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Chapterr 8 

Topp pair cross section analysis 

8.11 Introduction 
Wee will now turn our attention to measuring the tt cross section. The data used for this 
measurementt was taken between August 22, 2002 and June 24, 2003. The integrated 
luminosityy of the data sample used is 92 pb_1. This is after all runs and luminosity 
blocks11 with known problems have been removed. 

Thee measurement described in this thesis will be in the channel where one of the 
W'sW's (coming from the top) decays to an electron and a neutrino, and the other decays 
too hadrons (the so-called electron+jets channel). This means that we are looking for 
thee following event signature: 

 isolated electron (from the W decay); 

 missing transverse momentum $T (evidence for the unseen neutrino); 

 four or more jets. 

Thee two main backgrounds are W+jets production (where the W decays to an 
electronn and a neutrino) and QCD multi-jet events with a misidentified electron and 
mismeasuredd $T- Other possible backgrounds are VF+jets events where the W decays 
firstt to a tau which subsequently decays to an electron, and Z+jets events. The Z 
cann decay to electrons and if one of the electrons is either missed or not identified as 
ann electron candidate, this can have the correct event signature. If the Z decays to 
taus,, and one of the taus decays hadronically and the other to an electron and two 
neutrinos,, this can also mimic the event signature. In Appendix C we show that these 
backgroundss do not need to be treated separately, because either they are so small that 

11AA luminosity block is the smallest part of a run (about one minute long) for which the luminosity 
cann be calculated. 
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theyy can be ignored, or they are treated correctly by lumping them together with the 
mainn TT+jets background. 

Thee analysis of this particular decay channel of it is performed in two steps. The 
firstt step consists of defining a data sample enriched in IF+jets and top events, within 
whichh the absolute normalization of backgrounds from both TT'+jets and QCD multi-
jett events is evaluated. In a second step, further kinematic cuts (based on the topology 
off  the events) are applied to reach the final selection. In order to be able to combine 
thee result of this topological approach with results from an independent analysis using 
aa soft rnuori b-tagging approach, a soft muon tag veto is applied in the analysis to avoid 
overlap. . 

Inn the current analysis, we look only at events where the electron ends up in the 
Centrall  Calorimeter (CC). The reason for this wil l become clear in Section 8.3. 

8.22 The W+jets selections 

Wee start with a rather loose preselection of W and top events. The basic requirements 
forr these samples are an electron candidate (pT > 20 GeV, with an associated track) 
andd $T. In addition we require one or more jets. This way, we define four loose samples 
basedd on the inclusive jet multiplicity (up to four) of the event. The one jet sample has 
onee or more jets, the two jet sample has two or more jets, etc. A list of all the selection 
cutss used to define these loose samples is given in Table 8.1. A detailed explanation 
forr each of these cuts can be found in Section 8.7. For each of these loose samples, we 
definee a corresponding tight sample by the additional requirement that the electron in 
thee event passes the likelihood cut. These tight samples are thus subsets of the loose 
samples. . 

8.33 QCD background 

Wee wil l now estimate the QCD background in the four tight samples. This is done 
usingg the properties of the electron candidate in the event. The W+jets and tt events 
havee real isolated electrons, while the electron candidate in QCD events are either 
non-isolatedd or fake (a 7r° shower with an overlapping track from a charged particle or 
aa photon converting to a e+e~ pair). For ease of notation, we wil l use "W+it events" 
whenn we mean the sum of the W+jets and it events (and thus JVw+t t = Nw + Ntl). 

Wee write the number of events in the loose sample (Nioose) as the sum of the number 
off  W+it and QCD events: 

NNlooseloose = Nw+*  + NOC] (8.1) ) 
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LooseLoose selection criteria 

E\II  partiele, pT > 20 GeV, \r}D\ < 1-1 

electronn passes calorimeter cluster selection 

electronn has an associated track 

softt muon tag veto 

secondd electron veto 

##TT > 20 GeV 

A<f>($A<f>($ TT,e),e) > 0 .5 

Primaryy vertex with > 3 tracks and \z\ < 60 cm 

NNjetsjets > 1,2,3,4 (with pT > 15 GeV, \n\ < 2.5) 

TightTight selection criteria 

loosee criteria + electron passes likelihood 

Tablee 8.1: Loose and tight selection criteria. 

Thiss is of course also true for the tight sample, but the contributions from W+ti and 
QCDD are reduced by the additional requirement of the likelihood cut. But. we expect 
thee amount of reduction to depend on the type of electron candidate, and thus to be 
differentt for W+ti and QCD. These reductions are actually the efficiencies for electron 
candidatess in the W+ti and QCD samples to pass the likelihood requirement. The 
numberr of events in the tight sample (Xtight) can thus be written as: 

VV — - v W + t t , _ 
^tight^tight — ~sig  ̂ + -QCD 

__ A/W+tt , \rQCD 
——  ̂ tight '  ̂ tight " 

y Q CD D (8.2) ) 

Iff  these efficiencies (£sig and £QCD) were known, we could solve these two equations 
forr jV w+" and <VQCD, and thus get a prediction for the W+ti and QCD events in the 
tightt sample: 

A/VVV  + tt 
xx tight 

A' ' tighttight — ^QC Unloose 

Z.sigZ.sig ~~ £QCD 
and d iV 'tightt - -QCD 

£sig1*loosee 1*t tight tight 

-QCD -QCD 
(8.3) ) 

Thiss clearly only works if £si(J and EQCD are sufficiently different from each other. 
Wee expect Esig to be much higher than SQCD* because the likelihood was trained to 
distinguishh real from fake electrons. We wil l now show that these efficiencies can be 
derivedd from data, and that we can therefore use this method to extract the number 
off  QCD background events in each of the four loose and tight samples. 

file:///rQCD
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>> 1 jet 

>> 2 jets 

>> 3 jets 

>> 4 jets 

££QCD QCD 

0.2022  0.003 

0.2100 6 

0.2077 3 

0.1977 4 

Tablee 8.2: £QCD for different inclusive jet multiplicities. 

