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Chapterr  1 

Introductio n n 

Throughoutt history it has been a great adventure for mankind to unravel the many mysteries of 
nature.. By closely observing nature we try to find patterns or 'laws' that nature obeys. The models 
thatt have been constructed to represent nature often possess rather simple underlying principles 
orr symmetries that can nevertheless describe its very complex behaviour. Nature is studied at 
manyy different scales and levels of complexity and in this thesis we focus on the part that studies 
thee behaviour of the fundamental building blocks of matter and their interaction: particle physics. 

Inn the twentieth century, physicists have gathered an enormous amount of knowledge about the 
worldd of elementary particles by performing a wide variety of experiments. At this moment 
alll  observed particles and their interactions can be accommodated in a single model called 'the 
Standardd Model'. This model has been extremely successful in describing the results of all exper-
imentss (in some cases to below a per mill precision) over a wide range of energies. The success 
off  this model reveals a beautiful symmetry and ordering at the most fundamental level of nature. 
However,, in spite of its enormous success, there is a single essential piece of this model still miss-
ing:: a particle called 'the Higgs boson'. This particle is a necessary ingredient of the theory for 
variouss reasons. The first reason is that it explains how particles acquire a mass. Most important 
inn that respect is that it explains why the particles that mediate the weak force (one of the four fun-
damentall  forces in nature) are massive which in turn explains why this force only operates over 
smalll  distances. In addition it also gives rise to the masses of the fundamental building blocks of 
matter,, the quarks and leptons. The second reason that the Higgs boson is an essential part of the 
modell  is that without it the Standard Model is not renormalisable. This means that without this 
particle,, the computations performed using this model yield meaningless results and the model 
hass no predictive power. Including the Higgs boson in the theory solves these problems. Although 
theree are many indications that this particle indeed exists, it has not been observed directly until 
thiss day, despite numerous searches and experiments. This thesis describes a search for the Higgs 
bosonn leading to one of the most competitive lower limits on its mass established to date. 

Wee look for the Higgs boson in e+e~ collisions where it is produced together with another fun-
damentall  particle: the Z boson. The high energies needed to create these two particles simul-
taneouslyy can only be reached in large accelerators. In this thesis we study the collisions from 
electronss and positrons at the Large Electron Positron collider (LEP) of the European Laboratory 
off  Nuclear Research (CERN) near Geneva. 

1 1 



Introduction n 2 2 

Thee outline of this thesis is as follows. In Chapter 2 an introduction is given to the Standard 
Modell  of electroweak interactions and the characteristics of the Higgs boson are presented as 
aa function of its unknown mass. Chapter 3 describes briefly both the LEP accelerator, where 
bunchess of electrons and positrons are accelerated and collided and the DELPHI detector that 
recordss the particles that are produced in these collisions. We will focus on the class of events 
withh a multi-jet (4-quark) final state. The selection of these events from all e+e~ interactions 
togetherr with the tools that are used to analyse these events are explained in chapter 4. In chapter 
55 these tools are used to extract information about each of the observed events at different levels 
off  complexity. This chapter also presents the method that is used to combine this experimental 
informationn with what is expected for various processes. Also the characteristics of (and the main 
differencess between) the various event types that produce a 4-quark final state are discussed here. 
Thiss information is then used to construct a compatibility measure for the observed event to orig-
inatee from each of these different processes. In chapters 6, 7 and 8 this analysis method is then 
appliedd to three different measurements. Chapter 6 describes the measurement of Z boson pair 
productionn where both Z bosons decay into a quark anti-quark pair. This process is very similar to 
thatt of Higgs boson production and serves as a 'calibration' of the method. In chapter 7 the data 
collectedd by the DELPHI detector at the highest centre-of-mass energies are used to look for the 
possiblee presence of a Higgs boson. Finally, in chapter 8, a more model independent analysis is 
presentedd by placing an upper limit on the cross section of a hadronically decaying scalar particle 
thatt is pair produced together with a Z boson. 



Chapterr  2 

Theory y 

2.11 The Standard Model 
Thee present understanding of the fundamental structure of nature is contained in the Standard 
Modell  of electroweak and strong interactions1. The Standard Model (SM) was developed by 
Glashow,, Weinberg and Salam [1, 2, 3] and describes the interactions of the fundamental con-
stituentss of matter. In this section only a brief and general introduction of the SM is given, 
followedd by a more detailed report on the subject of electroweak symmetry breaking as it is the 
focuss of this thesis. For a more detailed introduction to the SM or gauge theories in general, the 
readerr is referred to references like [4] or [5]. 

Thee fundamental particles of matter are the quarks and leptons. They are spin-1/2 particles 
(fermions)) and are grouped into 'families' or 'generations'. The fundamental fermions in nature 
andd their quantum numbers within the SM are shown in table 2.1. With the direct observation of 
tauu neutrino interactions in the year 2000 [6], all matter particles have been discovered. 

Fermions s 

Leptons s 

Quarks s 

Generations s 

u ii  (?)4 m4 
eReR Mfl TR 

0.. C). 0. 
URUR CR ÏR 

d,Rd,R SR bR 

h h 
++ 1/2 
-1/2 2 

0 0 

++ 1/2 
-1/2 2 

0 0 
0 0 

Y Y 
-1 1 
-1 1 
-2 2 

+1/3 3 
+1/3 3 
+4/3 3 
-2/3 3 

Q Q 
0 0 
-l l 
-l l 

+2/3 3 
-1/3 3 
+2/3 3 
-1/3 3 

Tablee 2.1: The fermions of the Standard Model and some of their quantum numbers. In the SM 
thethe electric charge Qofa particle is related to the third component of the weak isospin (13) and 
thethe hypercharge Y by: Q=I$+\Y. 

Interactionss in the Standard Model are based upon the existence of local gauge symmetries in na-
ture.. Imposing these invariances gives rise to interactions between the fermions and predicts for 

11 Gravity, the fourth fundamental force, is not contained in the SM and extremely weak when compared to the 
otherr forces at our energy scales. It is therefore not discussed here. 

3 3 
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eachh of these interactions a (set of) gauge boson(s) that mediates the corresponding force between 
thee fermions. The underlying symmetry group of the SM is SU(3)C (&SU{2)L ® U(1)Y. The 
groupp SU(3)c is associated to the strong force and Quantum Chromo Dynamics (QCD) describes 
thee interaction between particles with colour charge (only quarks). The strong force is mediated 
byy eight gluons. However, as we are primarily interested in the (breaking of the) electroweak 
symmetryy in the SM, QCD is not discussed in any more detail here. The electroweak part of the 
Standardd Model (a unified theory of the electromagnetic and the weak interaction) is described 
byy the other symmetry group: SU(2)L <g> U(l)Y with the photon (7), the Z and the W bosons as 
correspondingg gauge bosons. In the next section this part of the Standard Model is discussed in 
aa bit more detail where we focus on the question how it is possible that the photon is massless 
whilee the other three gauge bosons are massive. 

Inn the SM quarks interact through the strong, weak and electromagnetic interactions and since 
leptonss do not carry a colour charge, they interact only through the electromagnetic and weak 
forcee (for charged leptons) or the weak interaction (neutrinos). An overview of the interactions 
inn the SM and their corresponding gauge bosons (spin-1 particles) are given in table 2.2. 

Interaction n 
electromagnetic c 

weak k 
weak k 
strong g 

Bosons s 

7 7 
w+w--

z z 
gluon n 

Masss (GeV/c2) 
0 0 

80.4 4 
91.2 2 

0 0 

Tablee 2.2: The interactions and corresponding gauge bosons in the Standard Model. 

Thee down type quarks (d, s and b) given in table 2.1 are the eigenstates of the quarks under the 
weakk interaction. They are not the same as the mass eigenstates of the quarks, that generate the 
hadronss that are observed in the detector. These two eigenstates are related ('quark mixing') via 
thee unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix as [7]: 

weak k 

0.975 5 
0.222 2 
0.009 9 

0.223 3 
0.974 4 
0.039 9 

0.004 4 
0.040 0 
0.999 9 

(2.1) ) 

Quantumm field theories based on local gauge invariance are attractive because of their mathe-
maticall  beauty, but also compelling because they are renormalisable theories. The fact that a 
non-Abeliann gauge theory with local gauge invariance was renormalisable, was shown in the be-
ginningg of the 70's by 't Hooft and Veltman [8, 9]. One drawback however is that these theories 
alloww only massless gauge bosons. As the hypothesised vector bosons connected to the weak 
forcee were experimentally shown to be massive, clearly the model had to be altered. One way for 
thee model to remain renormalisable and in addition allow for massive gauge bosons is to intro-
ducee an additional scalar field that breaks the underlying electroweak symmetry. This is called 
spontaneouss symmetry breaking. As will be shown in the next section, the additional scalar field 
wil ll  not only provide masses for the gauge bosons, it also predicts the presence of an additional 
scalarr particle: the Higgs boson. This thesis is devoted to the search for this particle that is the 
onlyy particle still missing in the Standard Model. 
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2.22 Electroweak symmetry breaking 
Thee presence of the massive gauge bosons indicates that the SU(2)L <g> C/(1)Y symmetry is bro-
ken2.. However, since the photon is massless, the U(1)Q symmetry should be respected, where Q 
iss the electromagnetic charge. 

Breakingg the electroweak symmetry can be realised either by explicit or spontaneous symme-
tryy breaking. Explicit symmetry breaking means adding mass terms in the Lagrangian by hand 
forr the W and Z vector bosons. These mass terms are of the form MQB^B  ̂ (where B is a 
field)) and they therefore break the electroweak symmetry. However, they also make the model 
non-renormalisable.. A more elegant mechanism that ensures renormalisability is so-called spon-
taneouss symmetry breaking. The main idea is that an additional scalar field and potential is 
introducedd in the theory in such a way that the Lagrangian still respects the SU(2)L (%)U(1)Y 

symmetry,, but the electroweak vacuum does not. This mechanism [10, 11, 12], known as the 
Higgss mechanism, is discussed in the next section. Finally, in section 2.2.2, the consequences 
off  this symmetry breaking are discussed: masses for the vector bosons and an additional scalar 
particle. . 

2.2.11 The Higgs mechanism 
Too break the electroweak symmetry of the vacuum, we first introduce a complex weak SU(2) 
isospinn scalar doublet $ with Y$=l from four real scalar fields 4>t as: 

**  "  U° ) ~ V2\4>3 + i4>4)
 (2'2) 

Thee gauge invariant Lagrangian corresponding to this field is constructed using the covariant 
derivativee that is connected to the requirement of local SU(2)L (g> U(l)y gauge symmetry as: 

/Wss = (D^)\D^)-Vm, (2.3) 

withh the covariant derivative D  ̂explicitly given by: 

D,D, = 3„ - \igf  W„ - Ug'YB  ̂ (2.4) 

Inn this expression g and g' are the couplings of the weak isospin and hypercharge group respec-
tivelyy and the Tj's are the generators of the SU(2) group (\ x the Pauli matrices). In the next 
sectionn the first term in the Lagrangian of (2.3) is evaluated. Here we focus on the scalar potential 
V($)V($) that is given by: 

V($)V($) = /i 2|$|2 + A|$|4, (2.5) 

withh A > 0. There are no higher-order self-interactions of the field $ (like for example |$|6), 
sincee that would make the theory non-renormalisable. There are now two possible shapes of the 
potentiall  depending on the sign of fj?. They are shown separately in figure 2.1 for /x2 > 0 (left 
plot)) and fi2 < 0 (right plot). 

Thiss means that the vacuum does not possess the same symmetry as the Lagrangian. 
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Figuree 2.1: The shape of the scalar potential V($) as a function of fa and fa in case ji2 is positive 
(left(left plot) and for /j2 negative (right plot). 

Iff  /i2 is positive, the state of lowest energy in the theory is at $=0 and the Lagrangian from (2.3) 
describess a system of four scalar particles (the fa fields) each with a mass /i. As the theory re-
mainss invariant under SU(2)L (g U(1)Y the gauge bosons remain massless. 

Thee case n2 < 0 is more interesting since at the minimum of the potential, the field acquires a 
non-zeroo expectation value. This minimum, that defines the vacuum, is given by the condition: 

|$o|| = *o$o 2A A 
1 1 

(2.6) ) 

wheree v is known as the vacuum expectation value. There are infinitely many solutions that satisfy 
(2.6).. By choosing a specific solution to represent the electroweak vacuum, the SU(2)L ® U(l)y 
symmetryy is broken. As remarked before, since the photon should remain massless, the vacuum 
iss required to be still invariant under £/(1)Q symmetry. Therefore only fa° is given a vacuum 
expectationn value and the electroweak vacuum is given by: 

f>if>i  = fa = fa = 0 and 
11 o (2.7) ) 

Thiss choice of <3>0 has quantum numbers h=—\ and Y=\. It breaks the SU(2) and £/(1)Y sym-
metryy and electromagnetic gauge invariance is respected. 

