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Chapterr  6 

NC022 (ZZ) cross section measurement 

Inn 1997 LEP reached a centre-of-mass energy of 183 GeV, allowing for the first time on-shell 
ZZ bosons to be pair produced. In this chapter the measurement of the ZZ production cross section 
(throughh NC02 diagrams, see figure 2.8) is presented in case both Z bosons decay hadronically. 

Measuringg this small (~ 0.5 pb) and well predicted cross section at all centre-of-mass energies 
iss interesting for various reasons. It allows to test the SM prediction, and, since both the cross 
sectionn and the angular distribution of the produced Z bosons are sensitive to contributions from 
physicss beyond the SM it also allows to set direct limits on parameters like for example anomalous 
neutrall  trilinear gauge couplings. Another important reason however to obtain a good estimation 
off  the cross section is that ZZ events provide an environment that is both in terms of experimental 
signature11 and in cross section similar to a possible Higgs signal. All the ingredients in the Higgs 
searchh (b-tagging, heavy boson mass reconstruction and topological variables) also play an im-
portantt role in this analysis. By performing the measurement of the ZZ cross section the existing 
Higgss analyses can be tested for sensitivity to such a signature and important systematic effects 
involvedd in examining final states with these specific characteristics will show up in this channel 
ass well. 

Inn section 6.1 the ZZ signal is defined on the level of matrix elements and the characteristic (ex-
perimental)) properties of its 4-quark final state are discussed in section 6.2. In section 6.3 all the 
informationn from the measured event is combined and the distribution of the ZZ-probability is 
shown.. The performance and separation power together with the procedure used to extract the 
ZZZ cross section from this distribution are described in section 6.4. An evaluation of the main 
systematicc effects contributing to the uncertainty on the extracted ZZ cross section (using the full 
LEP22 data set) is described in section 6.4.5. Finally the measured ZZ cross sections are translated 
intoo pure NC02 cross sections and compared to the SM expectation in section 6.5. 

AA dedicated ZZ —>bbqq measurement is performed in section 6.6 to illustrate the flexibility  of the 
event-by-eventt probability computations and because this particular final state is almost identical 
too a possible Higgs signal (a heavy object decaying into a bb pair recoiling against a Z boson). 
Thee chapter ends with an indication of possible improvements in the analysis and a conclusion. 

11 At LEP the Higgs boson is almost always pair-produced together with a Z boson. 
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6.11 ZZ signal definition 

Inn the SM the possible 4-quark final states originating from pure NC02 diagrams also receive 
contributionss from other diagrams (non-NC02 diagrams and interferences). To measure the cross 
sectionn for on-shell Z boson pair production it is necessary to define an unambiguous experimen-
tallyy accessible NC02-like (ZZ) signal for generated 4-fermion final states (EXCALIBUR). Once 
thiss ZZ cross section is experimentally extracted it can be extrapolated to a pure NC02 cross sec-
tionn (see the right plot of figure 6.1) using the relationship between the predicted ZZ and NC02 
(YFSZZZ calculations [40]) cross sections. In the analysis ZZ (W+W~) events are defined using 
forr each generated event both the full matrix element (all diagrams) and that calculated using only 
thee NC02 (CC03) diagrams: 

n n NC02 2 
\M \M NC022 | 

II  A *  fuii I n, n, CC03 3 
\M \M CC03| | 

\M \M 
(6.1) ) 

ful ll  I 

ZZZ = Km02 > 0.5 W+W-- = ftccos > 0.5 (6.2) ) 

Thee distribution of 7£NCO2 for generated 4-fermion events with 4 quarks in the final state at a 
centre-of-masss energy of 200 GeV is shown in the left plot of figure 6.1. 
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Figuree 6.1: The left plot shows the distribution of RNCO2 for generated (EXCALIBUR) 4 quarks 
finalfinal states at a centre-of-mass energy of 200 GeV. The right plot shows the ratio of CTNCCÖ and 
czz--

Eventss are now classified as either ZZ, W+W~ or, if none of the two conditions in equation 6.2 is 
satisfied,, as Z/7*2. The pre-selection efficiencies for hadronic ZZ events are evaluated in section 
4.55 for different centre-of-mass energies and are close to 90%. 

22 Due to the interference between (sets of) diagrams, a small fraction of the 4-fermion events (~ 5  10 ) is 
simultaneouslyy ZZ and W+W" according to the definition presented in equation 6.2. In this analysis these events 
aree defined to be ZZ. 
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6.22 Characteristics of the ZZ final state 

Thee ZZ fully hadronic final state has some characteristics that are quite distinct. To show their 
potentiall  in separating the ZZ signal from the W+W~ and qq(7) background the two most im-
portantt ones are discussed: a pair of b-quarks present in the final state and one of the jet-pairings 
hass two reconstructed di-jet masses close to Mz-

B-tagg configurations 

Thee decay of the Z boson has been studied extensively using the millions of Z bosons collected 
att LEP1. This resulted not only in a precise measurement of the hadronic decay ratio, but also of 
thee relative branching fraction of the Z boson into quark-pairs of various flavours. In short: about 
halff  (48.9%) of the ZZ decays is predicted to result in 4 quarks in the final state and in 38.7% of 
thosee fully hadronic events there are at least 2 b-quarks in the final state (see table 5.1). 