£QCD £QCD 

Figuree 8.1 shows the ratio of the number of events in the loose and the tight samples 
(butt without the ftT cut), as a function of fir, for each of the four jet multiplicities. 
Wee expect the low $T region to be dominated by QCD, because the contributions from 
reall  isolated electrons all have nonzero fij. In addition, we expect these QCD fake 
electronss to be independent of the fir  of the event, because the fiT in these events 
originatess from mismeasured jet energies, which are independent of the mechanism 
thatt produces these fake electrons. At higher $T, there is a contribution from the real 
electronss coming from W's (and at higher jet multiplicities also from tt). As the figure 
shows,, the distributions are flat (within statistics) at low fiT, which shows that the 
efficiencyy for QCD electron candidates to go from loose to tight {EQCD) is independent 
off  $T- We can thus determine £QCD from a constant fit within the region $T < 10 GeV 
(wheree the real electron contribution is negligible). The values found for the different 
jett multiplicities are given in Table 8.2. Within statistics, £QCD is independent of the 
jett multiplicity, indicating that the QCD fake electrons are independent of the topology 
off  the event. 

Att this point, we can explain why we use the A(f)(fiT,e) cut. Without this cut, 
whichh removes events where the $T and the electron are in the same 4> direction, these 
distributionss are not fiat at low $T- This means that there is a contribution in the QCD 
backgroundd that is dependent on $T. Because we cannot estimate this dependence in 
thee region where real electrons contribute (fir > 20 GeV), we decided to accept the 
efficiencyy loss, which is given in Table 8.8, due to this cut. 

£sig £sig 

Thee corresponding rate at which signal events are reduced from the loose to the tight 
sample,, eSig, is the efficiency for real electrons to pass the likelihood requirement. This 
wass already measured in the Z —» ee sample in Section 7.1.7. As Esig was found to be, 
withinn errors, constant as a function of jet multiplicity, we use the value obtained in 
thee one jet multiplicity sample {esig = 79.2  2.1%) for each of the four samples. 
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Figuree 8.1: Efficiency for the electron to go from loose to tight as a function of $T for 

jetjet multiplicities of > 1, > 2, > 3 and > 4. 

QCDD background 

Wee now have all ingredients to estimate the QCD background. The number of events in 
thee loose and the tight samples for each jet multiplicity are listed in Table 8.3, together 
withh the estimate of the number of QCD and W+jets events in the tight samples. The 
importantt number we wil l use later on is the QCD background in the four jet tight 
sample:: 18.7  6.1. As an additional check that the method is predicting the QCD 
backgroundd correctly, we plot the transverse mass of the electron/neutrino pair, and 
estimatee the QCD background in each bin of transverse mass with the same method. 
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>> 1 jet 

>> 2 jets 

>> 3 jets 

>> 4 jets 

N, N, 
11 'loose 
8086 6 

3105 5 

768 8 

156 6 

Ntight Ntight 

4195 5 

1426 6 

312 2 

67 7 

V QCD D 
^tight ^tight 

7599  47 

3733  27 

1055 4 

1 1 

y W + t t t 
11 tight 

34366  96 

10533 6 

2077  27 

488  12 

jett trigger eff. 

0.3899  0.036 

0.6699  0.027 

0.8255  0.024 

0.8799  0.053 

y W + t t t 
JJ tight, corr 

88344  854 

15733  106 

2511 3 

555 4 

Tablee 8.3: iV,oose, NHgM, N^ht an(i ^tigt? ocf°re and after jet trigger efficiency cor-
rection. rection. 

Thiss is shown in Figure 8.2. In all but the four jet sample, we clearly see a contribution 
fromm the W and a falling QCD contribution. 

Lett us discuss here the choice we have made to look only at events where the 
electronn ends up in the central calorimeter {\r] D\ < 1.1). The procedure to estimate 
thee QCD background has also been applied to events where the electron ends up in 
thee endcap calorimeter (1.5 < |r/D| < 2.5). Although the efficiency for QCD electron 
candidatess to go from loose to tight (without the $T cut) is flat at low ]ET, there are 
twoo problems: 

 £QCD depends on the jet multiplicity of the events for the EC, indicating an 
unwantedd dependence on the topology of the event. 

 The estimate of the W+ii contribution at low electron/neutrino transverse mass 
hass a negative peak at a transverse mass of 20 GeV. 

Bothh problems are shown in Figure 8.3. 

Thesee problems indicate that we don't have a correct description of the background 
inn the EC. Moreover, because there is only a 19% relative gain in acceptance times 
reconstructionn efficiency when including the EC and the background in the EC is 
muchh higher than in the CC, we decided to concentrate on the CC for this analysis. 

8.44 Berends scaling 

Noww that we know the QCD and W+tt contributions in each of the four tight samples 
(distinguishedd by their number of jets), the next step is to estimate the number of W 

eventss in the four jet sample, which we wil l use as our final sample. What we expect to 
seee is that in the lower multiplicities, the W+ it events are dominated by VF's, while 
inn the four jet multiplicity there wil l be a significant contribution from it. 

Wee wil l evaluate the W background by using the Berends scaling rule [117, 118, 
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Figuree 8.2: Transverse mass distributions for > 1, > 2, > 3, and > 4 jet multiplicity. 

HistogramsHistograms are the observed numbers of' events after selection cuts, points give the 

QCDQCD background estimate. 