Thee resulting particle spectrum becomes apparent by expanding the scalar field around the mini-
mumm (see also figure 2.1) and substituting this expression back into the Lagrangian (2.3). The $0 

fieldd near the minimum is given by: 

$ ( i ) ) 
1 1 Jf-0(x)/v Jf-0(x)/v 0 0 

(2.8) ) 
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Whenn substituting (2.8) back into the Lagrangian massless boson fields (the 0(x) fields) appear. 
Thesee are the well-known Goldstone bosons that arise for each symmetry of the group that is 
spontaneouslyy broken [13]. However, in the specific case of local gauge invariance the Goldstone 
bosonss do not correspond to physical particles since via a specific U(l) gauge transformation3 

thesee 9{x) fields can be 'absorbed' into longitudinal polarisation states of the Z and W bosons. 
Inn addition to the masses for these electroweak vector bosons (they will be computed in the next 
section)) a massive neutral real scalar particle appears: the Higgs boson. 

2.2.22 Massive electroweak gauge bosons 

Inn the Standard Model, the first term in Ẑ Higgs now contains the mass terms for the electroweak 
vectorr bosons as becomes clear when this term is written out explicitly using the covariant deriva-
tivee as given in (2.4) and the electroweak vacuum given by <J>0 from (2.7): 

(D^ortJWW = \{-\w-W»-\ig'B Q̂\ 

==  \v292 [{Wff + (Wï)*} + i,2 [gWl - g'B'f (2.9) 

Becausee the W bosons can be written as a function of the gauge fields W*, W£ as 

WW»» = ~^{W»TiWt] (2'10) 

andd the ZM and photon field as orthogonal combinations of the W% and B  ̂field: 

gWlgWl - g'Bu g'W* + gB„ zz'' = lfrfr  md A" = £^MF' (2-n) 
expressionn (2.9) can be written in terms of the electroweak vector bosons as: 

(D^ 0)t(D^o)) = ( f )2 W+W~" + \ ( 0 2 (g2 + </2) Z^Z*  + \(0)2 A^  (2.12) 

Inn general, the part of the Lagrangian corresponding to the masses of the gauge bosons is given 
bY :: £ E e = MwWl + \Mzzl + \M*Al- Comparing this general form with (2.12) we see 
thatt the masses of the electroweak gauge bosons are given by: 

MMww  = ^vg, Mz = ^vyjg*+g* and M7 = 0. (2.13) 

Thee mixing between the B  ̂ and the W£ field to obtain a massive Z boson and a massless photon 
iss often expressed as a rotation using the Weinberg mixing angle $w Using in addition the fact 
thatt the photon field couples to fermions and bosons with a strength corresponding to the electric 
chargee the two free parameters g and g' (the gauge couplings) can be replaced by e and Qw using 
thee following relations: 

ee = gsmOw = g'cosOw (2.14) 

Therefore,, at tree level, the relation between the masses of the massive vector bosons can also be 
expressedd as Mw — Mz cos 8W. 

33 This specific gauge is known as the unitary gauge. 
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2.2.33 Massive fermions 

Thee gauge bosons have acquired a mass through the spontaneous symmetry breaking via the 
Higgss mechanism. This mechanism has no influence on the mass of the fermions, but can in 
principlee also be used to give fermions a mass. There are a priori two ways to give fermions a 
mass:: either the masses aree put in by hand or by imposing a Yukawa coupling between the scalar 
Higgss field and the fermions (with for each fermion a specific coupling constant gf that is a free 
parameter).. This effective interaction gives rise to a fermion mass of: 

m // = 9f^/2 ( 2 '1 5) 

2.2.44 Mass of the Higgs boson 

Thee mass of the Higgs boson is given by the $2 term in V(<ï>): 

MMHH = vV2X (2.16) 

Thee value of v (246 GeV) is known through its relation to the Fermi coupling (v = (y/^Gp)'1^2) 
whichh is measured to high precision from muon decay measurements. The value of A however is 
nott fixed by low energy observables, leaving the Higgs mass as a free parameter in the Standard 
Model. . 

2.33 Bounds on the Higgs mass 

Althoughh the Higgs mass is not predicted within the minimal SM, there are theoretical upper and 
lowerr bounds on the mass of the Higgs boson if we assume there is no new physics between the 
electroweakk scale and some higher scale called A. These limits are discussed here. 

2.3.11 Unitarit y 

Inn the absence of a scalar field the amplitude for elastic scattering of longitudinally polarised 
massivee gauge bosons (e.g. W L W [ — W^W[) diverges quadratically with the centre-of-mass 
energyy when calculated in perturbation theory and at an energy of 1.2 TeV this process violates 
unitarity.. In the Standard Model, the Higgs boson plays an important role in the cancellation 
off  these high-energy divergences. Once diagrams involving Higgs bosons are introduced in the 
gaugee boson scattering mentioned above, these divergences are no longer present and the theory 
remainss unitary and renormalisable. This cancellation only works however if the Higgs boson is 
nott too heavy. By requiring that perturbation theory remains valid an upper limit on the Higgs 
masss can be extracted. With the requirement of unitarity and using all (coupled) gauge boson 
scatteringg processes it can be shown that [14]: 

MMHH < 
W 2 2 

\\ 3GF 
7000 GeV/c2 (2.17) 

Itt is important to note that this does not mean that the Higgs boson can not be heavier than 700 
GeV/c2.. It only means that for heavier Higgs masses, perturbation theory is not valid and the 
theoryy is not renormalisable. 



Theory y 9 9 

2.3.22 Trivialit y and Vacuum stability 

Inn this section, the running of the Higgs self-coupling A with the renormalisation scale fi is used 
too put both a theoretical upper and a lower limit on the mass of the Higgs boson as a function of 
thee energy scale A. Although these evolution functions (J3 functions) have been calculated for all 
SMM couplings in the MS scheme up to two loops [15], the arguments to obtain these mass limits 
aree presented here by using only the one loop results. At one loop the quartic coupling runs with 
thee renormalisation scale \i as [16]: 

*%*% = ^  = 4^  tA2 + ^ ~ rf  + B{9'^  (2,18) 

Inn this expression the dominant terms are the terms involving the Higgs self-coupling A and the 
topp quark Yukawa coupling gt as given in (2.15). The contribution from the gauge bosons is small 
andd explicitly given by B{g, g') = -l\(3g2+g,2) + 4+2g2g'2+g'4). This expression allows 
too evaluate the value of A(//) relative to the coupling at a reference scale which is taken to be X(v). 

Trivialit y y 

Forr large values of A and neglecting the effects from gauge interactions and the top quark the 
evolutionn of A is given by the dominant term in equation (2.18) that can be easily solved for X(fi): 

d\d\ 3A2 \{v) 

>*>*  = & *  A<*> - ! _ « § ! , „ ( $ ) (2-19) 

Ass n increases, A(/z) increases until at /u=iiexp(27r2/3A(u)) there is a singularity, known as the 
Landauu pole. At that point A(/LI ) becomes infinite. If the SM is required to remain valid up to some 
cut-offf  scale A, i.e. if we require A(/i) < oo for all \i < A this puts a constraint (a maximum 
value)) on the value of the Higgs self-coupling at the electroweak scale (v) and therefore on the 
Higgss mass. Taking A (A) = oo and evolving the coupling downwards we find: 

Forr A=1016 GeV the upper limit on the Higgs mass is 160 GeV/c2. This limit gets less restrictive 
ass A decreases. The upper limit on the Higgs mass as a function of A from a computation [17] 
thatt uses the two-loop /? function and takes into account the contributions from top-quark and 
gaugee couplings is shown in figure 2.2. In that analysis the mass of the top quark was taken to be 
1755 GeV/c2. 

Vacuumm stability 

Forr small A a lower limit on the Higgs mass is found by the requirement that me minimum of the 
potentiall  be lower than that of the unbroken theory and that die electroweak vacuum is stable. In 
equationn (2.18) it is clear mat for small A the dominant contribution comes from the top quark 
throughh the Yukawa coupling (—g$). Since this contribution is negative, there is a scale A for 
whichh A(A) becomes negative. If this happens, i.e. when A(/J) < 0 the potential is unbounded 
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fromm below. As there is no minimum, no consistent theory can be constructed. The requirement 
thatt A remains positive up to a scale A yields a lower limit on X(v) and therefore on the Higgs 
masss [18]. 

AA related argument uses the fact that radiative corrections from the top quark change the effective 
scalarr potential from (2.5) with terms of the form — gj|$|4 In |$|2 [19]. For small A the top quark 
correctionss make that the Higgs vacuum expectation value is only a local minimum. The require-
mentt that the Higgs vacuum is the global minimum below some cut-off scale A puts a lower limit 
onn the Higgs self-coupling and therefore on the Higgs mass. 

AA detailed evaluation, taking into account these considerations has been performed [18, 19]. The 
regionn of excluded Higgs masses as a function of the scale A from this analysis (taking the mass 
off  the top quark to be 175 GeV/c2) is also shown in figure 2.2 by the lower excluded region. 

Summaryy of the theoretical bounds on the Higgs mass 

Inn figure 2.2 the theoretically allowed range of Higgs masses is shown as a function of A. 

p ii  I I I I I I I I I I I I I I I 

33 6 9 12 15 18 

100 10 10 10 10 10 
AA  (GeV) 

Figuree 2.2: Theoretical limits on the Higgs mass as a function the scale A. The region between 
thethe two bands is the allowed region. Higgs masses in the region labelled 'Landau pole' ('vacuum 
instability')instability') are excluded because the Higgs quartic coupling at that energy scale and for that 
HiggsHiggs mass is infinite (negative). 

Forr a small window of Higgs masses around 160 GeV/c2 the Standard Model is valid up to the 
Planckk scale (~ 1019 GeV). For other values of the Higgs mass the Standard Model is only an 
effectivee theory at low energy and new physics has to set in at some scale A. 
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2.3.33 Indirect measurements 

Thee electroweak gauge sector of the SM is described by only three independent parameters: g, 
g'g' and v. The predictions for electroweak observables, are often presented using three (related) 
variabless that are known to high precision: Gp, Mz and O:QED- To obtain predictions to a pre-
cisionn better than the experimental uncertainties (often at the per mill level) higher order loop 
correctionss have to be computed. These higher order radiative corrections contain, among others, 
contributionss from the mass of the top quark and the Higgs boson. Via the precision measure-
mentss one is sensitive to these small contributions and thereby to the masses of these particles. 

Ann illustration of the possibility to estimate the mass of a heavy particle entering loop correc-
tionss is the very good agreement between the estimate of the top quark mass using only indirect 
measurementss [20] and the direct observation [21]: 

Indirectt estimate: mt = 181+J1 GeV/c2 Direct result: mt = 174.3  5.1 GeV/c2 (2.21) 

Thee corrections connected to the top quark behave as m2 whereas the sensitivity to the mass of 
thee Higgs boson is unfortunately only logarithmic (~ In MH). 

Att present, one of the limitations in extracting an estimate of the Higgs mass is the accuracy to 
whichh the electromagnetic coupling is known at the Z mass scale. Since in the final fit to all elec-
troweakk measurements often two separate values for the corrections to a(Mz) are shown, a bit 
moree has to be said about these uncertainties. a(Mz) is related to the value at zero-momentum, 
a(0),, by vacuum polarisation loop corrections. The dominant uncertainty on a(s) comes from 
Aahaii(s)>> which is the contribution of the (5) light quarks to the photon vacuum polarisation. 
Too obtain a precise estimate of this value for the computations, experimental data from hadron 
productionn in e+e~ annihilation at low energies is required. Using the new BES-II data [22] a 
valuee of 2761(36)-10~4 is found [23]. A more theory driven extraction of A a ^ ( s) obtains a 
lowerr value with a much smaller error 2738(20)-10"4 [24]. Since there is no clear favourite, the 
resultss from the two predictions are shown separately. 

Thee results from such a global electroweak fit [20] with only the Higgs mass as a free parameter is 
shownn in figure 2.3. The plot shows the Ax2 distribution as a function of MH. The band indicates 
thee remaining theoretical uncertainty in the fit. 

Thee fit indicates a rather light mass for the Higgs boson and it can be summarised4 by the central 
valuee with its one standard deviation and the one-sided (95% CL) upper limit: 

MHH = 88t|l GeV/c2 and MH < 196 GeV/c2 (at 95% CL) 

Inn the next section it is explained how the Higgs boson is produced at LEP and how it decays 
sincee the real goal is to observe the Higgs boson directly. 