Inn section 5.1 it was shown that the b-tag information is quite powerful in identifying a jet from 
b-quarkk fragmentation. As an illustration of the separation power of the b-tag information the 
distributionn of the combined b-tag per event (defined as the sum of the combined b-tag per jet of 
thee two most b-tagged jets in the event) is shown in figure 6.2 for the two main backgrounds and 
twoo ZZ final states: with and without b-quarks. There is clear separation between events with and 
withoutt a pair of b-quarks and in the distribution for qq(7) events the contribution from b-quark 
pairr production (~ 16%, see section 5.1.1) can be clearly identified. The agreement between the 
dataa and predictions in the full 183-207 GeV data set is shown in the right plot of figure 6.2. 

Figuree 6.2: The left plot shows the (normalised) distribution of the combined b-tag per event (sum 
ofof the combined b-tag per jet of the two most b-tagged jets in the event) for various event types. 
TheThe right plot shows the comparison between data and Monte Carlo using the full 183-207 GeV 
datadata set. 
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Masss distributions 

Thee distribution of the masses of the two Z bosons in a ZZ event is given by equation (5.4), with 
Mz=91.22 GeV/c2 and Tz=2.49 GeV/c2. The method to assign a compatibility with a ZZ hypoth-
esiss for each jet-pairing has been described in section 5.2 and the separation power in identifying 
ZZZ events using only the mass information is shown in figure 5.7. As another illustration of the 
separationn power from the mass information alone, the procedure used by most analyses at LEP to 
extractt mass information from processes where two heavy bosons are pair-produced is discussed: 
aa 5C(a)-fit to define the so-called equal mass in the event. 

5C(a)-fit::  Like a 4C-fit and in addition for a given pairing both di-jet masses are equal. 
Inn addition to requiring energy and momentum conservation (4C-fit) on the reconstructed event, 
ann additional constraint is imposed that for a given pairing both di-jet masses are equal: 

"jets s 

Y^Y  ̂ ^(fitted) f =  ̂ Qj Qj  ̂ & for t h i s p a i r m g M ^ = M j w ( 6 3 ) 

« = 1 1 

Whyy a 5C(a)-fit: To find the equal mass (pairing) in the event 
Thee pairing in the event with the best x2, once fitted with constraints given by equation (6.3) is 
definedd as the equal mass pairing. Once this pairing is chosen, the equal mass is defined as the 
di-jett mass in that pairing after the fit. The equal mass distribution for ZZ events and the two 
physicss background processes at a centre-of-mass energy of 200 GeV can be seen in figure 6.3. 
Forr ZZ events a Breit-Wigner fit  indicates the peak position and width of the distribution. 
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Figuree 6.3: The number of expected events for various event types as a function of the equal mass 
atat a centre-of-mass energy of 200 GeV. The left plot shows the distribution for ZZ events and the 
rightright plot for W+ W and qq{-)) events. 

Figuree 6.3 shows a few important features. The fact that the equal mass can not exceed \\fsis 
clearr from energy conservation, but to understand the rising distribution of the qq(7) background 

file:////fsis
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requiress re-investigating figure 5.5. The error contours on the reconstructed masses of the three 
pairingss in that event illustrate the feature that when the sum of both di-jet masses in a given 
jet-pairingg gets close to the kinematic limit the error on the sum of the masses gets much smaller 
thann the error on the difference of the masses. This results in a bias towards pairings with large 
(mi+m2)) when selecting the equal mass pairing. Combined with the available phase-space this 
translatess into a rising distribution for the equal mass distribution from a 'flat' {mi,m2) spectrum. 

Thee distribution for W+W" events has in addition a large tail towards higher masses3. This is due 
too the fact that the ISR is neglected in the constrained fit, resulting in an overestimation of the jet 
energiess as explained in section 4.3.3. A fit  to the central part of the distribution yields slightly 
higherr values than the pole mass as is shown in the left plot of figure 6.3 for ZZ events (Z boson 
masss is 91.2 GeV/c2). Even though the W and the Z mass are more than 10 GeV/c2 apart there is 
aa significant fraction of W+W" events with an equal mass close to Mz-

6.33 ZZ-probabilit y distribution s 

Too obtain optimal sensitivity for the ZZ signal the information extracted from the measured event 
iss compared with the SM expectation following the procedure described in section 5.4 and an 
event-by-eventt ZZ compatibility ("Pzz) is computed. Relative probabilities are obtained by nor-
malisingg the compatibilities to the sum of the three SM hypotheses. In the remainder of this 
sectionn the ZZ-probability is therefore defined as: 

'Pzz'Pzz + PwW + "PQCD 

Thee normalised distributions of ln(Pzz) for ZZ events and the combined background for the 
W+W~~ and qq(7) processes at a centre-of-mass energy of 200 GeV are shown in figure 6.4. 