119,, 120]. which reads 

a(\Va(\V + (n+l) ]ets) 
== OL 

a(Wa(W + njets) 
(8.4) ) 

wheree a is dependent on the jet transverse energy and pseudo rapidity requirements, 
butt independent of n, the inclusive jet multiplicity. Using this behavior (as a function 
off  jet multiplicity) for the W contribution to the W+tt samples, the total number of 
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33 4 

jett multiplicity 
1000 120 140 

MMTT [GeV] 

(a) ) (b) ) 

Figuree 8.3: Figure (a) shows £QCD as a function of the jet multiplicity for events with 
thethe electron candidate in the EC. Figure (b) shows the transverse mass distribution for 
eventsevents with the electron candidate in the EC which have a jet multiplicity of one. The 
histogramhistogram is the observed number of events, points give the W+tt signal estimate. 

jett multiplicity i 

1 1 

2 2 

3 3 

4 4 

f'J f'J 
1.000 0 

0.992 2 

0.885 5 

0.545 5 

Tablee 8.4: Inclusive top fraction as a function of jet multiplicity 

eventss in the different W+tt samples can be connected as follows: 

N, N, w+tt t N?N? xa'  ̂ + ffN*. .5) ) 

Heree N™+tt is the number of events remaining with a jet multiplicity > i in the W+tt 
sample,, N™ is the number of W events with at least one jet in the final state, and ff 
iss the fraction of it events expected to survive the criteria of a jet multiplicity greater 
orr equal to i. These fractions are computed from Monte Carlo simulation, and are 
givenn in Table 8.4. The values of a, Nf and TV" can be obtained from a fit to the 
distributionn of A r

i
w+ t t for i = 1, 2,3, 4. Using the information from this fit , we can then 
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a a 

NNw w 
NNtt tt 

0.16 88 ±  0.01 9 

90122 ±  78 9 

155 ±  3 9 

Tablee 8.5: Results of the Berends scaling Rt. 

extrapolatee the number of W events in the four or more jets topology: 

JVff  = N™ x a3 . (8.6) 

Beforee we can apply this to our samples, there is one additional effect we need 
too take into account: the inclusive jet multiplicity distribution for W+tt events is 
influencedd by the presence of jet selection criteria in the trigger2, which is described in 
Sectionn 6.3.2. This jet trigger efficiency is estimated from the fraction of W+tt events 
(afterr QCD background subtraction) that were triggered by a single electron trigger3, 
andd in addition also fired the electron + jet trigger used in the analysis. As a cross 
check,, the same number is estimated from the number of events in the tight sample 
(withoutt QCD background subtraction)4. These efficiencies are measured and applied 
separatelyy in each jet multiplicity sample. The jet trigger efficiencies we found are 
givenn in Table 8.3. Correcting the N^1 for this effect, we get the numbers in the 
columnn N^l1 corr. These are now corrected for the trigger requirement, and can thus 
bee fit with (8.5). The number of events in each bin (JVt™£"c;orr) and the contribution 
fromm W events that we get from the fit are shown in Figure 8.4. Although there are 
correlationss between the bins, we ignore them for the fit , because they are small (only a 
smalll  amount of the events in each bin is also in the previous bin, because the spectrum 
iss steeply falling). The small effect that this might have on the fit and its errors is thus 
neglected.. The parameters extracted from the fit are given in Table 8.5. 

Usingg (8.6), we get an estimate for the number of W events in the four jet tight 
samplee of 43.1 . But this is the estimate without the jet trigger efficiency. To 
gett the actual number of W events in the four jet tight sample, we need to multiply 
thiss number by the jet trigger efficiency for events with a jet multiplicity > 4 (which 
iss given in Table 8.3). This gives as the final estimate for the number of W events in 
thee four jet tight sample 37.8 + 10.7. 

2I tt is easier for several jets to fire the single jet trigger requirement than it is for one jet. 
3Althoughh it would simplify things to use a single electron trigger instead of an electron + jet 

triggerr to do this analysis, this was not possible because the single electron trigger was prescaled 
duringg high luminosity runs. 

4Wee expect to find the same efficiency here, because the QCD contribution is relatively small, and 
thee jets in l¥+jets and QCD events are expected to have roughly the same r/ and pT distributions. 
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33 4 

jett multiplicity 

Figuree 8.4: The points show the inclusive number of W+jets and it events. The line 

givesgives the contribution from W+jets events that we get from the Berends scaling fit. 

8.55 Topological selection 

Inn the Berends scaling fit , there seems to be a contribution from the it events, but it 
iss hardly significant. We therefore need to enhance the contribution of signal in this 
sample.. We do this by applying topological cuts. We select variables that provide good 
separationn between signal and background. The two most discriminating variables used 
inn Run I [102] in the lepton plus jets analyses are the scalar sum over all jet transverse 
energiess HT = J2jets ET and the aplanarity A, a measure of the flatness of the event, 
definedd as 3/2 times the smallest eigenvalue of the normalized momentum tensor Ai: 

MMt t 
E„P?P? ? 

£00 \P°\2 
(8.7) ) 

wheree p° is the momentum of a reconstructed object o, i and j are the laboratory spatial 
coordinates,, and the objects included in the sum are the jets and the reconstructed 
leptonic55 W (A(W+jets)). Large values of A are indicative of spherical events, whereas 
smalll  values correspond to more planar events, tt events are quite spherical, as is typical 
forr the decay of' a heavy object. W+jets and QCD events are more planar, owing 

6Thee W is reconstructed using the electron momentum and the missing transverse energy. Con-
strainingg the electron/neutrino invariant mass to the W mass leads in general to two solutions for the 
p,p, of the neutrino. The solution with the smallest \pz\ is chosen. If the electron/neutrino transverse 
masss is higher than the W mass, the missing transverse momentum is scaled so that the transverse 
masss is equal to the W mass, and pz is thus taken to be zero. 
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preselectionn (Nje(s > 4) 

\Vw\\Vw\ < 2 
E)YE)Y > 60 GeV 

HHTT > 180 GeV 

A{A{ Hr +jets ) > 0.065 

Note e 

67 7 

64 4 

55 5 

27 7 

12 2 

^bkg ^bkg 

56.6 6 

54.9 9 

48.4 4 

21.6 6 

7.22  1.7 

NV V 

37.8 8 

36.9 9 

35.2 2 

16.6 6 

5.33  1.6 

NQCD D 

18.7 7 

18.0 0 

13.2 2 

5.0 0 

1.99  0.7 

eaea (%) 
100.0 0 

98.9 9 

97.3 3 

82.7 7 

52.9 9 

Tablee 8.6: Number of observed events, estimated background and relative signal effi-

ciencyciency after each of the topological cuts. 

primarilyy to the fact that the jets in these events arise mainly from gluon radiation. 
Anotherr variable used is ET{W) — pr[e)+E? (scalar sum). Only jets that have 
prpr > 15 GeV and |r/je(| < 2.5 are used in calculating these topological variables. 