44 In general, as is done here, the results that summarise the combined electroweak fit correspond to the one where 

thee value of Aa [ad (s) was extracted from the data. 
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Figuree 2.3: The Ax2 distribution as a function of MM from a global fit (with only MH as a free 
parameter)parameter) using the precision electroweak measurements from LEP, SLD, CDF, DO and NuTeV. 

2.44 Higgs production and decay 

Inn the scalar potential there are two free parameters: \i and A. In the rest of the thesis the related 
variabless v and MH are used. Since v is known, the only free parameter left is the mass of the 
Higgss boson. The couplings of the Higgs boson to gauge bosons and fermions are completely 
determinedd by the Higgs mass in combination with the gauge couplings and fermion masses 
respectively.. This allows, as is done in this section, to determine both the Higgs boson production 
crosss section in e+e" collisions and its decay widths as a function of MH-

2.4.11 Higgs production at LEP 

Thee coupling of electrons to the Higgs is very small, making the cross section for direct Higgs 
productionn through e+e~ annihilation tiny. The dominant mechanism for the production of a SM 
Higgss boson at LEP is therefore through so-called Higgsstrahlung5. In this process a virtual Z is 
producedd that subsequently radiates a Higgs boson: 

ZH H (2.22) ) 

Thee corresponding Feynman diagram is shown in the left plot of figure 2.4 and at tree level the 
crosss section is given by [25, 26]: 

ZH) ) 
G\M\ G\M\ 
48ns 48ns 

( 1 -44 sin2 6W + 8 sin4 6W) V\ AA + \2M\ls 
(1 1 Ml/sY Ml/sY 

(2.23) ) 

Inn this expression A = (1 — (MH + M\)js)2 — (2MfjMz/s)2 is a two-particle phase space 
function.. Although the electroweak corrections are small (only a few %), photon radiation [27] 

55 In addition there is also Higgs production through boson-boson fusion, but its contribution to the total cross 
sectionn is an order of magnitude smaller than the Higgsstrahlung process for most Higgs masses. 

file:///2M/ls
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significantlyy lowers the total cross section (see [28] for a review). In the right plot of figure 2.4 the 
crosss section is shown as a function of the Higgs mass at three different centre-of-mass energies 
takingg into account the various corrections. The ZH cross section is of the order of 0.5 pb, but 
dropss rapidly as the sum of the two boson masses approaches the kinematic limit. 

0.8 8 

0.7 7 

0.6 6 

0.5 5 

0.4 4 

0.3 3 

0.2 2 

0.1 1 

-••,... \ Vs 
NXxx Vs 

xkk — vs 

\\ 'Xs 

== 189GeV 

== 200 GeV 

== 207 GeV 

900 100 110 120 
Higgss mass (GeV/c2) 

Figuree 2.4: The left plot shows the Higgsstrahlung Feynman diagram, the dominant Higgs pro-
ductionduction mechanism at LEP. The right plot shows the ZH cross section as a function of the mass 
ofof the Higgs boson at various centre-of-mass energies. 

2.4.22 Higgs decay 

Thiss section describes the decay of the Higgs boson into fermion pairs (leptons and quarks) and 
thee decay into a pair of gauge bosons. The decays are shown in figure 2.5. 

H H 

W+/Z Z 

w-/z z 

Figuree 2.5: This figure shows three decay modes of the Higgs. The left plot shows the decay into 
fermionfermion pairs (leptons and quarks). The decay into a pair of electroweak gauge bosons is shown 
inin the middle plot and the right plot shows the production of a gluon pair. 
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Higgss decay into fermion pairs 

Inn the Born approximation, the decay width into a pair of charged leptons is given by [29]: 

r<"-' +r>> = SM " , ¥ (2.24) ) 

Inn this expression mi is the mass of the lepton and $ — JI — Amf/M^, the velocity of the 
outgoingg leptons. The Higgs boson decay into quarks is enhanced by a colour factor (Nc=3) and 
alsoo receives large QCD corrections. Most of these corrections can be absorbed [30] by using the 
runningg quark mass instead of their pole mass in the expression for the width. In the MS scheme 
forr QCD with five flavours the expression for the width at NLO can be written as [31]: 

T(HT(H - qq) = 
3G3GFFmm22

qq(M(MHH) ) 

AV2TT AV2TT 
M„0i M„0i 

ll  | 17 (as{MH\ 
IT IT + + cc (*.(MH) (2.25) ) 

Inn this expression, both the quark masses and the strong coupling constant should be evaluated 
att the scale given by MH- The full NNLO expression can be found in [31]. These corrections 
aree large as is illustrated by the fact that at full NNLO, the bb decay width of a 100 GeV/c2 

Higgss boson is around half of what is expected using the quark pole-mass in equation (2.24). The 
branchingg fraction of the Higgs boson into various fermion pairs as a function of MH is shown 
inn the left plot of figure 2.6. For Higgs masses accessible at LEP, the dominant decay mode is 
clearlyy into a pair of b-quarks (~ 80-85%). 

Higgss decay into boson pairs 

Thee Higgs decay into gluons is mediated through quark loops as is shown in the right plot of 
figuree 2.5. Due to its large mass the top quark provides the dominant contribution. At LEP, with 
Higgss masses well below the tt threshold, the two-gluon width can be written as [32]: 

r(H^gg(g),qq{g)) ) 
GGFFaa22

ss(M(MHH) ) 

36y/2ir36y/2ir3 3 
M M 11 + 

2155 (a„{M H) 

12 2 
(2.26) ) 

Thiss expression takes bom the virtual and real QCD corrections into account. Note that the QCD 
correctionss to the gluonic width of the Higgs are large (dlTT ~ 60%) and positive. The branching 
fractionn is however never more than 5.5% as is shown in the left plot of figure 2.6. 

Thee Higgs decay into a pair of electroweak vector bosons, H —> VV* , with V=W or Z can occur 
att masses well below 2MV if one of the bosons is produced off-shell. The decay width into two 
WW bosons as a function of the Higgs mass can be written as [33]: 

r(HH -• ww*) = «M„K W, , (2.27) ) 

wheree K(x) = 3(1~*£™x2) arccos(f )̂ - ^ ( 2 - 13x + 47x2) - | (1 - 6x + Ax2) ln(x) using 
xx = M^r/Mjj. The branching fractions of the Higgs into WW* and ZZ* as a function of MH 
aree shown in figure 2.6. Although this decay channel is dominant for Higgs masses above 135 
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GeV/c2,, for masses accessible at LEP the branching fraction is small6. Due to the large Z boson 
masss and the smaller neutral current couplings, the ZZ channel will always be smaller. 
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Figuree 2.6: The left plot shows the dominant branching fractions (in %) of the Higgs boson into 
fetmionfetmion pairs (solid lines) and boson pairs (dashed lines) as a function of its mass. The right plot 
showsshows the total width of the Higgs boson as a function of its mass. 

Totall width of the Higgs boson 

Thee total width of the Higgs boson as a function of its mass is shown in the right plot of figure 
2.6.. For a mass between 70 and 115 GeV/c2 the width is very small and ranges between roughly 
22 and 3 Me V/c2. This is much smaller than the typical experimental resolution for reconstructing 
thee Higgs mass which is in the order of a few GeV/c2. The large life-time of the Higgs boson 
comparedd to that of the Z boson (Tz=2.49 GeV/c2) also means that the Higgs and Z boson decay 
independently,, i.e. the Higgs decays after the Z boson has finished its hadronisation. 

2.4.33 ZH final states 

Thee decay properties of the Z boson are predicted in the SM and have been measured to high 
precisionn at LEP1: the Z boson can decay either hadronically (BR(Z —> qq) = 69.9%), into a pair 
off  neutrinos (BR(Z -» vv) = 20.0%) or into a lepton pair (BR(Z -• l+l~) = 10.1%). As was 
shownn in the previous section, the decay properties of the Higgs boson depend on the mass of the 
Higgss boson. To list the relative branching ratios into the various possible ZH final states we have 
takenn as an approximation BR(H —> qq) = 92.5% and BR(H —> T+T~) = 7.5%. Combined with 
thee numbers from the Z boson decay this results in the numbers shown in table 2.3. 

66 Although for a Higgs mass of 115.6 GeV/c2 it is already the second largest decay channel. 



Theory y 16 6 

Finall  state 
Fractionn (in %) 

qqqq q 
64.7 7 

qqvu qqvu 
18.5 5 

qqq l+r 
6.2 2 

qqr+r r 
8.4 4 

other r 
2.3 3 

Tablee 2.3: Relative branching fractions (in %) for final states present in ZH events. In the fourth 
columncolumn I stands for electron and muon only and the qq T+T~ final state covers both the Z and 
HiggsHiggs decay into T+T~. The 'other' final states are T+T~yj£ final states (xx = all but qq). 

Heree we should also note that a Higgs decay into a gluon pair has an experimental signature that 
iss very similar to that of a decay into a quark anti-quark pair. To obtain the numbers given in table 
2.3,, the small fraction of H—• gg events has been combined with the Higgs decays to qq. 

Inn this thesis the search for the Higgs boson is performed in the fully hadronic final state. It 
coverss almost 2/3 of all ZH final states and its most important characteristic is that more than 
90%% of these events have at least two b-quarks in the final state. It is mainly this characteristic 
thatt generates sensitivity for the small ZH signal among the large SM 4-quark backgrounds that 
aree described briefly in the next section. 

2.55 Background processes 

Thee background for the ZH search in the 4-quark final state can be divided into a 4-fermion and 
aa 2-fermion background. 

2.5.11 4-fermion background 

Thee 4-fermion background corresponding to e+e~ —• 4 / + n{^) events is simulated using all 
4-fermionn diagrams (+interferences) using the EXCALIBUR [34] Monte Carlo programme. The 
totall 4-fermion cross section is aroundd 18 pb. The dominant diagrams for producing 4-quark final 
statess are the CC03 and NC02 (sets of) diagrams that describe the resonant pair production of 
electroweakk gauge bosons (W+W~ and ZZ respectively). These two processes will be briefly 
discussed. . 

WWW production 

Onee of the consequences of the non-Abelian structure of the SU{2) symmetry group is that there 
aree interactions between the electroweak gauge bosons. When the term describing three bo
sonn vertices is written in terms of the mass eigenstates using expressions (2.10) and (2.11) a 
W+W~77 and W+W~Z vertex can be identified. At LEP2, at centre-of-mass energies above the 
W+W"" threshold, W bosons are therefore pair produced via the three diagrams (the CC03 dia
grams)) as shown in figure 2.7. As it involves two diagrams with three gauge boson couplings it 
hass been an ideal process to firmly establish the non-Abelian structure of the SM. Combined with 
thee precision measurement of the W mass, the physics involving W bosons is one of the main 
physicss topics at LEP2. 

Thee predicted cross section as a function of the centre-of-mass energy is shown in the left plot 
off figure 2.9 where it is compared to the LEP combined measurements. The band indicates the 
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Figuree 2.7: The CC03 diagrams describing W boson pair production. 

theoreticall  uncertainty of 0.5% from the computations of RACOONWW [35] and YFSWW [36]. In 
thee SM the coupling of the W boson to fermions is fixed and the W can either decay into a pair 
off  quarks (~ 2/3) or into a lepton and a neutrino (~ 1/3). This results in three different possible 
finalfinal states in W+W~ events as is shown in table 2.4. 

Finall  state 
Fractionn (in %) 

qqqq q 
45.6 6 

qqlu qqlu 
43.9 9 

lulu lu 
10.5 5 

Tablee 2.4: Relative branching fractions (in %) for W+ W final states. 

Thee W+W~ background for the ZH search in the 4-quark final state (W+W- -> qqqq) is very 
largee (~ 7.8 pb) when compared to the Higgs signal. One of the most important features of fully 
hadronicc W+W~ events, when considered as background for ZZ cross section measurements or 
ZHH searches, is that there is hardly ever a b-quark present in the final state. The decay of the 
WW into a quark anti-quark pair ($<?.,) can be written at Born level as: T(W —• q^j) oc |Vij|2, 
wheree V^ is the corresponding element of the CKM matrix. As there is not enough energy for 
thee process W —• bt the main decay modes of the W boson are into ud or cs (the other diagonal 
elementss of the CKM matrix). The rate of single b-quark production is proportional to the off-
diagonall element Vcb (« 0.04) squared, resulting in final states with b-quarks in only 0.3% of the 
fullyy hadronic W+W~ events. As will be shown in the next chapters, demanding the presence of 
b-quarkss in the final state provides a powerful tool to reduce the background from W+W~ events. 

ZZZ production 

Duee to the structure constants of the SU{2) group there is no ZZZ vertex at tree level in the SM. 
Thee pair production of resonant Z bosons is therefore described by the two diagrams shown in 
figurefigure 2.8 (the NC02 diagrams). 