Thee double peak structure in the ZZ-probability distribution for ZZ events reflects the two dis-
tinctt final states (with and without a b-quarks pair). From the last two sections it is clear that 
thee separation strength of various variables is different and this is reflected in the structure of the 
distribution.. The real separation power is obtained when both the signal and backgrounds are 
scaledd to equal luminosity (the expected number of background events is about 20 times larger 
thann the number of ZZ events). In the left plot of figure 6.5, the number of expected events at 
aa centre-of-masss energy of 200 GeV is shown as a function of Pzz for all SM processes separately. 

Too indicate the contribution of the ZZ events, the ZZ purity (per bin) is calculated as a function of 
Pzzz and shown in the right plot of the figure. As can be seen, the calculated probability is almost 
aa real purity, a property that is shared by all centre-of-mass energies. The advantage of this is 
clearr when combining different centre-of-mass energies since distributions can be simply added 
withoutt loosing sensitivity. It is this property that is used in section 6.4 to add the distributions 
fromm the 183-207 GeV data set to create a 'LEP2' ZZ-probability distribution. This allows to 
obtainn good control of both the data/Monte Carlo agreement and a statistically more significant 
understandingg and estimation of the systematic uncertainties. 

Forr ZZ events as well when they are produced well above threshold. 
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Figuree 6.4: Normalised distributions of the logarithm of the ZZ-probability for ZZ events and for 
thethe combined W+ W~ and qq{~i) background at a centre-of-mass energy of 200 GeV. 
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Figuree 6.5: The distribution of the ZZ-probability at a centre-of-mass energy of 200 GeV. The 
datadata are represented by the points and SM expectations by the solid histograms. In the right plot 
thethe ZZ purity (per bin) is calculated as a function of the computed ZZ-probability. 
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Thee agreement between data and expectation over the full range of ZZ probabilities is indicated 
byy plotting the number of events (data and that expected from the SM) at increasingly stringent 
levelss of purity (for ZZ events with a 4-quark final state). This plot, as shown in figure 6.6, 
allowss in addition to study the background composition at any given efficiency (purity). Note that 
neighbouringg bins are fully correlated. 

00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
efficiencyy (ZZ-> 4 quarks) 

Figuree 6.6: Number of expected events left for various processes as a function of the efficiency 
forfor ZZ-events with a 4-quark final state at a centre-of-mass energy of 200 GeV. The number of 
eventsevents observed in the data is represented by the points. 

6.44 Extraction of the ZZ cross section 

Thee ZZ cross section is extracted by means of a binned maximum likelihood fit to the ZZ-
probabilityy distribution, thereby exploiting the differences in the shape of the distribution for 
signall  and background. In the fit  only the contribution from ZZ events is varied. 

First,, the effect of the dominant systematic uncertainty on the extracted cross section (the un-
certaintyy on the background qq(7) cross section) is evaluated to define the optimal region of the 
ZZ-probabilityy distribution to be used in the fit. Then, the method used to extract the ZZ cross 
sectionn is defined and the results are given for all centre-of-mass energies. After an evaluation 
off  the dominant systematic errors the ZZ cross sections are finally (section 6.5) translated into a 
puree NC02 cross section and compared to the SM prediction. 
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6.4.11 Selecting the fit-region 

Thee distribution of the purity (per bin) of ZZ events as a function of the computed ZZ-probability 
(figuree 6.5) is identical for all centre-of-mass energies. This property allows to add the histograms 
off  different energies (adding bins of equal purity) and construct a 'LEP2' ZZ-probability distri-
butionn as shown in figure 6.7. The increase in statistics will allow a more precise determination 
off  the optimal region to be used for the ZZ cross section fit. 
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Syst .. uncertaint y 

qcdd +10% 
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Figuree 6.7: The left plot shows the distribution of the combined ZZ-probability distribution for 
thethe full 183-207 GeV data set. The data are represented by the points and SM expectations by 
thethe solid histograms. The right plot shows the distribution of the two main relative uncertainties 
onon the extracted ZZ cross section as a function of a cut on the ZZ-probability: the statistical 
uncertaintyuncertainty and the effect from the uncertainty on the background estimation. 

