator level. After-
wardss the various samples need to be combined with an appropriate reweighting procedure. In 
tablee 3.1 the cross section and the number of events in each sample are listed. 

Thee default set of Monte Carlo data, i.e. the set that will be used in the comparisons with 
reall  data, is generated with the ARIADNE colour dipole model to simulate the QCD showering. 
Ann alternative set with equal equivalent luminosity has been generated with the matrix element 
partonn shower (MEPS) model of LEPTO. This set will be used to investigate the systematic 
effectss on the measured cross section due to the uncertainties in the modelling of the initial and 
finalfinal state shower development. 
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QQ22
gengen cut xgen cut a Ns 

(GeV2) ) 

10 0 

10 0 

10 0 

10 0 

5000 0 

10000 0 

20000 0 

--

0.1 1 

0.3 3 

0.5 5 

--

--
--

(pb) ) 

40.5 5 

9.02 2 

1.10 0 

0.115 5 

2.51 1 

0.477 7 

0.0324 4 

(kEvts) ) 

205 5 

75 5 

50 0 

20 0 

75 5 

55 5 

40 0 

Tablee 3.1: cross sections a and number of events Ngen of the ARIADNE charged current DIS 
MonteMonte Carlo samples for each cut Q2

gen and xgen. 

Inn the reweighting procedure of the various samples the kinematics must be computed from 
thee four-momenta of the incoming and outgoing lepton since this is the way the generator 
calculatess the cuts on Q2

gen and xgen. However, in general these kinematics are different from 
thee true kinematics due to electroweak radiative effects. The true kinematics which are used 
inn e.g. acceptance corrections are calculated from the hadronic side of the generated event. 

Thee shape of the input vertex distribution that goes into the simulations is determined 
fromm a high-statistics low Q2 neutral current DIS data sample [51]. In constructing this sample 
thee strong dependence of the trigger efficiency on the ^-position of the vertex is removed by 
requiringg that the positron is detected far enough from the rear beampipe and that the vertex 
iss well measured by the hadronic side of the event. In this way an event sample is obtained of 
whichh the observed vertex distribution reflects the underlying true vertex distribution. 

3.4.22 Photoproduction 

Photoproductionn of high transverse energy jets is one of the most important background pro-
cessess contaminating the final charged current sample. When one of the jets loses energy in 
inactivee material in front of the calorimeter or when it enters an uninstrumented region of the 
detectorr the measured event will have a missing transverse momentum that might be large 
enoughh to lead to selection as a charged current event (see also the next chapter). 

Inn lowest order QCD, photoproduction processes can be separated into two classes, direct 
andd resolved photoproduction, as illustrated in figure 3.2. In direct photoproduction the whole 
photonn interacts with a parton (gluon) inside the proton and two jets are produced, apart from 
thee proton remnant. In the resolved process the photon acts as a source of partons and one of 
thesee partons has an interaction with the parton originating from the proton. The unscattered 
constituentss of the photon recombine into a remnant similar to the proton remnant and is 
usuallyy found in the backward part of the detector. The exchanged photon has a very low 
invariantt mass Q2, typically smaller than 1 GeV2, such that the scattered positron escapes 
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Figuree 3.2: diagrams showing a direct (left) and a resolved (right) photoproduction event. In 
thethe latter case the photon acts as a source of partons. 

throughh the rear beampipe. The cross sections for these processes are large, of the order of tens 
too hundreds of nanobarns, which means that it is almost impossible to generate a sample with 
ann equivalent luminosity that is a few times the luminosity of the data. 

Photoproductionn Monte Carlo samples have been generated with the HERWIG 5.9 pack-
agee [52]. The number of events and the equivalent luminosity of the samples are given in 
tablee 3.2. To avoid wasting storage space with events that do not have any chance to be mis-
takenn for a charged current event the samples are reduced by requiring that ET of the generated 
hadronicc final state exceeds 20 GeV or that P? is larger than 6 GeV. 

3.4.33 Lepton pair production 

Thee most important Feynman diagram for lepton pair production in ep scattering is drawn in 
figuree 3.3 where a photon from the initial positron and one from the proton interact creating a 
leptonn pair l+l~. The reaction can be either elastic or inelastic. 