Inn the SM, the couplings of the electroweak gauge bosons to fermions are completely fixed given 
sin22 9w> The expression for the total cross section for ZZ production in e+e~ collisions in terms 
off these couplings and other properties of the Z boson was first derived in [37], followed by a 
moree detailed evaluation (amplitudes for polarised beams and all combinations of polarisations 
off final state particles) in [38]. Using the precise measurements of the properties of the Z boson 
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Figuree 2.8: The NC02 diagrams describing Z boson pair production. 

att LEP1, the ZZ cross section can be accurately predicted. However, since the ZZ cross section 
iss small, the LEP combined experimental uncertainty is at the level of 5%, the computation of the 
NC022 cross section has not received as much attention as has that of the CC03. A comparison 
[39]]  between various programmes and computations (for example YFSZZ[40] and ZZTO[39]) 
wass done in the framework of the LEP2 Monte Carlo workshop where it was concluded that the 
currentt theoretical uncertainty is in the order of 2%, but that in principle a more detailed com-
putationn (similar to what was done for the double resonant W+W~ (CC03) process) could be 
performedd to bring the uncertainty down to around 0.5%. The cross section as a function of the 
centre-of-masss energy is shown in the right-hand plot of figure 2.9, where the band indicates the 
theoreticall  uncertainty. 

Usingg the decay properties of the Z boson as given in the previous section, the relative branching 
fractionss of the various final states possible in double resonant Z boson pair production can be 
easilyy computed. The results are given in table 2.5. 

Finall  state 
Fractionn (in %) 

qqqq q 
48.9 9 

qc\vv qc\vv 
28.0 0 

qq /+ / --
14.1 1 

m-w m-w 
4.0 0 

WW WW 

4.0 0 
/+/-- l+l~ 

1.0 0 

Tablee 2.5: Relative branching fractions (in %) for final states present in ZZ events. 

Thee 4-quark final state represents about half of the ZZ final states and its cross section is therefore 
inn the order of 0.5 pb, similar to that of the ZH cross section. 

Thee measurement of the ZZ cross section is of particular interest for various reasons. The first 
reasonn is that in theories beyond the SM, the process e+e~ —• Z* —> ZZ is allowed when either 
thee exchanged Z is different from the final state (SM) Z bosons or if there are anomalous neutral 
trilinearr gauge boson couplings (NTGCs). In this thesis these aspects are not studied. The second 
reasonn is that it is a process that is very similar to that of the ZH process discussed in section 
2.4.. ZZ events are therefore often referred to as irreducible background. Showing that one can 
measuree the ZZ cross section proves that one is sensitive to a possible ZH signal (and to any 
possiblee strong systematic effects related to this final state) as well. This aspect is studied in this 
thesiss in chapter 6 where the measurement of the NC02(ZZ) cross section with 4 quarks in the 
finalfinal state is presented. Important to note is that in 38.7% of these ZZ final states there are at least 
22 b-quarks, to be compared to (85-95)% in ZH events (see section 5.1.1). 
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Figuree 2.9: The cross section for on-shell vector boson pair production as a function of the centre-
of-massof-mass energy for W+W (left plot) and ZZ (right plot) production. For the W+W cross section 
alsoalso the LEP combined measurements are shown. 

Otherr 4-fermion backgrounds 

Thee only other remaining (small) background from 4-fermion processes are hadronic Z7* and 
7*7** events. These events are produced via diagrams as in figure 2.8, with one or two of the Z 
bosonss replaced by virtual photons (7*), where the 'masses' of these photons can extend to above 
Mz.. Although there is a difference between the photon coupling and the Z coupling to quarks, for 
massess close to the Z mass the signature of these events is almost identical to that of ZZ events. 
Forr low 7* masses (the bulk of these events), the characteristics of the final state are similar to 
thosee of the 2-fermion qq(7) background that is described below. 

2.5.22 2-fermion background 

Thee process e+e~ —> Z* —> qq as shown in figure 2.10 has a large cross section (of the order of 
1000 pb at LEP2 centre-of-mass energies). 

q q 

q q 

Figuree 2.10: Feynman diagram describing qq(7) production in e+e annihilations. 
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Thee background for the fully hadronic ZZ and ZH analyses originates from the class of qq(7) 
eventss that have no significant initial state photon radiation and in addition have an apparent 4-jet 
structuree caused by radiation of hard gluons off the final state quarks and their subsequent frag-
mentation.. Therefore only a small fraction (~ 2%) of the qq(7) events remains finally as a real 
background.. The aspects of quark fragmentation and initial state radiation are described in more 
detaill  in section 4.1 and 4.3.2 respectively. At the start of the analysis this background is smaller 
thann that from W+W~ events, but due to the presence of b-quarks in the final state (~ 16%, see 
sectionn 5.1.1), the qq(7) background is the dominant contribution to the total background at the 
finalfinal analysis level both in the measurement of the ZZ cross section and in the search for a high 
masss Higgs boson. 

Thee computation of the cross section and the simulation of events is done using the PYTHIA 
[41]]  Monte Carlo programme. For centre-of-mass energies far above the Z pole this cross section 
behavess as 1/s. 

2.66 Summary 

Inn this chapter the structure of the SM and the mechanism to obtain masses for the electroweak 
vectorr bosons has been discussed. This (Higgs) mechanism predicts in addition a massive scalar 
particlee with unknown mass. The production cross section at LEP and decay of this last missing 
particlee in the SM as a function of its mass were discussed in section 2.4 and in the last section of 
thiss chapter the SM background processes also resulting in a 4-quark final state were reviewed. 



Chapterr 3 

Experimentall set-up 

Thee Large Electron Positron collider (LEP) [42] is the world's largest e+e~ storage ring and part 
off  the accelerator complex of CERN, the European Laboratory of Particle Physics near the city 
off  Geneva. At four points along the ring the beams collide, where large experiments are set up to 
studyy the e+e~ interactions: ALEPH [43], DELPHI [44], L3 [45] and OPAL [46]. In this chapter 
bothh the LEP accelerator and the DELPHI detector are described. 

3.11 The LEP collider 

LEPP as accelerator and storage ring 

Withh a circumference of 26.658 km and a maximum centre-of-mass energy of 209.2 GeV LEP is 
thee largest and most powerful e+e~ accelerator in the world. The ring has a quasi-circular shape 
consistingg of 8 short (about 500 m long) straight sections connected by curved sections and is sit-
uatedd in a tunnel between 50 and 150 meters underground. In accelerating particles to the highest 
energiess LEP is only the last step in the acceleration chain where the older accelerators of CERN 
functionn as an injector system. 

Electronss are produced using an electron-gun and accelerated in the LEP Injector Linac (LIL -
I)) to 200 MeV and subsequently collided onto a Tungsten target. The positrons, produced by 
conversionn in these collisions, are collected and, together with the electrons, further accelerated 
too 600 MeV (LDL-II ) and stored (in bunches) in the Electron-Positron-Accumulator ring (EPA). 
Twoo further acceleration steps are done in the Proton Synchrotron (PS) and the Super Proton Syn-
chrotronn (SPS) where the bunches are accelerated to energies of 3.5 and 22 GeV respectively and 
finallyfinally  injected into LEP. The complete turnaround time (fillin g LEP and complete acceleration) 
takess typically around 45 minutes. An overview of the full accelerator chain is given in figure 3.1. 

Inn LEP, electrostatic separators separate the e" from the e+ beam allowing them to be contained 
andd accelerated in the same elliptically shaped vacuum beam-pipe. Guiding the beams through 
LEPP requires a complex system of dipole (to bend) and quadrupole (to focus) magnets. Once 
LEPP is filled, the electron and positron bunches are accelerated using (super-conducting) Radio-
Frequencyy (RF) cavities located in the straight sections. Since charged particles undergoing cen-
tripetall  acceleration (with radius r) radiate energy proportional to E*/r (synchrotron radiation) 

21 1 
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ALEPH H 
Largee Electron-Positron storage ring (LEP) 
26.77 km, 45<E<104.6GeV 

LEPP Linear Injector System (LIL ) 
E(I)=2000 MeV, E(II)=600 MeV 

OPAL L 

Superr Proton Synchrotron (SPS) 
77 km, E=22GeV 

DELPHI I 

Protonn Synchrotron (PS) 
0.66 km E=3.5 GeV 

Electron-Positronn Accumulator (EPA) 
0.122 km, E=600MeV 

Figuree 3.1: An overview of the full CERN acceleration chain for the electrons and positrons. 

thee cavities must, in addition to supplying power for the acceleration, compensate for the energy 
losss of the particles. For an electron in a circular accelerator the size of LEP the energy loss is: 

AEAE = 2.09 x 1(T8 E £eam GeV per turn (3.1) ) 

Inn this expression the beam energy is given in GeV. Each electron (when LEP is operated at an 
energyy of 100 GeV per beam) loses more than 2 GeV per turn. With 4 • 10 12 particles orbiting 
LEPP at almost the speed of light the radiated power is around 20 MW. 

Afterr operating close to 91.2 GeV, the Z-pole, during the years 1989-1995 (LEP1), where data 
fromm millions of Z bosons were collected, the copper RF-cavities were replaced by super-con
ductingg ones. In the years 1996-2000 (LEP2) the available RF-power increased each year. Start
ingg at 130 GeV in 1995, LEP scanned a wide range of centre-of-mass energies reaching a maxi
mumm on the 10th of October 2000 with collisions at a centre-of-mass of 209.2 GeV '. 

Luminosity y 

Eachh beam (e~ and e+) consists of 4 bunches each containing about 5 • 10 n particles. At four 
pointss in the ring the beams are squeezed and collided head-on. In the collision, the interaction 
ratee for a specific process depends on the cross section for that process (crpTOC) and the number of 
particless that traverse the interaction region per second per unit surface: 

dNdNn n 

(1/ / 
L(*)«Tp p 

NNee-N-Nee+n+nbunchbunchf f 
4ircr4ircr xx(Ty (Ty 

(3.2) ) 

Onlyy for 2 minutes and 43 seconds with an integrated luminosity of 0.0006 pb ] , but nevertheless ... a record. 
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Inn this expression L(t) is called the instantaneous luminosity, Ne- and N€+  are the number of 
e~~ and e+ per bunch, nbunch is the number of bunches and ƒ is the bunch revolution frequency in 
LEP.. The size of the beam at the interaction point in the plane perpendicular to the direction of 
motionn is represented by <r x and oy with typical values of 150 \im and 10 fxm in x and y respec-
tively.. The instantaneous luminosity changes continuously according to the machine conditions 
(inn turn this depends on parameters like the available RF-power, stability of electronics and the 
skilll  of the LEP operators) and at LEP2 it is typically a few times 10 31 cm_2s_1 and up to 10 32 

cm"2s_11 at the beginning of the fill. 

Thee total number of events produced by a specific process during a data-taking period can be 
determinedd by integrating the collected luminosity over this period: 

Nprocc = CTproc / L ( t ) d £ = CTproc £ ( 3 . 3 ) 

Thee most precise estimate of the integrated luminosity C is not obtained by closely monitoring 
thee machine parameters entering equation 3.2, but by using a reference process with a clear ex-
perimentall  signature and a large cross section that can be calculated to high precision. At LEP the 
processs best suited is small angle e+e" Bhabha scattering allowing the integrated luminosity to 
bee computed by: C = AWbha/^Bhabha ' w n e re ^Bhabha i s m e effective Bhabha cross section after 
correctionss for acceptance and efficiency. The integrated luminosities collected by the DELPHI 
detectorr at the various centre-of-mass energies during the period 1996-1999 are given in table 
3.1.. £s are given in units of p b1 and have a typical uncertainty of 6 %o. 

year r 
y/sy/s (GeV ) 
££ (pb" 1) 

1996 6 
1611 17 2 
10. 00 10. 0 

1997 7 
183 3 
54. 7 7 

1998 8 
189 9 
158 8 

1999 9 
1922 19 6 20 0 20 2 
25. 99 76. 9 84. 3 41. 1 

Tablee 3.1: Integrated luminosities collected by the DELPHI detector at various centre-of-mass 
energiesenergies during the period 1996-1999. The data collected at centre-of-mass energies below 180 
GeVGeV are not analysed in this thesis. 

Dataa taking in 2000 

Inn the year 2000 no additional RF-power was available and the energy could not be increased 
significantly.. In that year a special effort was made to optimise die sensitivity for a possible Higgs 
signal,, sacrificing integrated luminosity for the highest centre-of-mass energy. A few tricks were 
usedd to increase the beam energy: enlarging slightly the bending radius of LEP, reinstalling old 
copperr cavities etc., resulting in a 3.5 GeV increase. When operated at maximum energy (no spare 
RF-power)) each trip of an RF-cavity is fatal and the beams are lost, resulting in an average beam 
life-timee of only 14 minutes (compared to several hours during normal operations). Optimal 
sensitivityy for the Higgs boson is however obtained by an operation scheme that combines a 
relativelyy long stable collision period (one or two spare klystrons) with a short period at the 
maximumm energy available at that moment. This scheme is called the mini-ramp scheme [47]. 
Thee various centre-of-mass energies LEP operated at are shown in figure 3.2. For most analyses 
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thee 2000 data are divided in two regions: centre-of-mass energies below and above 205.5 GeV, 
identifiedd as '205' and '207' respectively in the remainder of this thesis. 