Thee statistical error is minimal when using the full distribution and increases when a more pure 
samplee is used. This is expected and illustrated by the dashed line in the right plot of figure 6.7. 
Thee dominant systematic error on the extracted ZZ cross section is the uncertainty on the back-
groundd estimation and this has a reverse behaviour: the effect on the extracted ZZ cross section 
iss maximal when the full distribution is used (using also the large region where the background 
dominates)) and decreases when going towards a more pure sample. The optimal region of the 
ZZ-probabilityy distribution to use for the cross section fit  is the one in which the quadratic sum of 
thee statistical and systematic error is minimal. From figure 6.7 it is clear that the optimal region 
iss the one above Pzz = 0.25 since at that point the value of the combined uncertainty is minimal. 

6.4.22 Performance 

Thee number of expected ZZ events after a cut on Pzz at 0.25 and the efficiency for hadronic 
ZZZ events is shown in table 6.1. For most centre-of-mass energies this cut corresponds roughly to 
ann efficiency just above 40% for the ZZ signal. As can be seen in figure 6.6 (for a centre-of-mass 
energyy of 200 GeV), the contribution of the expected W+W~ and qq(7) events to the combined 
backgroundd is almost similar at that efficiency and are also comparable to the ZZ expectation. 
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V~s V~s 

1833 GeV 
1899 GeV 
1922 GeV 
1966 GeV 
2000 GeV 
2022 GeV 
2055 GeV 
2077 GeV 

total l 

e(ZZ) ) 
(44 quarks) 

13.7 7 
28.3 3 
36.3 3 
41.1 1 
41.7 7 
45.2 2 
43.2 2 
44.7 7 
40.1 1 

ZZ Z 
(44 quarks) 

0.95 5 
13.98 8 
3.53 3 

13.78 8 
16.73 3 
9.02 2 

17.07 7 
33.40 0 

108.46 6 

SMM (all) 

2.14 4 
35.51 1 
9.98 8 

38.66 6 
48.53 3 
25.76 6 
50.30 0 
95.65 5 

306.53 3 

observed d 

2 2 
36 6 
14 4 
55 5 
43 3 
28 8 
53 3 
85 5 

316 6 

Tablee 6.1: The expected number ofZZ events and the full expectation from the SM above Pzz = 
0.250.25 at various centre-of-mass energies. As an indication of the performance also the efficiency 
(in(in %) for fully hadronic ZZ events is given. The number of expected events is compared to the 
numbernumber of events observed in the data. 

Ass mentioned before, the double peak structure for ZZ events in figure 6.4 is caused by the two 
classess of ZZ fully hadronic final states: with a pair of b-quarks (the right most signal like peak, 
duee to their more unique signature) and without a pair of b-quarks. Using a region above Pzz 
== 0.25, a large fraction of the ZZ events in the fit  contain a pair of b-quarks. Their fraction is 
somewheree between 55 and 60% implying that there is also a non-negligible contribution from 
ZZ(lightt quarks) via the mass information. 

Ass an illustration of the obtained sensitivity and the data/Monte Carlo agreement for a very pure 
samplee of ZZ events, the distribution of the reconstructed equal mass is shown in figure 6.8 for 
eventss with Pzz > 0.50. At this level the purity of the signal is 64% to be compared with a purity 
off  35% for the sample selected with Pzz > 0.25. 
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Figuree 6.8: Reconstructed equal mass distribution forZZ-like events (Pzz > 0.50). 
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6.4.33 Extraction of the ZZ cross section: the rules 

Inn this section a quick overview is given of the procedure to obtain information on the ZZ cross 
sectionn using the ZZ-probability distribution. As an illustration of the definitions, the results for 
thee measurement at a centre-of-mass energy of 200 GeV are also given. 

Constructingg the likelihood function 

Whenn small numbers of events are expected (as is the case in the fit  of the ZZ-probability distribu-
tion)) the probability to observe n events when A are expected is given by the Poisson distribution: 

Ann e_A 

P(n|A)) = — j - (6.5) 

Inn each bin of the distribution the probability that (rij) events were observed while A; were ex-
pectedd can now be computed. Since the background cross sections from W+W~ and qq(7) are 
fixed,fixed, the expected number of events is directly related to the ZZ cross section. In the rest of the 
sectionn the number of ZZ events is varied and the cross section in the fit  relative to the expected 
crosss section from the SM is defined as £zz: 

„i nn fit  /  „SM  rfi  f-\ 
O-VLO-VL = CzZ • Czz ( 6 . 6 ) 

Forr the full measurement M, given by the expected distribution of Pzz and the distribution of 
thee observed events in the data, the total likelihood C is defined as the product of the individual 
likelihoodss per bin: 

A(nilC-)) = , and C{M\U = U, Ct (6.7) 
rij ! ! 