Inn addition, a cut on r]w  is applied. This is the pseudorapidity of the reconstructed 
leptonicc IV. This cut is designed to remove from consideration those regions of phase 
spacee where the tV+jets Monte Carlo does not model the IV+jets data very well 
(seee [102]). Although in the reference the data is compared with the VECBOS [119] 
Montee Carlo, the ALPGEN Monte Carlo we use has the same underlying matrix ele-
ments,, and wil l therefore have the same problem. 

Thee efficiency for the topological selection is determined from MC for the Ü signal 
andd the JF+jets background. The efficiency for QCD is measured in data, using a 
samplee containing an EM cluster plus four jets, with identical selection cuts as the 
loosee four jet sample, except that no electron identification cuts are applied. This 
samplee wil l thus be dominated by QCD. 

Ann indication of the effect of different cuts on HT and aplanarity is shown in 
Figuree 8.5. While the cuts used in this analysis (HT > 180 GeV and A > 0.065) do 
nott give the optimal statistical uncertainty on the cross section {equivalent to optimal 
i - 5 ^ ) ,, for a given amount of background, they arc rather good6. 

Thee efficiency of the chosen topological cuts for W+jets and QCD are 14.1  1.1%, 
andd , respectively. The number of observed events, the predicted background 
andd the relative signal efficiency after each of the topological cuts are listed in Table 8.6. 
Thee 12 candidate events we are left with are listed in Table 8.7. Figure 8.6 shows one 
off  the candidate events. 

6Thee optimal set of cuts (as indicated in the figure) was not used, because the optimization study 
iss not complete (it should also include the effects of the systematic error). In addition, the expected 
backgroundd before topological cuts was set to the value that we found in the data sample, which biases 
thee cut selection. A full study would include both statistical and systematic errors, and would use an 
estimatee of the background which is independent of the used sample. We therefore decided to use the 
Runn I cuts. 
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00 5 10 15 20 25 30 
expectedd background events b 

Figuree 8.5: Expected signal versus expected background, where each point corresponds 
toto a different combination of A and HT cuts. Expected signal is the number of events 
wewe expect for an integrated luminosity of 92 p b- 1 (taking a signal cross section of 7 
pb).pb). Expected background gives the number of background events in our sample that 
wouldwould survive the topological cuts under study. The cut pair chosen for this analysis is 
indicatedindicated by the star. The circle shows the "optimal" cut point, if only the statistical 
errorerror is taken into account (^r* js a measure for the (statistical) uncertainty on the 
crosscross section —). The curves arc contours of constant (statistical) uncertainty on the 
crosscross section. 
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ru n n 

164041 1 

16560 0 0 

16683 0 0 

16788 5 5 

16992 3 3 

17307 6 6 

17466 6 6 

17533 5 5 

17581 8 8 

17703 4 4 

17727 5 5 

17815 2 2 

event t 

2115489 0 0 

2333717 7 7 

1770932 5 5 

1973857 0 0 

1639671 8 8 

312516 3 3 

1738777 2 2 

2982290 0 0 

112308 0 0 

1140719 0 0 

530232 1 1 

3238466 3 3 

Tablee 8.7: Candidate events. 

8.66 Alternat ive VK+jets background predict ion 

Theree is an alternate method to estimate the W-f-jets background, which is independent 
off  Berends scaling and the jet trigger efficiency. This uses the same principle as used 
forr estimating the QCD background, except the loose and the tight sample are now 
replacedd by the tight and the topological sample (the events that pass the topological 
cuts). . 

Thee number of events in the tight sample {Ntight) and the number of events in the 
topologicall  sample (Ntopo) can be written as: 

NNti9htti9ht = NÜ + NW + NQCD (8.8) 

WWtt - etl Ntl + ew Nw 4- e?CDNQCD 

''topo''topo ctopoly ~ ctopoly ~ ctopo i Y 

== Ntl + Nw + W?CD 

Wee now solve for the number of W events in the topological sample {N}? ): 

\ r M '' — ~ t o po f V _ ctl N - (CQCD _ rtt \xrQCD\ {QQ\ 
iyiytopotopo ~ w _ rtt \* topo L-(opo-L,tight \-topo ctopo)ly i  \°-J) 

*-- topo c topo 

Thiss method gives an estimate of the W+jets background after topological cuts of 
5.66  1.1 events, where the error is statistical only. This is consistent with the number 
wee find using Berends scaling. We wil l therefore use the latter number in the rest of 
thiss analysis. 

file:///-topo
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Figuree 8.6: Event display of a candidate event (run 174666, event 17387772). The 
figurefigure shows the distribution of transverse energy in the calorimeter as a function ofr]o 
andand <j>.  The transverse energy deposited by the electron and the $T resulting from all 
energyenergy deposits are indicated by arrows. The rest of the energy is reconstructed into 
fourfour jets. 

8.77 Selection efficiency 

Noww that we have estimated the background in the final sample, and thus have an 
estimatee for the number of top events we see in the final sample, we wil l turn our 
attent ionn to explaining the cuts (where needed) and calculating the efficiency of each 
cut.. The selection cuts and the efficiency of each cut are listed in Table 8.8, for a top 
masss of 175 GeV. The sensitivity of these cuts to the top mass wil l be treated as a 
systematicc uncertainty (see next section). 