II I S-perio d 

II I C-perio d 

LA J J 
2044 20 5 20 6 20 7 20 8 20 9 

Vss  (GeV ) 

Figuree 3.2: Number of (preselected) multi-jet events collected at the various centre-of-mass 
energyenergy ranges of LEP operation by the DELPHI detector in the year 2000. 

Afterr the 1st of September DELPHI had to be operated without 1/12 of the central tracking de-
tector.. In the rest of the thesis the period with the full tracking system operational is called the 
C-period.. The period after the 1st of September is labelled as the S-period. The integrated lumi-
nosityy collected during the different periods is shown in table 3.2. 

V^^ (GeV) 

C-period d 
S-period d 
yearr 2000 

CC (pb"1) 
<205.55 >205.5 

(205)) (207) 
75.66 87.8 
6.33 54.3 

82.00 142.2 

alll  energies 

163.4 4 
60.7 7 

224.2 2 

Tablee 3.2: Collected integrated luminosity by the DELPHI detector in the year 2000. The inte-
gratedgrated luminosity collected in the period before (C-period) and after (S-period) the 1st of Septem-
berber are given separately. 

Contraryy to many other analyses, the impact of the distorted reconstructed energy flow in the event 
forr multi-jet analyses is small. After a special effort of the DELPHI tracking group, the effect can 
bee summarised as loosing on average a single charged track per event. The reconstructed energy 
remainedd nearly unaltered, due to a trade-off between the increased(decreased) reconstructed 
neutral(charged)) energy. The effect on the final sensitivity of the analysis is found to be negligible. 
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3.22 The DELPHI detector 

Thee DELPHI detector (DEtector with Lepton, Photon and Hadron Identification) is a detector sur-
roundingg one of the e+e~ interaction regions. At LEP the laboratory system coincides with the 
e+e""  centre-of-mass system resulting in detectors symmetric around the interaction point cover-
ingg almost the full solid angle. The DELPHI detector consists of a cylindrical central part (barrel) 
coveringg polar angles between 40° and 140° and 2 circular 'plugs' (end caps) that allow particle 
detectionn down to polar angles of 2°. The DELPHI detector consists of various sub-detectors as 
cann be seen in the schematic (cut-open) view of the detector in figure 3.3. 

Thee coordinate system used in DELPHI has the 2-axis pointing along the electron direction, the 
i-axiss pointing towards the centre of LEP and the y-axis pointing upwards. The polar angle with 
respectt to the 2-axis is called 6, <j>  is the azimuthal angle and R=y/x2 + y2. 

Thee sub-detectors form two sub-systems: the tracking system close to the interaction point to 
reconstructt the 3-dimensional trajectories, charge and momentum of charged particles and the 
calorimetercalorimeter system to measure particle energies. In the next sections both systems and their char-
acteristicss will be briefly discussed. A more detailed description of the DELPHI detector and the 
performancee of the sub-systems can be found elsewhere ([44] and [48]). 

Figuree 3.3: Schematic view of the DELPHI detector. The barrel and a single end cap are shown. 
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3.2.11 Tracking detectors 

Thee tracking system reconstructs the 3-dimensional trajectory of charged particles. It consists of 
aa set of detectors close to the interaction point inside a uniform magnetic field of 1.23 T parallel 
too the beam axis. This field is provided by a large super-conducting solenoid with a radius of 2.6 
m.. The trajectory of a charged particle can be reconstructed using its ionisation when traversing 
aa medium and its reconstructed curvature allows determination of the charge and momentum of 
thee particle. To minimise the influence on the direction of the particle tracking devices must be as 
transparentt as possible. As a result the sensitive materials are gases or very thin layers of higher 
densityy materials. The various detectors that make up the tracking system in DELPHI are: 

•• Micro-vertex detector 
Thee detector closest to the interaction point is the micro-vertex detector [49] displayed in 
figuree 3.4. It is composed of a Silicon Barrel (VD) and a Very Forward Tracker (VFT). 

Thee VD consists of 3 cylindrical layers of micro-strip silicon detectors located at 6.6, 9.2 
andd 10.6 cm from the beam axis, covering polar angles from 25° to 155°. The inner layer is 
composedd of 2x20 modules and the outer layers are composed of 2x24 modules. All chan
nelss give either R<f> measurements (in all three layers) or z (in two and a half layers). Within 
eachh plane of detectors and between different planes there is significant overlap between 
sensitivee silicon regions, providing redundancy used in the (internal) alignment. The single 
hitt precision for 1 layer in R0 is 8 /xm. The single hit precision in z is a function of the 
incidencee angle, reaching 9 /xm for tracks incident at polar angles of 90°. The maximum 
numberr of hits on a track can be up to 6 in R0 (4 in z). The VD is an important detector 
whenn determining if particles originated from the primary interaction point, which is a key 
ingredientt of analyses involving heavy quarks. 

Thee upgrade of the DELPHI vertex detector was completed in 1997 with the installation 
off the Very Forward Tracker (VFT) allowing track reconstruction at smaller polar angles. 
Eachh of the VFT end caps consists of two layers of silicon pixel detectors2 and two layers 
off mini-strip detectors covering polar angles between 11° and 25°. 

•• Inner Detector (ID) 
Thee ID is composed of two parts: an inner high-resolution drift chamber (JET chamber, 
locatedd at radii between 12 cm and 23 cm) surrounded by 5 concentric layers of straw-
tubess (trigger layer), covering polar angles from 15° to 165°. The drift (wire) chamber is 
dividedd into 24 azimuthal sectors each providing up to 24 R0 measurements per track with 
aa resolution of 85 /mi each. The straw tubes provide additional (fast) R<f> measurements 
usedd in the first level trigger. Due to the stereo angle in 2 layers also some z information 
cann be extracted. 

•• Time Projection Chamber (TPC) 
Thee TPC is the main tracking device in DELPHI. It is located just outside the Inner Detector 
att radii between 35 cm and 111 cm and covers polar angles from 20° to 160°. The detector 
consistss of two drift volumes separated by a high voltage plane at z = 0. Particles traversing 

DELPHII was the first collider experiment where pixels were used in the tracking. 
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pixell  layer I 
(12°<9<21°) ) 

Outerr Layer 
(R=1066 mm, 8>23°) 

Closerr Layer 
(R=66mm,, 8>24°) 

Innerr Layer 
(R=92mm,, 9>21°) 

pixell  layer II 
(16°<8<26°) ) 

Figuree 3.4: The DELPHI vertex detector 

thee chamber ionise the gas. The electrons knocked free in the gas drift towards the end-
platess of the TPC due to the electric field parallel to the beam axis. Each end-plate consists 
off  6 multi-wire proportional chambers (MWPC's) that detect the drifting electrons. Each 
MWPCC has 192 anode wires and 16 circular cathode pad rows which results in a maximum 
numberr of 16 3-dimensional position measurements with a resolution of 250 /xm in R(j> and 
8800 fim in z (using drift time information). In addition to position information the TPC 
performss a dE/dx measurement used in particle identification. 

Outerr Detector (OD) 
Thee OD is located at about 2 meters away from the interaction point and consists of 5 layers 
off  drift-tubes subdivided in 24 sectors, covering polar angles between 40° and 140°. The 
singlee point resolution is 110 ̂ m in R0 and 3.5 cm in z. The OD is important in momentum 
estimationn (see table 3.3) since it provides a large lever arm in the track reconstruction. 

Forwardd Chambers (FCA and FCB) 
Inn the forward region (down to 11°) 2 detectors provide tracking information. The FCA 
iss located at |z|=160 cm and consists of 6 layers of drift chambers with combined track 
elementt precisions of <r(x)=290 /zm and a(y)=240 fim. The FCB is a drift chamber located 
att |z|=275 cm consisting of 3 groups of 4 wire planes with a track element resolution of 
a(x)=a(y)=150a(x)=a(y)=150 fim. 

Performancee of the tracking system 

Whenn reconstructing the event the track-elements provided by each sub-detector are combined in 
aa global track-fit, performed by the DELANA[50] programme. The combined tracking perfor-
mancee should not be shown only in the form of a simple list of the single hit precisions in each 
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off  the DELPHI tracking chambers. In this section the quality of the tracking system is demon-
stratedd by two examples: first by the momentum resolution for isolated high momentum tracks 
andd secondly by the achieved precision on the estimation of the primary vertex. The resolution on 
thee distance between tracks and the primary vertex (impact parameter resolution) will be given in 
sectionn 4.4 where it is discussed in relation to a quantity (impact parameter) used in the analysis 
off  multi-jet final states. 

1)) single track momentum resolution: 
Thee precision of the estimation of the momentum of the particle can be illustrated by the reso-
lutionn on the momentum of muons produced by Z—> [i +p~. For tracks containing information 
fromm all central tracking detectors (VD, ID, TPC and OD) the centre of the momentum resolution 
distributionn can be described by a Gaussian of width: 

a(l/p)a(l/p) = 0.57 x 10"3 (GeV/c)"1 

Thee tails of the distribution require a second Gaussian with a width of 1.04 x 10~3 (GeV/c)-1. 
Ass can be seen in table 3.3 the resolution deteriorates when going down to smaller polar angles 
ass could be expected by the increased influence of multiple scattering, the decreasing number of 
hits/detectorss that provide information on the tracks and the fact that the momentum (curvature) 
determinationn is extracted via the component transverse to the magnetic field. 

angularr region 
42°° < 9 < 90° 

0<36° ° 
0<25° ° 

Detectors s 
VD+ID+TPC+OD D 

ID+TPC+OD D 
VD+ID+TPC C 
VD+FCBB included 
FCBB included 

a(l/p)a(l/p) (GeV/c)"1 

0.66 x lO-3 

1.11 x 10"3 

1.77 x lO-3 

1.33 x 10"3 

2.77 x 10~3 

Tablee 3.3: Momentum resolution for 45.6 GeV/c GeV/c muons in different detector configurations. 

2)) Primary vertex reconstruction: 
Inn each event the point where the positron and the electron collide is called the primary vertex. In 
DELPHII  the primary vertex is reconstructed in every hadronic event using tracks from the event 
itselff  combined with the constraint that the vertex they form should be compatible with the beam 
spot,spot, defined as the interaction region of the electron and positron beams. The beam spot itself is 
determinedd every 200 events using tracks from all events, it is small (typical size is 150 /xm in x 
andd 10 /xm in y) and known to very good precision [51]. Using the beam spot as constraint the 
precisionn on the event-by-event primary vertex is: 

cr(x,cr(x, y, z) ~ (22,8,22) /xm 

Inn both the reconstruction of the beam spot and primary vertex determination the influence of 
trackss from interactions with the detector material and of secondary vertices is minimised. Deter-
miningg if a group of particles is compatible with the primary vertex is important when studying 
4-quarkk final states. In section 4.4 the resolution on the (closest) distance between a track and the 
primaryy vertex will be investigated. 
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3.2.22 Calorimeter detectors 

Too measure the energy of a particle, calorimeters perform a destructive measurement by stopping 
particless in their volume. In a cascade of interactions (shower) the particle deposits its energy 
inn the calorimeter, where the shower characteristics can be used to determine the energy of the 
incidentt particle. To stop particles calorimeters must consist of high density materials. Using 
highh granularity detectors allows in addition to reconstruct the position and the direction of the 
particle.. Different characteristics in showering of electrons and photons with respect to hadrons 
havee resulted in a separate electromagnetic and hadronic calorimeter to optimally reconstruct 
theirr energy. 

Electromagneticc Calorimeters 

Electromagneticc calorimeters measure the energies of incident electrons and photons. For high 
energyy (above 1 GeV) electrons and photons the dominant processes are bremsstrahlung and 
e+e""  pair production respectively. The secondary particles produced in these interactions are 
againn mainly e+, e~ and 7s. This cascade develops through repeated similar interactions and can 
bee characterised by the (material dependent) radiation length (X0). The number of particles in the 
showerr can be estimated and is a measure for the energy of the incident particle. In DELPHI a 
combinationn of three detectors ensures a good coverage over almost the full solid angle. After a 
shortt description of each, their main characteristics and resolutions are summarised in table 3.4. 
Hadronss traversing the electromagnetic calorimeters will deposit only a fraction of their energy. 