Inn the expression for the full likelihood the product runs only over the bins of the distribution 
selectedd for the fit. By varying £zz, a likelihood curve can be constructed that describes the 
relativee likelihoods of this measurement for different values of £zz. As an example, the likelihood 
curvee (relative to the maximum likelihood: —A In C(M\(,zzj) corresponding to the measurement 
att a centre-of-mass energy of 200 GeV is given in the left plot of figure 6.9. The likelihood 
distributionss for all centre-of mass energies are given in appendix A.l. 

Extractin gg information on £zz 

Thee likelihood curve provides only information on the likelihood of this measurement given a 
certainn value of £zz- This is not what is needed, since it does not say anything about £zz itself. To 
determinee the ZZ cross section the exact opposite is needed: "Given the measurement M., what 
inferencee can be made on the value of C,zz ?". This question can be answered by constructing the 
probabilityy density function for Qz using Bayes' Theorem [72]: 

P(Czz|M)) = a0P(M|Czz)-P(Czz) (6.8) 

Inn this expression P(M \C,ZZ) is the likelihood function from equation (6.7), a0 is a normalisation 
constantt with a^1 explicitly given by J0

+o° P(.M|Czz)P(Czz) d(zz and P(Czz) is the a priori  distri
butionn of the possible values of Czz and is called the Bayesian prior function. Since the NC02 
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crosss section is a quantity that is positive definite, the (normalised) prior function is chosen as: 

P(CC ) = I °- Czz < °' (6-9) 
^^ WS>max u - — Szz ^ Smax 

Iff Cmax is chosen to be large it will not introduce a bias in the determination of the extracted 
valuess for £»• In this definition the (normalised) likelihood function can be directly interpreted 
ass a probability density function for Czz- Since there is no unique procedure to summarise the 
measurementt (given by the likelihood function) in a central value and a confidence interval the 
recommendationss of the workshop on confidence levels [73] should be followed: 

"An"An experiment should provide for each measurement the full likelihood function and a detailed 
descriptiondescription of the procedure used to extract the central value and the confidence intervals" 

Inn this thesis the 'rules' are defined as follows: 

•• Central value: The median value of Czz ( O defines the central value. 

•• Upper  and lower  value for  the CL interval: The lower(upper) value of the CL interval is 
determinedd by the value of Czz for which 15.87% of the integrated probability distribution 
iss contained below(above) this value. 

•• Upper  limit : If less than 31.74% of the probability density function is located below the 
valuee of Czz for which the probability density function is maximal (CZT*) a° "PP61" ^mit 

iss given. The upper limit is defined as the value of Czz for which 5% of the integrated 
probabilityy distribution is contained above this value (95% CL). 

Usingg these definitions the median value for Czz extracted from the measurement is always above 
C™**.. This can be understood from an interesting general feature of a Poisson distribution given 
aa number of observed events n: 

Mostt likely value of A: Amax = n 
Expectationn value of A: < A > = n + l 

Inn the next section the results from the cross section measurements at the different centre-of-mass 
energiess are given. 
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Figuree 6.9: The left plot shows the (delta)-likelihood distribution of the measurement as a function 
ofof the ZZ cross section in the fit at a centre-of-mass energy of 200 GeV. The right plot shows the 
correspondingcorresponding probability density function of £zz. The dotted line indicates the value of(zz for 
whichwhich the likelihood was maximum and the solid line indicates the median value (Q%)- The two 
whitewhite areas under the distribution each represent 15.87% of the full integral. 

6.4.44 Results from the fit 

Thee (delta) likelihood distributions as a function of Qz are shown, together with the corresponding 
probabilityy density functions for (zz in appendix A.l for each centre-of-mass energy. In table 6.2 
thee fitted values for £zz obtained at all centre-of-mass energies in the full 183-207 GeV data set 
aree presented. The measurement at 183 GeV allows only an upper limit to be given. 

V~s V~s 
1833 GeV 
1899 GeV 
1922 GeV 
1966 GeV 
2000 GeV 
2022 GeV 
2055 GeV 
2077 GeV 

<5.29 9 
1.06 6 
1.75 5 
1.74 4 
0.81 1 
1.15 5 
1.26 6 
1.03 3 

<L L 

0.34 4 
0.88 8 
0.48 8 
0.30 0 
0.48 8 
0.35 5 
0.22 2 

5+ 5+ 

0.41 1 
1.10 0 
0.54 4 
0.35 5 
0.56 6 
0.40 0 
0.25 5 

Tablee 6.2: Results from the ZZ(4 quarks) cross section fit at all centre-of-mass energies in the 
183-207183-207 GeV data set. The confidence interval is given by: QJ — 6- < £zz < £™ + S+. 
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6.4.55 Systematic uncertainties 

Fromm table 6.2 it is clear that the statistical errors on the extracted ZZ cross sections at each centre-
of-masss energy are large. The limited number of 4-jet events at LEP2 does not allow a precise 
determinationn of the systematic errors associated to this measurement. But since the systematic 
effectss are not (strongly) energy dependent some of the systematic errors can be evaluated to a 
muchh better precision by using the combined statistics from the full 183-207 GeV data set. 