Thee electron selection requires that we find the electron, that it ends up in the Cen-
trall  Calorimeter (\r]o\ < 1.1), passes calorimeter cluster and likelihood requirements, 
andd has a pr greater than 20 GeV. All these requirements on the electron are simply to 
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Selectionn cut 

secondd electron veto 

acceptancee x reconstruction 

pr{e)pr{e) > 20 GeV 

clusterr selection electron 

likelihoodd electron 

$$TT > 20 GeV 

softt muon veto 

A<A(#T,e)) > 0.5 

NjetsNjets > 4 (\t]| < 2.5 and pT > 15 GeV) 

topologicall  cuts 

primaryy vertex 

triggerr efficiency 

TT factor 

NLOO factor 

totall  signal efficiency 

€ € 

100% % 

60.66  0.8% 

92.00  0.4% 

82.99 7 % 

68.11 8 % 

89.55  0.5% 

81.66 % 

87.99  0.6% 

54.55  1.1% 

52.99  1.5% 

96.77  1.9% 

922  1  2% 

xl .04 4 

x l .08 8 

5.88  0.28tat% 

derivedd from 

MC C 

v7 7 

y/ y/ 

y/ y/ 

c c 

c c 

y/ y/ 

y/ y/ 

V V 
y/ y/ 

y/ y/ 

yj yj 

y/ y/ 

V V 

data a 

c c 

v7 7 

y/ y/ 

c c 

y/ y/ 

y/ y/ 

Tablee 8.8: Selection cuts efficiencies for a top mass of 175 GeV. The "derived from" 
columncolumn lists if the number are derived from data and/or MC (y/), and if correction 
factorsfactors are applied, where these were derived (c). An explanation can he found in the 
mainmain text. 
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reducee background. The second electron veto (no second electron with pT > 15 GeV 
andd \TJD\ < 2.5) is made to keep the analysis orthogonal to the di-electron it analysis 
andd to reject Z+jets background. 

Thee acceptance and efficiencies for the reconstruction, kinematic cut and second 
electronn veto are determined from a MC it sample. For the reconstruction efficiency, 
aa correction factor of 0.967 is applied to account for the difference in electron recon-
structionn efficiency seen between data and MC, see Section 7.1.6. 

Thee calorimeter cluster selection efficiency is measured in Z —> ee data, see Sec-
tionn 7.1.7. To account for the difference in topology and particle multiplicities in the 
ZZ —> ee events (where the efficiency is measured) and the it events (where it is used), a 
correctionn factor of 0.946 is applied to the efficiency as measured in Z —> ee data. This 
correctionn factor was derived by looking at the difference between the electron cluster 
selectionn efficiency in Z -> ee MC (97.5 ) and in it MC . The 
samee method was used to get the final electron likelihood efficiency. For the likelihood, 
wee get a correction factor of 0.943. 

Thee missing transverse energy cut is applied to reduce the huge QCD background, 
whichh can basically only have fir  due to imperfect energy measurements of the jets 
(thee resolution of the energy measurement is not zero). 

Thee soft muon veto is applied to keep this measurement orthogonal to the measure-
mentt which uses soft muon tagging. The requirement is that events are vetoed when 
theree is a muon (with pT > 4 GeV) within a jet. When we measure the efficiency for 
thee soft muon veto in Monte Carlo, we get 83.3  0.7%, meaning that in 16.7  0.7% 
off  the events one or more jets are tagged by a soft muon. But it has been shown [121] 
thatt the muon reconstruction efficiency is a factor 1.11  0.05 higher in data than in 
MC.. Thus in data, we expect the efficiency for an event to be tagged to be 18.4 . 
Thereforee we wil l use a soft muon veto efficiency of 81.6  0.8%. 

Thee reason for the A0($V,e) cut has already been explained in Section 8.3. The jet 
multiplicit yy and the topological cuts are applied to reduce the background, both QCD 
andd 1^+jets. Al l these efficiencies are taken from MC. 

Nextt are the primary vertex cut and the trigger requirement. We require a good 
primaryy vertex because we need it to define the DCA of the electron (which is used in 
thee electron likelihood) and because it reduces the chance of events showing up in the 
samplee that only have energy deposits in the calorimeter due to noise. The efficiency 
off  the primary vertex requirement is measured in the four jet tight data sample. The 
triggerr requirement is last on the list, although it is of course applied first. It is put 
att the end of the list as a reminder that the trigger efficiency is measured for events 
thatt pass all requirements, including object identification and topological cuts. How 
thiss efficiency was derived has already been explained in Section 6.3.4. 

Thee "r factor" takes into account that instead of the W (coming from one of the 
tops)) decaying to an electron, it can decay to a tau. If the tau decays to an electron, 
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thiss gives a contribution to the efficiency. As the branching ratio times efficiency for 
thiss to happen is 4% of the direct decay to an electron, we take this into account by 
multiplyingg the efficiency by 1.04. This is lower than the branching ratio for the tau to 
decayy to an electron (18%), because the momentum of the electron is lower as a result 
off  the cascade decay. 

Alll  the efficiencies so far have been derived with a MC that has a Leading Order 
descriptionn of the tt production process. Recently, a MC generator (MC@NLO [108]) 
hass become available that computes the tt production process at Next to Leading 
Order.. The program uses HERWIG [14] to decay the top quarks and to simulate the 
(properlyy matched) parton shower. We do not use it to get the signal efficiency directly, 
butt use it to derive a correction factor. This correction factor is derived by calculating 
thee difference in signal efficiency on a tt MC sample generated with MC@NLO, and a 
tttt MC sample generated with standard HERWIG. The only difference between the two 
sampless is thus the treatment of the hard scattering process (NLO and LO respectively). 
Thee correction factor we find is , meaning that NLO gives a 8% higher signal 
selectionn efficiency. As the NLO prediction is expected to be better than the LO one, 
wee can directly apply this correction factor to our signal efficiency (which was derived 
withh a LO description of the tt production process)7. 

CombiningCombining all the selection efficiencies, we get a total it signal efficiency of 5.8
0.2%. . 

8.88 Systematic uncertainties 

Inn this section we will discuss the individual uncertainties which affect the background 
andd the signal efficiencies. A summary of the different contributions is given in Ta-
blee 8.9. 