•• High density Projection Chamber (HPC) 
Thee HPC is a cylinder located in the barrel at radii between 208 and 260 cm (just before 
thee DELPHI solenoid when seen from the interaction point), covering the angular regions3 

betweenn 43° and 137°. It consists of 6 rings of 24 modules each containing layers of 
leadd plates (18 X0) inter-spaced with proportional gas chambers that detect the ionisation 
producedd by electrons or positrons from the shower. The high granularity results in an 
angularr precision for high energy photons of 1.0 mrad in 8 and 1.7 mrad in (f>. 

•• Forward ElectroMagnetic Calorimeter (FEMC) 
Inn each of the DELPHI end-caps the FEMC is the electromagnetic detector covering the 
angularr region between 8° and 35° (172° and 155°). Each consists of 4532 lead glass 
blockss placed at \z\ = 284 cm with a depth of 40 cm (20 Xo). Charged particles inside the 
electromagneticc shower produce Cherenkov photons that are detected at the end of each 
blockk by a photo-multiplier (triode). For showers above 2 GeV the precision on the impact t 
pointt in x and y is about 0.5 cm. 

•• Small angle Tile Calorimeter (STIC) 
Att 2.2 m on either side of the DELPHI interaction region the STIC is a calorimeter covering 
thee forward region between 29 mrad and 185 mrad. It consists of alternating layers of lead 
andd scintillator. This detector is important in the determination of the integrated luminosity 
byy identification of Bhabha events. 

33 Dead regions around 0=90° (A0=2°) and along (p (A<M)-2°) each 15°. 
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Thicknesss Energy resolution (E in GeV) 
HPCC 18XQ cr(E)/E = 0.043 © 0.32/ Ê 
FEMCC 20Xo cr(E)/E= 0.03 e 0.12/ Ë̂ ©0.1 l/E 
STICC 27 Xo cr(E)/E = 0.0152 ©0.135/VË 

Tablee 3.4: Characteristics (conversion depth and energy resolution) of the various sub-detectors 
formingforming the DELPHI electromagnetic calorimeter system. 

Hadronicc Calorimeter 

AA hadronic shower process is more complex and is dominated by a succession of inelastic ha-
dronicc interactions, characterised by multi-particle production. The number of charged particles 
producedd in the shower is a measure of the energy of the incident hadron. These charged particles 
aree detected using for example scintillators inside the converting material which is required to be 
aa very dense material like lead, iron or uranium. 

•• HAdron Calorimeter (HAC) 
Thee hadron calorimeter is installed in the return yoke of the DELPHI solenoid, covering 
aa large part of the solid angle (11° to 169°). It consists of about 19,000 limited streamer 
tubess placed between the 5 cm thick iron plates. The tubes are connected to readout boards 
coveringg a fixed angular region of A0 = 2.96° and A<j>  = 3.75° consisting of up to 64 pads. 
Inn the barrel region the energy precision is found to be: 

<r(E)/EE = 0.21 © 1.12/VË (E in GeV) 

Thee poor resolution is dominated by the large amount of material (magnet) the particles 
encounterr before reaching the calorimeter. 

Performancee of the calorimeter system 

Thee performance of the DELPHI calorimeter is investigated by studying the total reconstructed 
energyy (and its resolution) in multi-jet events at LEP2. Figure 3.5 illustrates the fact that in a 
typicall 4-quark event about 13% of the energy is not recovered. The energy resolution is also 
closee to 12%. The tools that are used, on the level of reconstructed jets, to account for this 
biass and to improve the understanding of the energy-flow to beyond the detector resolution are 
discussedd in section 4.3. 

3.2.33 Remaining sub-detectors, trigger and event reconstruction 

Remainingg sub-detectors 

Thee remaining sub-detectors that make up DELPHI are mostly used for particle identification. 
Althoughh not used in this thesis they are described shortly: 

•• Muon chambers (MUB, MUS and MUF) 
Thee muon chambers (layers of wire chambers) are located outside the hadronic calorimeter. 
Theyy are used for muon identification since the only charged particles that can reach them 
aree muons (above 2 GeV). 
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Figuree 3.5: Total reconstructed energy for simulated fully hadronic 4-fermion events at a centre-
of-massof-mass energy of 200 GeV. 

•• Very small angle tagger (VSAT) 
Thee VSAT is a detector located far away from the interaction point very close to the beam-
pipee to detect electrons and positrons coming from Bhabha scattering between 5 and 7 
mrad. . 

•• Ring Imaging Cherenkov detectors (RIB and RTF) 
DELPHII is the only LEP experiment that has large Cherenkov detectors (both in barrel and 
thee forward region). They are used for particle identification. 

•• Hermeticity detectors and Taggers 
Too achieve complete hermeticity for high energy photons scintillators are installed in order 
too cover 'blind' regions between the barrel and end-cap and between HPC modules. 

•• Time Of Flight detector (TOF) and Forward Hodoscope (HOF) 
Scintillatorr counters used to reject background events from cosmic radiation. They also 
providee a fast trigger for events from genuine e+e~ interactions. 

Trigger r 

Inn only a fraction of the beam crossings (beams cross every 22 /xs) an e+e~ interaction occurs. To 
storee the information from all sub-detectors at each bunch crossing is impossible since reading 
outt the information from all sub-detectors takes more time than the bunch crossing time. The 
goall of the DELPHI trigger system (described in detail in [52]) therefore is to select all events 
fromm e+e" interactions, while keeping the backgrounds from other processes at a low level. To 
copee with the high luminosity and large backgrounds the DELPHI trigger system is composed of 
fourr consecutive levels of increasing complexity. 
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Thee first two levels (Tl and T2) are hardware triggers synchronous with the beam cross overs 
(BCO)) and are required to take decisions after 3.5 and 39 JIS respectively. T3 and T4 are software 
filtersfilters where the full event information is used. Events that pass all triggers are written to storage 
tapes.. At LEP2 the typical rate for this is a few Hz. For hadronic events the trigger efficiency is 
veryy close to 100%. 

Eventt reconstruction 

Usingg the raw information from each sub-detector the event is reconstructed using the DELANA 
[50]]  programme. DELANA performs pattern recognition and does a full track reconstruction 
linkingg information from different sub-detectors: track elements, pedestal and distortion correc-
tions,, calibrations etc. The reduced information on the reconstructed event is written in a Data 
Summaryy Tape (DST) format. The information on the DSTs is accessible to the users, for exam-
plee within the SKELANA [53] framework. 

Detectorr simulation 

Inn order to compare the data with expectations the response of the DELPHI detector on simulated 
eventss needs to be modelled. The response is simulated using the DELSIM [54] (DELphi SIMu-
lation)) programme. It transforms the simulated particles into an event as it would be seen inside 
thee DELPHI detector. The raw (reconstructed) information on the simulated event is then passed 
throughh the same reconstruction chain as the real data events and finally written to tape. 



Chapterr 4 

Standardd tools 

Inn this section a few of the tools that are used when studying multi-jet final states are introduced 
andd discussed shortly. The section ends with a description of the selection criteria used to select 
aa pure sample of 4 quark final states from all e+e~ interactions. This forms the starting point of 
bothh the fully hadronic ZZ cross section measurement and the search for the SM Higgs boson. 

4.11 Production of multi-jet final states 

Thee quarks that are produced in the e+e~ interaction can not be observed freely in nature. Due to 
thee colour confinement in QCD they will fragment and form jets of colour neutral particles, allow-
ingg quarks and gluons only to be observed through their remnants in the form of (collimated) jets 
off  particles. The translation from jet-characteristics back to partons-characteristics is described 
inn section 4.2. Inversely, the fragmentation from partons to jets, as shown schematically in figure 
4.1,, is shortly discussed below. 

(1)) (2) (3) (4) 

electroweakk and hard gluon radiation hadronisation, decay and 
detectorr response 

Figuree 4.1: Schematic representation of an e+e interaction producing a multi-jet final state. 

Inn the process leading from the initial e+e" system to a set of (collimated) jets of particles, various 
physicss processes and regimes are encountered. To obtain an optimal description of the full pro-

33 3 
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cess,, it is divided in parts that can either be computed accurately or have to be modelled. These 
differentt regimes are then matched together in a way similar to that shown in figure 4.1. Starting 
withh the incident leptons (on the left) we can identify: 

phasee 1 & 2) producing a 4 quark final state and hard gluon radiation. 

Thee first two steps in the process are well understood. The electroweak process describing the 
e+e~~ interaction producing a boson (pair) in the final state (either W+W~, ZZ or ZH) and their 
subsequentt decay is well known and the matrix elements associated to specific final states can be 
computedd to high precision. For boson pair production (4-fermion events) the EXCALIBUR [34] 
programmee is used to generate events whereas for the annihilation processes (e+e~ —»Z—•qq), 
producingg 2-fermion events, the PYTHIA [41] Monte Carlo programme is used. 

Thee second step of the process describes subsequent hard gluon radiation of the initial partons. 
Thiss region of large momentum transfers is the regime of perturbative QCD. The probabilistic 
evolutionn calculations, describing splitting of quarks and gluons, are performed inside the JET-
SETT programme [41]. Hard gluon radiation is the reason that also 2-fermion events produce ap
parentt 4-jet final states. The specific characteristics of the gluon radiation, infra-red and collinear 
divergences,, allow to separate between 4-fermion (spherical) and 2-fermion (more cigar-like) 
eventss on a statistical basis. Such a separating variable is constructed in section 4.5.2 and is used 
bothh in the pre-selection of multi-jet final states and in the full analysis. This parton shower evo
lutionn is cut off when the virtuality of the partons is of the order of about 1 GeV. At that stage 
theree are still only a limited number of partons in the final state. 

phasee 3 & 4) hadronisation, decay and detector response. 

Att scales of around 1 GeV QCD perturbation theory breaks down and the picture of QCD in terms 
off 'free' quarks and gluons no longer holds. This means that we have to use non-perturbative 
(phenomenological)) models to make the transition from a few coloured partons to a jet consisting 
off many colourless hadrons. This is the step in the (multi-)jet production that can not be com
putedd and there are different models that have been developed to describe the transition. Inside 
thee JETSET programme for example the (Lund) string fragmentation model is used [41]. The 
hadronisationn parameters in this model are tuned on the millions of Z events collected at LEP1 
andd the combination of parton showers and string fragmentation has been very successful in de
scribingg hadronic Z events. 

Unstablee hadrons formed during the hadronisation phase can decay before reaching the detector. 
Theirr decay properties are known from measurements and these decays are handled by the JET-
SETT programme using tables of decays modes and branching fractions. Finally, the dynamics 
andd behaviour of the stable particles inside the different detector components is simulated by the 
DELSIMM [54] package which then provides the final topology as reconstructed in the DELPHI 
detector. . 

Experimentalistss and theorists start from two different sides of figure 4.1 and, despite a not so 
welll understood region called 'non-perturbative' QCD, the kinematics of the reconstructed jet 
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iss known to represent closely that of the underlying quarks or gluons. Only when testing very 
precisee predictions on for example the exact particle content inside the jet or jet (sub-)structure, 
wil ll  the difficulties in the theoretical prediction manifest themselves. In this analysis only a 4-
momentumm estimate of the underlying fragmenting parton is required and since the overall energy 
flowflow of a high energy event is mainly determined by the perturbative process with only a minor 
additionall  smearing caused by the hadronisation step, this is expected to be well described by the 
Montee Carlo. 

4.22 Jet clustering 
Primaryy quarks and gluons produced in the interaction are identified as groups of particles in the 
detectorr as described in section 4.1. For an experimentalist the task is to traverse figure 4.1 in 
reversee order: reconstruct the dynamics of the underlying partonic structure given the detected 
event.. Simplifying the event to a few partons allows to focus on a region where the theoretical 
predictionss are well behaved (QED and perturbative QCD). To obtain the best estimate of the 
energyy and momentum of each parton the goal therefore is to cluster all particles originating from 
thee same parton fragmentation. At the end of the clustering the remaining groups of particles are 
calledd jets and their 4-momentum (the direct sum of all particles assigned to the jet) is used as 
ann estimation of the parameters of the primary parton. In this section a general introduction on 
clusteringg algorithms is given followed by a short discussion on the DURHAM algorithm which 
iss the algorithm used throughout the rest of this thesis. 

Clusteringg algorithms in general 

Mostt clustering procedures can be characterised by three definitions: 

•• A distance (y^): A measure defining 'how far' two particles i and j are apart. This measure 
iss used to decide which two particles should be considered to be combined first. 

•• A maximum distance (ycut): A resolution parameter defining the maximum distance for 
whichh two particles can be combined (and therefore the moment the clustering is ended). 

•• A recombination scheme: A prescription of how to construct the 4-momentum of the 
objectt that is formed when two particles are combined. 