•• background cross sections 
Thee uncertainty on the qq(7) 4-jet cross section is conservatively taken to be in the order of 
10%.. The effect of the uncertainty on the qq(7) background cross section on the extracted 
valuee of the ZZ cross section has been evaluated in section 6.4.1. Varying the qq(7) cross 
sectionn in the fit with  10% results in a variation of the ZZ(NC02) cross section of =F 4.6% 
(ass can be seen in the right plot of figure 6.7 at PZz=0-25). A similar exercise varying the 
moree precisely known W+W~ cross section within  2% has an effect of =f 0.9%. The 
combinedd uncertainty on the extracted ZZ(NC02) cross section is therefore 4.7% 

•• gluon splitting 
Thee effect of the uncertainty on the gluon splitting rate into bb, as explained in section 
5.1.1,, on the determination of the ZZ cross section is mainly caused by the increase in the 
bbb component of the qq(7) cross section. A 4.6% effect is observed when the ZZ cross 
sectionn is extracted without the improved gluon splitting. Since the uncertainty on the 
correctionn to the splitting rate is estimated to be about half as large as the effect itself [70], 
thee uncertainty on the extracted ZZ cross section is estimated to be 0.5-4.6%= 2.3%. 

•• conversion factor 
Duee to the uncertainty on the theoretical prediction from YFSZZ (  1%) and the limited 
4-fermionn Monte Carlo statistics the conversion factor to translate the ZZ cross section 
intoo a pure NC02 cross section has an uncertainty in the order of 2% (depending on the 
centre-of-masss energy). 

•• b-tag likelihood ratios 
Thee parametrisation of the separation between b-jets and non-b jets as defined in section 
5.1.22 is varied within the uncertainties associated to the b-tag per jet. The b/non-b likelihood 
ratioo is modified such that for b-like jets (initial likelihood ratio > 1 ) the likelihood ratio 
iss lowered by 7.5%. The likelihood ratio for non-b like jets on the other hand is enhanced. 
Thee effect on the extracted ZZ-cross section is found to be small and in the order of 1-2%. 

AA conservative estimate of the total systematic uncertainty is given by the quadratic sum of the 
individuall contributions and amounts to 6%. 
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6.55 NC02 cross section results 

Thee measured ZZ cross sections can be translated into a pure NC02 cross section using the con
versionn factors as shown in the right plot of figure 6.1. The corrections are of the order of a few % 
(withh a typical uncertainty of around 2%). The quoted uncertainties on the NC02 cross sections 
aree first statistical and then systematic. In a graphical representation (figure 6.10) the measured 
fullyy hadronic NC02 cross sections are compared to the SM expectation. 

ONCO2(1833 GeV) < 0.71 pb (95% CL) 

tftfNNco2Ü89co2Ü89 GeV) = 0.35 f  0.02 pb 

crNC02(1922 GeV) = 0.69 lg;g  0.04 pb 

ONCO2(1966 GeV) = 0.78 t°0f2  0.05 pb 

<7Nco2(2000 GeV) = 0.39 ^  0.02 pb 

CTCTNCNC02(20202(202 GeV) = 0.57 t°nf4  0.03 pb 

CTCTNNcoco22(205(205 GeV) = 0.62 t°0™  0.04 pb 

<TNCO2(2077 GeV) = 0.54 t°H  0.03 pb 
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Figuree 6.10: Measured NC02 (4 quarks) cross section as a function ofy/s. 
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6.66 ZZ(bbqq) cross section measurement 

Forr events in which one of the Z bosons decays into a bb quark-pair, the final state is almost 
identicall to that of a Higgs signal: a heavy object decaying into a bb pair recoiling against a 
ZZ boson. The probability computation for this process will be performed following the procedure 
definedd in section 5.4. The event topology and mass information is identical to that of the full 
ZZZ process; the only difference being the possible final state b-tag configurations and the cross 
sectionn (38.7% of the fully hadronic ZZ cross section). Investigating this process requires more 
emphasiss on the b-content of the event where the use of the b-tag likelihood ratios (section 5.1) 
incorporatess the knowledge on the fraction of light-quark jets that are reconstructed with a high 
valuee of the combined b-tag probability per jet. 