Luminosit y y 

Thee uncertainty on the luminosity measurement is 10% and comes from the uncer-
taintyy in the total pp inelastic cross section and incomplete modelling of the luminosity 
monitorss acceptance [122]. 

Jett  energy scale 

Thee uncertainty in the jet energy scale affects the cross section determination, but only 
throughh the uncertainty of the relative scale between data and MC. We take the MC 
andd data uncertainties to be uncorrelated with each other, thus the uncertainty on the 

7Thee uncertainty on the correction factor is treated as a separate systematic uncertainty, and is 
thereforee not included in the statistical error on the selection efficiency. 
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Effect t 

Luminosity y 

Jett energy scale (correlated) 

Jett energy scale (uncorrected) 

Jett resolution 

Jett ID 

ee resolution 

ee electron reconstruction 

ee cluster identification 

ee likelihood 

Trigger r 

Primaryy vertex 

Topp mass 

Skimming g 

Backgroundd estimate 

MCC statistical uncertainty 

Branchingg fraction 

Softt muon veto 

NLO/L OO correction 

E E 

++ 12% 
- 1 4% % 

++ 1% 
++ 4.0% 
- 8 . 3% % 

% % 

% % 

% % 

% % 

% % 

% % 

% % 
+4.4% % 
- 5 . 0% % 

% % 

% % 

% % 

% % 

AV V 

+ 3% % 
- f i % % 

% % 
- 1 . 7% % 
++ 16.5% 

^QCD ^QCD 

77 events 

C C 

% % 

Br Br 

% % 

Tablee 8.9: Summary of systematic uncertainties. For each effect, the uncertainties on 
thethe signal efficiency, backgrounds (N\V and NQCD), integrated luminosity and branch-
inging fraction are given (where appropriate). 
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scalee between data and MC is the MC and data jet energy scale uncertainties added 

inn quadrature. 
Thee uncertainties on the JES are dominated by the uncertainty on the showering 

correctionn [114]. This is because the method used to derive this correction (showering 
profiles)) has been shown to be only approximate, and thus large systematic errors are 
assignedd to the correction. This means that a large part of the uncertainty on the JES 
iss correlated between the jets. We therefore deal with the correlations between the jets 
ass follows: 

•• We take the JES to be fully correlated between the different jets. We thus vary 
thee energy of each jet in the event up or down by one sigma (of the MC and data 
uncertaintiess added in quadrature), for all jets in the event at the same time. 
Thiss has an effect on both the signal selection efficiency (+\f%) and the W+jets 
topologicall efficiency and thus Nw {tl%)-

 In the second method, we take the JES as uncorrelated between the jets. We vary 
thee energy of each jet by a randomly chosen amount from a Gaussian distribution 
withh the width equal to the MC and data uncertainties added in quadrature, for 
eachh jet in the event independently. Again, both the signal efficiency (+1%) and 
NNww (+16%) are affected. 

Forr the final systematic uncertainty due to the JES, we try both methods, and use the 
largestt uncertainty (both up and down) that we get. 

Jett  resolut ion 

Ass mentioned in Section 7.2.2. the jet energy resolution is different in data and MC. 
Wee therefore smear the MC such that the jet resolution in MC corresponds to the 
onee measured in data. Of course, both the measured resolutions in data and MC 
havee errors. By varying the smearing within these errors, we derive the systematic 
uncertaintyy on the signal selection efficiency due to the uncertainty in the jet resolution. 
Thiss uncertainty on the selection efficiency is tt'^%- Of course, there is also an effect 
onn the W^+jets topological efficiency of +\(Jf% (fully correlated with the effect on tt). 

Jett  identif icatio n 

Wee use the jet identification efficiency derived from the tt MC sample. We treat the 
differencee in efficiency between MC and data (see Section 7.2.4) as a systematic uncer
tainty.. To be conservative, we take the largest discrepancy (in the central calorimeter) 
off 0.8% as the systematic uncertainty per jet. This gives a systematic uncertainty of 

%% (4 jets) on the signal efficiency. 
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E lect ronn resolut ion 

Thee electron pT resolution is different in data and MC. We smear all MC electrons 
byy 4.7% in energy to make the resolution of MC electrons consistent with what was 
measuredd in data [123]. As systematic uncertainty due to electron resolution we take 
thee full difference between smeared and unsmeared signal selection efficiency. This 
givess an uncertainty in the selection efficiency of . 

E l e c t r onn reconstruct ion 

Ass explained in Section 7.1.6, there is a 2% systematic uncertainty in the 0.967 cor-
rectionn factor that is applied to the MC reconstruction efficiency to account for the 
differencess seen in the reconstruction efficiency between data and MC. This leads to a 
2%% uncertainty in the signal selection efficiency. 

Elect ronn ident i f ica t ion 

Bothh the calorimeter cluster selection cuts and the likelihood give two contributions to 
thee cross section uncertainty. The two contributions are: 

•• The systematic uncertainty of the measured efficiency in the Z —y ee data sample, 
whichh comes from the uncertainty in the background estimation in those samples. 

•• The uncertainty on the correction factor that is applied to the efficiency measured 
inn the Z —y ee sample. This correction factor takes into account the difference 
inn the Z —> ee sample (where the efficiency is measured), and the tt sample 
(wheree it is used). It is derived by comparing the measured efficiency in Z —y ee 
andd tt MC. We quote half the effect of this correction factor as its systematic 
uncertainty. . 

Combiningg these two contributions to the systematic uncertainty, we get a system
aticc uncertainty of % due to the cluster selection, and % coming from the 
uncertaintyy on the likelihood efficiency. 

Trigger r 

Inn Section 6.3.4 it is explained how the assumption of factorization of the trigger terms 
leadss to a systematic uncertainty on the trigger efficiency. This gives a systematic 
uncertaintyy on the selection efficiency of . 
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Pr imar yy ver tex 

Thee efficiency for finding a good primary vertex is measured in the four jet tight signal 
sample,, which is dominated by W+jet events. This efficiency might not be the same for 
itit  and VF+jet events. We compare the primary vertex efficiency for these two samples 
inn MC. For it, we find 99.4  0.2% and for W+jets, we get 98.6  0.4%. Thus the 
uncertaintyy on the selection efficiency due to the primary vertex requirement is 0.8%. 

