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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. 

55 5 



CHAPTERR 5 Charmm electro n signa l extractio n and background s 

'Jl 'Jl 

CJC C 
O O 

3 3 

(a) ) 

0.2 2 0.4 4 0.66 0.8 
EEMC/ETOT EEMC/ETOT 

00 0.2 0.4 
(b) ) 

0.66 0.8 
EEMC/ETOT EEMC/ETOT 

Figuree 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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Figuree 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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Figuree 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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Figuree 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) 

Figuree 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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Figuree 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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Figuree 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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Figuree 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. 

Type 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 

G4 4 
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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 wil l 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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Figuree 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. 

Figuree 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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Figuree 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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Figuree 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. 

Chargedd track multiplicity 

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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Figuree 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 

Contribution 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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Figuree 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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