Inn order to cluster particles into jets most algorithms follow a similar procedure: iterative proce
duress starting for each event with all (n) measured energy flow objects (particles). For each pair 
off these final-state particles (i, j) their separation is calculated using the algorithm specific dis
tancee definition. In the next step of the procedure the two particles (i,j) with the smallest value of 
yijyij  are combined and replaced by a 'pseudo-particle' with 4-momentum p(£} using a pre-defined 
recombinationn scheme. This clustering is performed only if y  ̂ is smaller than the maximum dis
tancee (or resolution) parameter ycut. After clustering particles i and j the event now consists of 
n-11 clusters and again all distances between particles are calculated. This procedure is repeated 
untill all pairs of particles have y  ̂ > ycut. Clusters of particles that remain at this stage are called 
jets.. For a given value of ycut the event is characterised by the number of reconstructed jets. 
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Thee original Jade clustering algorithm 

Onee of the first clustering algorithms is the JADE [55] algorithm, where the distance between two 
particless is defined as: 

2E2EllEEii(l-cos6(l-cos6iiii ) ) 
VHVH  = F2 (4.1) 

Heree 0  ̂ is the opening angle between the two particles, making the numerator identical to the 
invariantt mass squared of the two particles in case both particles are massless. The distance y^ 
iss transformed into a dimensionless quantity by normalising to the total visible energy squared in 
thee event. Although the recombination scheme originally suggested was adding of the 4-momenta 
aa variety of schemes has been used in combination with the distance defined in equation 4.1: 

E-scheme:: £ -̂ = Et + Ei and p{j = p{ + pj 
EO-scheme:: E%3 = Et + Ej and p{j = {pl+p0) £y / |# + pj\ 
P-scheme:: £^ = 1 1̂ and pij=Pi+Pj 

Thee reason why different recombination schemes were introduced were mostly given by theoreti-
call  considerations. The P- and EO-schemes for example violate energy and momentum conserva-
tionn respectively, but have the advantage that the reconstructed jets aremassless, which is similar 
too the approach in many theoretical calculations. An overview of the different considerations to 
decidee on a different scheme, their performances and characteristics can be found in various re-
vieww articles (like [56]). 

Thee JADE clustering algorithm has some characteristics that cause problems in certain classes of 
eventss since two low-energetic clusters will be combined even when they have a large opening 
angle.. In events containing many of these low-energetic clusters these can form a 'phantom' 
jett leading to an unnatural assignment of particles to jets. To overcome these problems other 
algorithmss were developed that were less sensitive to soft gluon emission like the DURHAM 
clusteringg algorithm. 

Thee DURHAM clustering algorithm 

Thee DURHAM or  -algorithm [57] is the most widely used algorithm in multi-jet final states at 
LEP2.. It is closely related to the JADE algorithm, but does not suffer from the problems discussed 
abovee by adopting a slightly different distance definition and the Lorentz-invariant E-scheme as 
recombinationn procedure: 

2mm(Ef,E*)(l-cos0a) 2mm(Ef,E*)(l-cos0a) 
VUVU = li  (4-2) 

PijPij  = Vt + Pj1 (E-scheme) (4.3) 

Withh B  ̂representing the opening angle between the two particles, the numerator represents the 
transversee momentum squared of the lowest energetic particle with respect to the most energetic 
particle.. The distance is again normalised to the total visible energy in the event and has the 
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advantagee compared to the original JADE distance that it assigns low-energy particles to their 
closestt high energy jet first and is therefore both experimentally and theoretically better behaved. 

Anotherr advantage of this clustering algorithm is the fact that the hadronisation of the parton final 
statess can be shown to have, on average, littl e influence on the jet-rates. This can be evaluated 
onn generator level by studying the differences between parton and hadron level. Differences vary 
significantlyy between clustering procedures and are shown to be smallest for the DURHAM clus-
teringg algorithm ([58, 59]). Although there is no single best clustering algorithm (every algorithm 
hass specific qualities and problems), in multi-jet events at LEP2 the DURHAM clustering algo-
rithmm is generally accepted as one of the best in reconstructing the energy flow of the original 
partonss and is therefore used throughout this thesis. 

Figuree 4.2: Event display showing reconstructed charged tracks in the DELPHI detector. The 
DURHAMDURHAM clustering algorithm has clustered the event into 4 jets. 

Thee DURHAM algorithm defines the procedure used in this thesis to cluster groups of de-
tectedd particles into jets whose 4-momentum can be used as an estimate of the original parton 
4-momentum.. An event in which 4 jets have been reconstructed can be seen in figure 4.2. 

4.33 Constrained fit 

Estimatingg the 4-momenta of the partons using the reconstructed jets would be quite accurate 
(neglectingg assignment of particles to the wrong jet) if all particles would be detected and their 
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energyy accurately measured. However, since neutrinos can be present in the final state and par-
ticless travelling through inefficient regions of the detector escape detection this is not always the 
case. . 

Comparingg the reconstructed jet energy to that of the generated parton on Monte Carlo events it 
iss known that, on average, about 15% of the jet energy is lost. The resolution on the jet energies 
iss also about 15% due to both the intrinsic resolution of the calorimetry and the fact that some 
particless experience significant energy loss through interaction with the detector material. Both 
effectss make accurate jet-energy measurements difficult. The estimation of the parton direction 
onn the other hand is quite precise (|#jet — 0partoli| ^ 3°) since this is a momentum weighted sum of 
alll  constituent particles and the resolution on angles and momentum of charged tracks is excellent. 

Thee estimation of the dynamics of the partonic system can be improved by taking into account 
alll  known effects and biases. Combining this with the requirement that the reconstructed event 
shouldd have specific properties (identical to the well-defined characteristics of the initial e+e~ sys-
tem)) the jet properties can be improved beyond the detector resolution. This will significantly im-
provee the resolution on di-jet invariant masses which is important in studying multi-jet final states. 
Inn section 4.3.1 the method (constrained fit) to implement these effects and simultaneously sat-
isfyy the constraints will be explained by describing the most general (4C) fit where energy and 
momentumm conservation is demanded. In section 4.3.2 a different (3C) fit will be introduced that 
iss used to provide information for the event selection. 

4.3.11 Energy and momentum conservation (4C fit) 

Unlikee the final state, the initial state of the e+e" interaction is known to high precision: perfectly 
balancedd in momentum and energy known to about l%o (assuming no initial state radiation (ISR)). 
Sincee these characteristics are preserved the reconstructed event has to satisfy 4 constraints (en-
ergyy and momentum conservation): 

«jets s 

££ p( f i »«^ = (0,o,0,\/i) (4.4) 

Inn this fit there are 4 constraints to be satisfied and is therefore known as a 4C-fit. Several methods 
cann be used to take into account the expected energy loss while simultaneously satisfying the dif-
ferentt constraints. Here both a rescaling and a more complex constrained fit method are described. 

Reseating:: One of the less frequent methods used is the rescaling method characterised by the 
factt that in the fit the jet directions are fixed and only their energies are allowed to vary. This 
usess the knowledge that the resolution on the jet-directions is much better than the resolution 
onn the jet energies. This translates into one free parameter per jet and solving for the a^'s in 
£"=i""  a*  p\meas' **  = (0,0,0, >/s)- The solutions of this procedure, found by simple matrix in-
version,, are however not very stable. Especially in planar events (all jets in the same plane) the 
problemss are obvious: in such an event-topology one of the momentum constraints is automat-
icallyy fulfilled and the solutions become degenerate. Using rescaling to estimate jet energies in 
eventss with high invariant di-jet masses, like ZZ or ZH events, introduces large biases making 
rescalingg not the ideal tool to be used in multi-jet events at LEP2. 



Standardd tools 39 

Constrainedd fit: To have a stable fit and to be able to take into account the errors on the jet 
directionss the transverse components of the jet momentum must also be allowed to vary. Instead 
off  one parameter this means three independent parameters are needed to parametrise the jet (the 
invariantt mass of the jet is assumed to scale with the energy) in the following way: 

-(fitted)) = ea , - (mea .) +  ̂ fij + Q  ̂ ( 4 5 ) 

Inn this expression p(meas) is the measured momentum and fii and n2 are 2 orthogonal unit vectors 
inn the plane perpendicular to the measured momentum direction p(mea£). A schematic view of the 
differentt degrees of freedom can be seen in figure 4.3. 

Figuree 4.3: Schematic view of the different components of the jet momentum (a,, &; and ct) that 
areare free to vary in the constrained fit. Both measured and fitted jets are shown. 

Thiss specific parameterisation has been chosen instead of the maybe more obvious set (E,9,4>) 
becausee the method used in the constrained fit requires a set of parameters whose errors are 
describedd by a Gaussian function. In the fit  [60] a Lagrange multiplier technique is used to satisfy 
thee constraints while minimising the following x2' 

Thee parameters to be fitted are a,, b, and ct. The energy loss parameter a0 (~ 15%) and the errors 
onn the other parameters (aai, o\,t, ac,) are determined using Monte Carlo events where both the 
measuredd and true (parton) momenta are known. 

Whenn going to smaller polar angles the resolution on single tracks deteriorates and, due to the 
geometricall  acceptance of the DELPHI detector, particles escape detection. For these reasons the 
resolutionss on the jet-energy and the energy loss of the jet are also polar angle dependent. In 
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addition,, due to the undetected particles at small polar angles, there is a general bias to shift the 
measuredd jet directions away from the beam axis. The angular parametrisation of the errors has 
beenn tuned using Monte Carlo (2 jets at the Z-pole) events and has been found to be described by 
thee following function and parameters [61]: 

a00 - 0.15 + 0.40coa4{Si) 

aaaiai = 0.15 + 0.40 cos4(6>,) 

aabtbt =oCi = 1.6 +1.0 cos4(8i) (4.7) 

Usingg a constrained fit not only results in the best estimate of the parton 4-vectors, but also 
allowss event-by-event errors on these parameters to be used in the analysis. The errors on the jet 
4-momentaa for example will be used in section 5.2.2 to test the compatibility of a di-jet invariant 
masss with a specific hypothesis. 

4.3.22 Other constrained fits 

Inn addition to the 4C-fit as described by equation (4.4) there are also 3C, 5C and 6C fits (corre-
spondingg to the number of constraints they put on the event) that are widely used. In this section 
thee 3C-fit is described since it provides information used in the selection of high-energy multi-jet 
hadronicc events (to reject a large fraction of the qq(7) events). The 5C and 6C-fits deal with the 
extractionn of the di-jet mass information contained in the event and can only be discussed when 
relatedd to a specific physics analysis or jet-pairing. The implementations and characteristics of 
thesee fits will be described and discussed in the relevant analysis sections. 

3C-fit:: Like a 4C-fit, but pz is left free. 
AA fit assuming a single photon (7isr) was emitted along the z-axis. Its momentum is left free. The 
constraintss used in the fit then take the following form: 

"jets s 

Dpifitted)'ll = (0 )0,P^>A-|pM) (4-8) 
t = l l 

Whyy a 3C fit: To estimate the effective-centre-of-mass energy (\fs'). 
Thee e+e system can radiate a photon 'before' the interaction (initial state radiation or ISR) 
therebyy reducing the effective centre-of-mass energy in the e+e~ interaction. These photons are 
predominantlyy emitted at very small angles (well inside the beam pipe) and escape detection. 
Althoughh the energy distribution of these photons is peaked at small energies the distribution has 
significantt tails. In about 12% of fully hadronic 4-fermion events at a centre-of-mass energy of 
206.77 GeV for example, the generated ISR energy is more than 10 GeV and for 5% of the events 
thiss is even more than 20 GeV. 

Althoughh the resolution on the reconstructed \fs' is not very good (a few GeV, see also [62]) the 
V'i'-distributionn can be used to reject events with significant photon radiation. This allows a large 
fractionn of the qq(7) events at LEP2 (produced through e+e~ annihilation) to be discarded already 
att pre-selection. Since the annihilation cross section is very large at the Z-peak (91.2 GeV/c2), in 
aboutt 50% of the interactions a large amount of energy is radiated such that the effective centre-
of-masss energy of the e+e~ system is brought down to the Z-peak. This photon energy emission 
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patternn results in a characteristic double peak structure in the yfs' distribution. Since 4-fermion 
finalfinal states do not have this structure the evaluation of \fs' provides a powerful tool to eliminate a 
largee fraction of the qq(7) background. The distributions of \fs' for different event types can be 
seenn in the right plot of figure 4.10. 