Topp mass 

Forr this analysis, we have used a top mass of 175 GeV. The signal selection efficiency 
dependss on the top mass. Therefore the uncertainty in the top mass (about 5 GeV) 
givess an uncertainty in the selection efficiency. To derive this uncertainty, we calcu-
latedd the selection efficiency for various MC samples with different top masses. We fit 
thee efficiency as a function of mass (see Figure 8.7) to lower the dependence on the 
statisticall  fluctuations. We get a (relative) uncertainty on the selection efficiency of 
-55 0% w n e n w e v a ry the top mass by 5 GeV. 

1400 150 160 170 180 190 200 210 

generatedd top mass [GeV] 

Figuree 8.7: Signal selection efficiency as a function of generated top mass. 

Skimmin g g 

Beforee the full analysis code is used, a sample is skimmed (preselected) based on simple 
properties.. Some events might have passed the selection criteria in the analysis code 
thatt may not have passed the skimming, because: 
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•• The skimming requires that there is a 10 GeY track near the electron. In some 
extremee cases the track of the electron might be reconstructed below 10 GeY. 

•• The version of the electron reconstruction that is used for the skimming and the 
onee in the analysis code are slightly different. 

•• During most of the run period from which data is used for this analysis, there 
weree problems in the calorimeter electronics. As a result of this, part of the 
energyy deposited in certain towers would also show up in neighboring towers. 
Thesee energy sharing problems are corrected in the analysis. At the skimming 
stagee these1 problems were, however, still present. 

Thee size of these effects has been estimated by simulating them on a ft Monte Carlo 
sample,, leading to an uncertainty on the signal selection efficiency of % for the 
threee effects together. 

Uncer ta in t yy on background est imate 

Theree is an uncertainty on the background estimate: 

•• For the QCD background, this comes from the uncertainties on the input param
eterss for the matrix method and the statistical uncertainty on the topological cut 
efficiency. . 

•• For the W+jets background, it comes from the uncertainty on the Berends scaling 
fitt (which in turn depends on the uncertainties in the matrix method and jet 
triggerr efficiencies) and again the uncertainty on the topological cut efficiency. 

Stat is t icall  uncerta int y on signal efficiency 

Theree is a statistical uncertainty on the signal efficiency determination because of the 
limitedd statistics available in the Z -> ee data sample and the Monte Carlo samples. 
Thiss leads to a systematic uncertainty in the signal efficiency. 

Branchin gg rat i o 

Wee use (10.68 % for the W -> Iv branching fraction, and (67.96 % for the 
WW —v hadrons branching fraction [103]. This gives a tt —> e + jets branching fraction 
off 0.145 with a relative unccrtaintv of 1.6%. 
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Softt  muon ve to 

Wee calculated the soft muon veto efficiency by applying a 1.11  0.05 correction fac-
torr to the soft muon tag efficiency as measured in Monte Carlo, because the muon 
reconstructionn efficiency is higher in data than in Monte Carlo. The uncertainty on 
thiss correction factor gives a systematic uncertainty on the soft muon veto efficiency, 
andd thus on the selection efficiency. The relative uncertainty on the selection efficiency 
fromm the soft muon veto is thus 1.2%. 

Berendss scaling 

Thee assumption of Berends scaling is tested by looking at Z -> ee events. We require 
thatt both electrons in these events pass the same cuts as used in signal sample of the 
analysis.. We use the number of events with a minimum jet multiplicity of one and two 
too predict the number of events with a jet multiplicity of three. The exponential fit to 
thee first two jet multiplicities is shown in Figure 8.8(a). The fit predicts 9.7 Z —>  ee 
eventss with a minimum jet multiplicity of three, while the actual number of events 
foundd is 9. In addition we fit the number of events in the first three multiplicity bins, 

io ! ! 

m m 

1 1 

: \ \ 

rr  \ | 

;;  \ 

 X-

:: i i i 

10* * 

m m 

1 1 

\ \ 

::  i I I 
33 4 

jett multiplicity 
33 4 

jett multiplicity 

(a) ) (b) ) 

Figuree 8.8: Jet multiplicity for Z —>  ee events. The exponential fit in Figure (a) is to 

thethe first two bins, the fit in Figure (b) is to the first three bins. 

andd use that fit  to predict the number of events with a minimum jet multiplicity of 
four.. The fit is shown in Figure 8.8(b). The prediction is 1.9 events, while the actual 



146 6 Topp pair  cross section analysis 

numberr of events found with four jets (or more) is 3. From this it is clear that within 
thee limited statistics available in the Z —> ee sample, Berends scaling holds. 

Inn addition, the alternative t^+jets background method (Section 8.6), which is 
independentt of Berends scaling, gives a prediction for the W+jets background which 
iss consistent with the result we get from Berends scaling. We therefore conclude that 
theree is no statistically significant systematic uncertainty due to Berends scaling. 

NL OO correction 

Thee NLO/LO correction factor in the selection efficiency has a large uncertainty, due 
too low statistics in the MC samples used. The correction factor is 1.08  0.05, giving 
aa systematic uncertainty on the selection efficiency of 5%. 

8.99 Cross section 

InIn order to estimate the cross section a maximum likelihood method is used. To account 
forr the small number of observed events, Poisson statistics are used. The estimate for 
thee cross section a is given by 

a=a=NNobsobs-N-Nbk bk 

BrBr x C x e 

wheree A ^ , Nbkg, Br, C and e are respectively the number of observed events, the 
numberr of background events, the branching fraction, the integrated luminosity and 
thee overall signal efficiency. 