Thee double peak structure for ZZ events (with and without b-quarks in the final state), is also 
presentt in the ZZ(bbqq) probability distribution. In this case the peaks are further separated as 
cann be seen in figure 6.11: the normalised distributions of ln(Pzz(bbqq)) for ZZ(bbqq) events, 
forr the background from ZZ(light quarks) and the combined background for the W+W" and 
qq(7)) processes at a centre-of-mass energy of 200 GeV. 
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Figuree 6.11: Normalised distributions of the logarithm of the ZZ-probability for ZZQJbqq) events, 
ZZ(lightZZ(light quarks) and combined background separately at a centre-of-mass energy of 200 GeV. 

Thee distribution of the ZZ(bbqq)-probability for each of the centre-of-mass energies has the prop
ertyy that in each bin of Pzz(bbqq), the probability is equal to the fraction of ZZ(bbqq) in that bin. 
Thee agreement between data and expectation is shown in the left plot of figure 6.12 where the 
probabilityy distributions from all energies in the 183-207 GeV data set have been combined (as 
wass done for the full ZZ cross section). A good agreement between the observed and expected 
numberr of events is observed as is the case in the cumulative distribution (right plot of figure 
6.12).. In that plot the numbers of events (data and expected from the SM) at decreasing efficien
ciess for ZZ(bbqq) are shown, allowing in addition the evalution of the background composition 

Vss = 200 GeV | 

mm WW + QCD 

CZ33 ZZ(qqqq) 
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att any given efficiency (purity). In both plots the ZZ(bbqq) signal is not given separately, but 
onlyy the full ZZ expectation is given. In the right plot the efficiencies are explicitly correct for 
thee ZZ(bbqq) signal only. As expected, the most important background is qq(7) (with b-quarks) 
whilee the W+W" background is quickly eliminated. 

00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Probabilit yy  (ZZ- - bbqq ) 

00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

efficienc yy (ZZ . bbqq ) 

Figuree 6.12: The left plot shows the distribution of the ZZ(bbqq) probability for the full 183-207 
GeVGeV data set. The data are represented by the points and SM expectations by the solid histograms. 
TheThe right plot shows the number of expected events left (data and SM expectation) as a function 
ofof the efficiency for selecting ZZfbbqq) events. 

6.6.11 Performance and fit results 

Too extract the ZZ(bbqq) cross section, a procedure is used that is similar to the one used for 
thee full ZZ cross section. In the fit the region above Pzz(bbqq) = 0.20 is used. The number of 
ZZ(bbqq)) events and the total number of expected events from the SM at that point are given in 
tablee 6.3, where they are compared to the number of observed events. The region Pzz (bbqq) 
>> 0.20 corresponds to an efficiency of almost 60% (for ZZ(bbqq)) and the fraction of ZZ(bbqq) 
comparedd to the total number of ZZ events is well above 90%. The (delta) likelihood distributions 
ass a function of (zz

 4 are shown, together with the corresponding probability density functions for 
£zzz in appendix A.2 for each centre-of-mass energy. As a summary, the expectation values for (zz 

obtainedd at all centre-of-mass energies in the full 183-207 GeV data set are presented in table 6.4. 

Thesee results are transformed into a pure NC02 cross section using for each centre-of-mass energy 
thee conversion factors from figure 6.1. The extracted cross sections are compared to the SM 
expectationn in figure 6.13, where a good agreement between the SM prediction and measurement 
iss observed. Note that the measurements of the cross section for the full ZZ and ZZ(bbqq) are 
stronglyy correlated. 

'' Meaning: Cbbqq> s m c e t n e contribution from ZZ(bbqq) events is varied. 
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V~s V~s 

1833 GeV 
1899 GeV 
1922 GeV 
1966 GeV 
2000 GeV 
2022 GeV 
2055 GeV 
2077 GeV 

total l 

e(ZZ) ) 
(bbqq) ) 

37.0 0 
51.3 3 
59.4 4 
56.7 7 
58.0 0 
59.4 4 
59.0 0 
60.0 0 
57.7 7 

ZZ Z 
(bbqq) ) 
0.96 6 
9.81 1 
2.28 8 
7.40 0 
9.20 0 
4.58 8 
8.66 6 
17.50 0 
60.39 9 

SMM (all) 

2.55 5 
22.24 4 
5.43 3 

16.95 5 
20.80 0 
10.65 5 
20.46 6 
38.89 9 

137.98 8 

observed d 

2 2 
24 4 
6 6 

18 8 
26 6 

8 8 
17 7 
37 7 

138 8 

Tablee 6.3: The expected number of events above Pzz (bbqq) = 0.20 at all centre-of-mass energies. 
TheThe total number of expected events is compared to the observed number of events in the data. 