Muonn pair production forms a background to the charged current sample because the muons, 
actingg as minimum ionising particles, wil l only lose a fraction of their energy in the calorimeter 
whichh might result in a missing transverse momentum. The final charged current sample might 
alsoo contain some contamination coming from tau pair production where the tau particles decay 
hadronically.. Therefore, four different samples of (in)elastic muon and tau pair production 
eventss have been generated with the LPAIR package [53]. The cross sections, the generated 
numberss of events and the equivalent luminosities of the samples can be found in table 3.2. 

3.4.44 W production 

Sampless of W production (e+ p —» e+ W*- X) events have been generated with the EPVEC [54] 
generatorr package. This process can form a background, for example, when the W particle 
decayss to a lepton-neutrino pair. The cross section is dominated by the diagram shown in 
figurefigure 3.4 where an almost real photon and a u-channel quark are exchanged. Close to the 
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Figuree 3.3: diagram showing the production of a lepton pair l+l via a two-photon interaction. 

Figuree 3.4: dominant diagram in W production e+ p —> e+ W  X. The W* can decay to a 
quark-antiquarkquark-antiquark pair or a lepton-antilepton pair. 

u-channell  pole the QCD corrections become large and W production can be thought of as 
quark-antiquarkk annihilation where one of the quarks is considered as a constituent of the 
"resolved""  photon. EPVEC carefully mixes this resolved photon region with the DIS photon 
region,, far away from the pole. Table 3.2 lists the produced samples of resolved and direct 
W^W  ̂ production. 

3.4.55 Neutral current DIS 
Neutrall  current DIS Monte Carlo and data event samples are used to cross-check the predictions 
fromm the charged current Monte Carlo samples. Removing the scattered positron and the 
accompanyingg track in a neutral current event — a procedure that wil l be referred to as CCfying 
—— yields an event topology very similar to that of a genuine charged current event. By properly 
reweightingg the CCfied neutral current events to the charged current cross section a sample of 
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processs O Ngen ^-equivalent 

(Pb)) (kEvts) (ptr1) 

directt photoproduction 

resolvedd photoproduction 

HHHH elastic 

lifj,lifj,  inelastic 

TTTT elastic 

TTTT inelastic 

W~W~ resolved 

WW++  resolved 

W-W- DIS 

W+DIS S 

51.022 x 103 

73.966 x 103 

36.79 9 

70.75 5 

105.79 9 

71.38 8 

0.100 0 

0.126 6 

0.324 4 

0.392 2 

2400 0 

3280 0 

20 0 

40 0 

60 0 

60 0 

10 0 

10 0 

20 0 

10 0 

121 1 

44 4 

546 6 

567 7 

567 7 

842 2 

98.99 x 103 

78.33 x 103 

61.22 x 103 

24.66 x 103 

Tablee 3.2: samples used for background studies showing the cross section a, the number of 
generatedgenerated events Ngen and the equivalent luminosity Cequivaient for eac  ̂ background process. 

fakee charged current events is obtained. 
Thee neutral current data used in the CCfying process are taken to be the set of data 

selectedd in [55] which corresponds to the same integrated luminosity of e+p data as used in 
thiss analysis. Samples of neutral current Monte Carlo are generated with DJANGO 6.24 and 
ARIADNEE 4.0.8 where the proton is described by the CTEQ4D set of parton density functions. 
AA total of 13 pb- 1 of equivalent luminosity is used with a minimum generated Q2 of 100 GeV2. 

Somee quality criteria are imposed on the neutral current events. The energy of the scattered 
positronn has to exceed 10 GeV, while the accompanying track is required to have a distance 
off  closest approach to the positron of less than 10 cm. Furthermore the quantity 6, defined in 
equationn 4.7, should be in the range between 38 GeV and 65 GeV. The "true" kinematics of 
thee neutral current data and Monte Carlo events are calculated with the double angle method 
ass described in chapter 6. With these kinematics comparisons can be made between CCfied 
Montee Carlo and data. However, sometimes it is necessary to compare charged current Monte 
Carloo and CCfied neutral current Monte Carlo. In that case the true kinematics are calculated 
fromm the generated hadronic side of the event as mentioned before in section 3.4.1. Although 
thee double angle method has a systematic bias in the reconstruction of the kinematics at low 
valuess of y compared to the generated kinematics it can safely be used for comparisons between 
dataa and Monte Carlo since only the relative differences between the two sets are important. 
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