Iff  the cross section is er, the expected number of events is 

NN = a xBr x L x e + Nbkg . (8.11) 

Thee likelihood to observe Nobs events when N events are expected is 

£(c7,{iVo6s,7Vbfcs,Br,£,e})) = 1rr^e~N . (8.12) 
ob ss

Thee cross section is then estimated by minimization of 

-2\08£(o,{N-2\08£(o,{N0bs0bs,N,Nbkgbkg,Br,C^}),Br,C^})  (8.13) 

Thee likelihood function is shown in Figure 8.9. 
Thiss function is also used to derive the statistical uncertainty on the cross section 

measurement.. If a probability distribution is Gaussian, its la width is measured at 
-^^ from the peak value. This means that in the log likelihood formulation, the points 
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Figuree 8.9: Likelihood function. 

wheree - 2 times the log of the likelihood function is one higher than the minimum give 
thee statistical uncertainty. 

Thee last step is to estimate the systematic uncertainty on the cross section. We 
doo this by deriving the systematic uncertainty due to each effect (listed in Table 8.9) 
separately.. The affected parameters (e, Nw, NQCD, C- and/or Br) are varied up and 
downn by one a (where correlations between the different parameters are kept) to get the 
uncertaintyy on the cross section due to that effect. As we take the different systematic 
effectss to be uncorrelated, we get the final systematic uncertainty on the cross section 
byy adding all the effects in quadrature. 

Putt ingg all this together, we get a final tt cross section estimate from the e+jets 
channell  of 

ooaa = 6.2 Üj|(stat) l |7(sys t) pb . (8.14) 

8.100 Combined cross section 

Forr the Lepton Photon 2003 conference, an earlier version of the cross section mea-
surementt presented in this thesis was combined with Run II measurements in several 
otherr channels. The other channels are the dilepton channels, the /it+jets channel, and 
thee lepton+jets soft muon tag channels. In the dilepton channels, both top quarks in 
thee event decay to leptons. The dilepton channels used where ee, /U/z and e/i. The 
/x+jetss channel is basically the same as the e+jets channel described in this thesis, 
exceptt that the W from the top decays to a muon instead of an electron (the other top 
stilll  decays hadronically). The soft muon tag channels also look at events where one 
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channel l 

ee ee 

uu uu 

cu cu 

e+jets s 

/_i+jets s 

e+jets/// / 

/ /+jets/// / 

aa [pb] 

15.88 t\H (stat) tti (syst)  1.6 (lumi) 

<< 7.7 (stat) 

9.77 i £ i (stat) tfl (syst)  1.0 (lumi) 

6.88 T™ (stat) t™ (syst)  0.7 (lumi) 

2.33 tH (stat)  (syst)  0.2 (lumi) 

14.22 tij  (stat) + ^ (syst)  1.4 (lumi) 

9.55 t:l2} (stat) +l\ (syst)  0.9 (lumi) 

Tablee 8.10: The measured tt cross sections for each individual channel 

off  the IT's from the top decays leptonically (either to e or u). but in addition require 
thatt a muon is found in one of the jets. This indicates that the jet originated from a 
heavyy quark (bottom or charm). Due to the presence of two bottom quarks (from the 
topp decays) and possible one charm quark (from the hadronic W decay) in tt events, 
andd minimal heavy quark content in IT+jets and QCD events, this cut considerable 
improvess the signal over background ratio. These soft muon tag channels are denoted 
e+jets//vv and //.+jets///. The tt cross sections measured in each of the channels are 
givenn in Table 8.10. 

Bothh the central value and the uncertainties shown for the e+jets channel in the 
tablee are somewhat different, from the results found in the previous section. This is 
becausee several improvements have been made to the analysis as presented in this 
thesis,, leading to a more reliable analysis. The most important are: 

•• The jets in the MC are now smeared so that they have the same energy resolution 
ass measured in data. 

•• All systematic uncertainties were recalculated, and additional sources of system
aticc uncertainty were studied. 

•• The signal efficiency is corrected for NLO effects. 

Thee measurements in the individual channels can be combined into a single mea
surementt of the cross section. The method used, including the treatment of correlated 
systematica,, is explained in [124]. The combination gives a cross section measurement 
of f 

aa tl = 8.1 ^io(stat) I IS (syst)  0.8(lumi) pb . (8.15) 

Thee probability for the observations to be compatible with background processes only 
iss one in one hundred thousand, corresponding to 4.4 standard deviations. This is very 
closee to a rediscovery of the top quark in Run II. 
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Thee combined result, together with D0 Run I measurement of the tt cross section 
andd the theoretical prediction, is shown in Figure 8.10 as a function of center of mass 
energy. . 

— — 
ft ft 

ww -

5 5 

17501750 1800 1850 1900 1950 2000 2000 
VSVS [GeV] 

Figuree 8.10: D0 measurements of the tt cross section at Run I and Run II together with 
thethe theoretical prediction. The uncertainty on the theoretical prediction is dominated 
byby the uncertainty on the measurement of the top mass. 

8.111 Conclusion and outlook 

AA measurement of the top pair cross section in the e+jets channel at the new Tevatron 
centerr of mass energy of 1.96 TeV was presented. Combining the e+jets channel with 
measurementss in other tt decay channels, the process was observed at the 4.4a level. 
Thee measured cross section is consistent with Standard Model predictions. 

Inn Chapter 1 it was explained why studying the properties of the top quark is 
important.. It should be noted that any measurement on top quarks has to start with 
thee selection of a sample that is enriched with top quark events, and the estimation of 
backgroundss therein. The experimental methods described in this thesis can thus be 
importantt building blocks for other top quark analyses. 
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Thiss includes single-top studies, as leptonic single-top events have similar event 
signaturess (lepton. /vr, two or three jets) and backgrounds (W+jets, QCD). The 
observationn of single-top production at the oa level will require about 400 pb_1 of 
integratedd luminosity. This amount of data is expected to be available to the CDF and 
D00 experiments by the end of 2004, and the discovery of the single-top production 
processs should soon follow. With even more integrated luminosity available (the current 
plann is for the Tevatron to deliver 4 ft)'1 to each of the experiments before 2009). 
precisionn studies of all the top quark properties will get underway. 