Fitt results 

v ^ ^ 
1833 GeV 
1899 GeV 
1922 GeV 
1966 GeV 
2000 GeV 
2022 GeV 
2055 GeV 
2077 GeV 

Szz z 

<4.83 3 
1.18 8 

<3.12 2 
0.92 2 
1.26 6 
0.86 6 
1.14 4 
1.18 8 

<L L 

0.39 9 

0.41 1 
0.43 3 
0.44 4 
0.38 8 
0.28 8 

6+ 6+ 

0.47 7 

0.53 3 
0.52 2 
0.59 9 
0.45 5 
0.32 2 

Tablee 6.4: Results from the ZZ(bbqq) 
crosscross section fit at all centre-of-mass en-
ergiesergies in the 183-207 GeV data set 

1755 180 185 190 195 200 205 

 (GeV) 

Figuree 6.13: Measured NC02(bbqq) cross section 
asas a function of </s. 

Lookingg at the errors associated with these measurements one can argue that with these large 
statisticall errors a possible SM Higgs signal (which has a similar cross section and efficiency) 
cann never be clearly identified. One should realise that in 'measuring' the Higgs cross section 
thee full luminosity (all centre-of-mass energies) is used. As an example, one can interpret the 
ZZ(bbqq)) measurements as the 'search' for on-shell Z boson pair production where one Z boson 
alwayss decays into a bb-pair. Using the data in the full 183-207 GeV data set a 'discovery' can 
bee claimed: 

measuredd fuu^ 
7NC02 2 (bbqq)/a^022 (bbqq) = 1.05 ^^ ( s t a t ) (6.10) ) 
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6.77 Possible further  improvements 

Thee method of computing event-by-event probabilities allows additional information extracted 
fromm the event (in the form of likelihood ratios) to be easily included in the ZZ-probability com
putation.. The main improvements that can be made to enhance the sensitivity of the analysis to 
thee ZZ signal are the following: 

•• Improved rejection of qq(7) events: 
Thee pre-selection efficiency for qq(7) events is at the level of 2%, but due to its bb com
ponentt this is the dominant background for both the ZZ and ZZ(bbqq) cross section mea
surements.. An improved separation between 4-fermion and 2-fermion events could be 
achievedd by using a more sophisticated (topological) separating variable than Dpur (see 
equationn (4.12)), the variable used in this analysis. 

•• (Charged) angular  distribution s of the bosons: 
Anotherr improvement, at the level of jet-pairings, could be achieved by using the predicted 
angularr distribution (the NC02 diagrams have only t-channel exchange of an electron) of 
thee produced Z bosons in ZZ final states. The (differential) cross section results from this 
analysiss have been used [74,75] to put limits on neutral TGC's (through possible s-channel 
contributions),, but could be used directly in the ZZ-probability distribution as well. 

Ann improvement connected to this is the use of jet-charge information (a momentum-
weightedd sum of the charge of all particles in a jet) to obtain an estimate of the charge 
off the heavy object defined by the jet-pairing. This would allow pairings where the bosons 
havee both non-zero charge (like W+W~ events in which the difference in charge is 2) to be 
disfavouredd compared to a jet-pairing in which both are compatible with being neutral. 

•• B-(flavour) tagging: 
Usingg improved (flavour) b-tag information, jets originating from b-jet fragmentation can 
bee separated from b-quark fragmentation jets. This information can help in solving ambi
guitiess on the level of jet-pairings, especially in events with 4 b-quarks (~ 5% of the fully 
hadronicc ZZ cross section), since (bbbb) pairings can then be favoured over combinations 
thatt resemble situations not allowed in the SM: (bbbb). 

6.88 Combined results, summary and conclusion 

Thee results from the DELPHI experiment on the extracted NC02 cross sections (in case both 
ZZ bosons decay hadronically) have been presented. The cross section results are in good agree
mentt with the SM prediction as is shown in figure 6.10. 

Thee DELPHI combined results on the NC02 cross section as a function of the centre-of-mass 
energy,, using all ZZ decay modes can be found in the DELPHI reports on the NC02 cross section 
measurementss [76, 77, 78]. In the combination, the weight of the three most sensitive channels 
too the final precision are the following: qqqq(~43%), qqW(~35%) and qq7+/~(~22%). The 
weightt of the last two channels is enhanced (compared to their fraction of the full NC02 cross 
section)) as expected, since qqz/z/ is 28% of the cross section, but has no pairing ambiguity and 
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qqlqql++ ll  is only 9% of the full cross section (1= [i  or e), but there is no pairing ambiguity and in 
additionn there is no significant background. 

Alsoo the results from the 4 LEP experiments are combined [79]. The combined measured NC02 
crosss sections for all centre-of-mass energies at LEP2 are shown in figure 6.14. A good agreement 
withh the SM prediction is observed. 
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Figuree 6.14: Measured LEP combined NC02 cross section as a function of^/s. 

Finally,, the results on the combined ZZ(bbqq) cross section measurement performed in this thesis 
showw that a Higgs boson, if the cross section is comparable to the ZZ(bbqq) cross section, will 
nott escape detection. 
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