4.3.33 Performance of the 4C-flt 

Inn this section the performance of the constrained fit is investigated by comparing, in Monte 
Carloo events (4-jet events at LEP2), the energy and momenta of the reconstructed jets to that of 
thee generated initial partons. The resolution on the estimation of the angle of the partons is good 
ass can be seen in the left plot of figure 4.4. For jets reconstructed in the central part of the DELPHI 
detectorr the performance on the parton energy estimation is shown in the right plot of the same 
figure.figure. On average the jet-energy is overestimated. This can be explained by the fact that in the 
constrainedd fit the initial state radiation is neglected (although <Ejsr>=3 GeV for W+W' events 
att 200 GeV), hence overestimating the energy contained in the event (jets). This also explains the 
asymmetricc distribution and enhanced (ISR) tail at higher (overestimated) jet energies. 

i V W < r a d >> E,«-EP«on(GeV) 

Figuree 4.4: The left plot shows the angle between the original parton and the closest and one but 
closestclosest reconstructed jet. The right plot shows the energy difference between the reconstructed 
jetjet and the energy of the initial parton. These plots were constructed using 4-jet events. 

4.44 b-tagging 

B-hadronss are formed in the hadronisation of b-quarks and have quite distinct properties allowing 
jetss of particles to be identified ('tagged') as coming from the fragmentation of a b-quark. The 
b-tagg configuration of different 4-quark final states at LEP2 can be quite specific for a given pro-
cess.. They can therefore be used to select or reject various physics processes (like W+W" events 
wheree there is hardly ever a b-quark present in the final state). Two complementary methods have 
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beenn developed by DELPHI to identify b-quark jets. They have been combined to obtain optimal 
sensitivity.. A detailed description of the method can be found in [63]. 

Sincee a b-quark produced in the interaction can not exist freely in nature it will fragment and 
inn the hadronisation phase a B-hadron will be produced. These hadrons decay under the weak 
interactionn via Cabibbo suppressed transitions (at tree level) of a b-quark to either a c- or u-
quarkk under the emission of a W boson. The very small value of the CKM matrix element |Vcb| 
(~0.04)) and the even smaller value of |Vub| (~0.0O35) lead to long life-times of B-hadrons of 
aroundd 1.6 ps. In combination with the Lorentz boost they acquire at LEP the B-particles will 
travell  several millimetres in the detector before they decay, giving them a characteristic displaced 
vertexx topology as can be seen in figure 4.5. The most powerful technique to identify b-jets is 
too use the excellent resolution of the vertex detector to search for reconstructed tracks that do 
nott originate from the primary interaction point. This is called the life-time or impact parameter 
method.. However, since hadrons containing a c-quark can also have long life-times this method 
hass limitations. 

(non-bb quark ) (bb quark) 

primaryy vertex primaryy vertex 

Figuree 4.5: Schematic view of quark fragmentation topologies for non-b (left) and b-quarks 
(right). (right). 

Too improve the b-identification performance beyond the life-time information alone, a second 
sett of variables is introduced, using the specific characteristics of the B-hadron decay itself: the 
B-hadronn is a heavy particle (w 5 GeV/c2), it has a large decay multiplicity and the fraction of 
thee jet energy carried by the charged particles at the secondary vertex is larger for b-quarks than 
forr light (u,d,s,c)-quarks. 

Impactt parameter or life-time method 

Life-timee based b-tagging requires testing if (a group of) particles originate from the primary 
vertex.. In that procedure an accurate determination of the primary vertex is of course crucial (see 
sectionn 3.2.1). Once the primary vertex is reconstructed an impact parameter can be defined for 
eachh charged particle as being the closest distance between the extrapolated track and the primary 
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vertexx itself. The sign of the impact parameter is defined with respect to the jet direction. It is 
positivee if the extrapolated track crosses the axis of the jet to which it belongs before the primary 
vertexx and negative otherwise. 

Figuree 4.6: The definition of the (sign of) impact parameter for tracks. Track 1(2) has a nega-
tive(positive)tive(positive) impact parameter. 

Thee resolution on the impact parameter is a measure of the quality of the tracking system. The 
impactt parameter resolution involves a measurement error and a contribution from multiple-
scattering.. In DELPHI the impact parameter resolutions in the R<̂ >-plane and Rz-plane are para-
metrisedd as: 

aalPlP R4> = . ™/2/j + ( C T < w) i C 7 P RZ = . ™/2 f l + (a0,Rz)2 

\psm\psm ' 9) \psm' 9/ 
Inn this expression p and 6 are the momentum and polar angle of the track and the measurement 
errorr is given by: CO,A/> = 20 p,m. The multiple scattering coefficients in the R0-plane and Rz-
planee are given by: a^ (a^,) = 65 (71) ^m • GeV/c [48]. The signed distribution of the impact 
parameterr for data and Monte Carlo on the Z-data can be seen in figure 4.7. 

Ideally,, for particles originating from the primary vertex, the impact parameter distribution is ex
pectedd to be Gaussian with a width corresponding to the detector resolution. Unfortunately, due 
too mis-reconstruction and interaction of particles with the detector material, the distribution has 
largee non-Gaussian tails. For particles originating from the primary vertex the distribution is ex
pectedd to be symmetric. Particles originating from decay of long-lived particles will have (large) 
positivee impact parameters of typically a (few) hundred /urn. They will therefore contribute to the 
positivee side of the impact parameter distribution. Before using the impact parameter distribution 
(ass shown in figure 4.7) as a tool to identify particles from B-decay it must be verified that the full 
detectorr response is understood and correctly modelled. This is done by tuning the Monte Carlo to 
describee the negative side of the impact parameter distribution (containing only the combined de
tectorr and mis-reconstruction related effects). The tuning procedure [64] includes alignment of 
detectorr elements and removal of tracks in the Monte Carlo. It is performed each year using data 
takenn during short dedicated Z runs where large statistics are collected to investigate detector ef
fectss and alignment problems that might differ from year to year. 



Standardd tools 44 4 

.a a c c 
c c 
w w 10 0 

10 0 

10 0 

10 0 

5 5 

4 4 

1 1 

2 2 

i i 

i i 

i i 

-- j 

\ \ 

J '' \ ! ! 

// ^ \ 

^ ^ ^ ^ . . 

ii i i 

[[ \ J 
-0.15 5 -0.1 1 -0.05 5 0.055 0.1 0.15 

Impactt parameter (cm) 

Figuree 4.7: The signed life-time impact parameter distribution after corrections. The points with 
errorerror bars represent the data, the histogram is simulation. 

Sincee the precision on the track parameters can differ significantly from track to track it makes 
moree sense to work with the significance of a track, defined as the ratio between the impact pa-
rameterr and its error. Again, the (normalised) distribution of the significance from particles with 
negativee impact parameters, ƒ (s), reflects all combined detector and mis-reconstruction effects 
andd is used as a base to construct the track probability function P{s0), which is the probability 
forr a track from the primary interaction to have a significance with absolute value larger or equal 
too s0: 

\\ fs<s0f(s)ds i f S o < 0 . 
P(sP(s00)) = (4-9) 

(( P(-s0) if s0 > 0. 

Forr tracks originating from the primary vertex, the distribution of P(s0) is, per definition, a flat 
distributionn between 0 and 1. Tracks from the decay of long-lived particles however have large 
positivee values for s0 and therefore a small value of P(s0). This reflects the small probability 
forr tracks from the primary vertex to have such large positive impact parameters. Using the 
trackk probability function and the reconstructed significances for any group of N particles the 
probabilityy can be calculated [65] that they are compatible with originating from the primary 
vertex: : 

N - l l 

ppNN = n • J2 (~lnn)Vi! > where n n )̂ ) (4.10) ) 

Forr jets of particles coming from light quark fragmentation the distribution of PN is expected 
too be flat, but for jets originating from B-hadron decay this N track probability calculated using 
formulaa (4.10) is usually very small due to the significant impact parameters of the decay products 
off  the B-particle. Since a small value of the compatibility with the primary vertex indicates a long 
life-timee this is often referred to as a life-time probability and is the most powerful tool to identify 
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b-jets.. The first global variable that gives information on the b-likeliness will therefore be a life-
timee one: 

•• The jet life-time probability (Pj+) 
Forr each jet in a hadronic event a probability is calculated (using formula (4.10)) that it 
iss compatible with the primary vertex using only tracks in the jet that have positive impact 
parameters.. The distribution of the life-time probability is shown in figure 4.8a for different 
quarkk flavours. Due to the non-zero life-time of D-mesons -log10 P* can also be large for 
c-jetss limiting the performance of the fife-time tag. 

Secondaryy vertex or B-decay method 

Too improve the performance beyond the life-time information the characteristics of the B-hadron 
decayy itself can be used. This requires removing the tracks in the jet that do not belong to the 
B-hadronn (see figure 4.5), but are fragments of the b-quark fragmentation in the primary vertex. 
Thiss is realised by performing a search for a secondary vertex [66] within each jet (the vertex is 
requiredd to satisfy some quality cuts like the number (or type) of tracks that make up this vertex). 
Inn events where a secondary vertex is found additional variables can be defined using exclusively 
thee tracks that make up the secondary vertex. 

•• The invariant mass of the secondary vertex particles (Ms) 
Thee invariant mass of the particles from the secondary vertex for c-jets is limited by the 
masss of D-mesons. The probability for a secondary vertex to come from a c-jet decreases 
sharplyy above Ms = 1.8 GeV/c2, while for b-jets the distribution extends up to 5 GeV/c2 as 
cann be seen in figure 4.8b. 

•• The rapidity with respect to the jet direction of tracks from the secondary vertex (R*r) 
Althoughh a B-hadron in a b-jet has on average a higher energy than a D-meson from a c-jet 
thee rapidities (defined as 1/2 \n[(E+pz)/(E—pz)])  of particles from B-decay are on average 
lesss man those from D-decay. This can be explained by the larger mass of the B-hadron 
andd the larger multiplicity of its decay [67]. The 'fake' secondary vertices in light quark 
jetss are due to wrongly measured tracks caused by multiple scattering in the detector and 
interactionss with detector material causing the tracks to be shifted to even smaller values. 
Thee distribution of this variable can be seen for the three quark classes in figure 4.8c. 

•• The fraction of charged energy in the secondary vertex compared to the total jet en
ergyy (Xf ) 
Thee total energy of charged particles from the secondary vertex in light quark jets is much 
smallerr than in b-quark jets. In case of b-jets the distribution of X£h is determined by the 
fragmentationn function ƒ (6 —• B) whereas for a c-quark the distribution is determined by 
ƒƒ (c —> D) which is softer. The distribution of X£h can be seen for the three quark types in 
figurefigure 4.8d. 

•• Transverse momentum with respect to the b-jet for identified leptons 
Inn case the B decays semi-leptonically (Br(B-+ Xl~ï>i)  « 11%) the transverse momentum 
off the lepton with respect to the B hadron direction [68] can be exploited. Due to the large 



Standardd tools 46 6 

masss of the b-quark this transverse momentum is expected to be larger for B-hadrons than 
forr hadrons containing only light quarks. In absence of life-time information this is an 
excellentt separating variable. 
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Figuree 4.8: Distribution of the discriminating variables used to construct the combined b-tagging 
variable.variable. The figures show for different quark types the distributions of: a) the jet life-time 
probability;probability; b) the invariant mass of particles included in the secondary vertex ; c) the rapidity 
ofof particles included in the secondary vertex and d) the fraction of the jet energy carried by the 
chargedcharged particles at the secondary vertex. 

Combiningg all information and performance 

Thee b-tagging performance is optimised by combining all information on the jet. This is done by 
definingg for each discriminating variable (i) a variable y, as the ratio of the probability density 
functionss for background and signal respectively: y{ = ff(xi)/ff(xi)- Since these tagging vari-
abless are only weakly correlated, a combined likelihood ratio is defined by simply taking their 
product:: y = U7=i Vi-
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Thee backgrounds (corresponding to either c-quarks or u,d,s-quarks) have different behaviour in 
thee variables entering the global b-tagging variable described above. The performance can be im-
provedd by taking this into account. This results in the following combined b-jet tagging variable: 

PP = ncU§^+nqUj^=-cUy' + ̂ U  ̂ (4-11) 

Inn this expression nc and nq (q=u,d,s) are the normalised numbers of c- and u,d,s-jets with a 
reconstructedd secondary vertex in cc and qq events respectively (nc+ng=l),  and ƒ?(£»), /f (x,) 
andd fi{xi)  are the probability density functions of the variable xt in u-,d-,s-,c- and b-quark jets. 
Thee jet is tagged as containing a b-quark if p > po, where the value po can be varied to select 
thee desired purity or efficiency of the tagging. The performance of the b-tagging in events with a 
secondaryy vertex can be seen in figure 4.9. 

Figuree 4.9: B-tagging (hemisphere) efficiency versus purity. 

bbb separation 

Usingg more variables (like jet-charge, lepton sign etc.) it is possible to differentiate between jets 
comingg from b- or b-jets. This could be used to help resolve pairing ambiguities in case there 
aree 2 or more reconstructed b-quarks in the event (bb allowed and bb forbidden). In the analysis 
presentedd here this possibility is not exploited, but, as will be shown in chapter 5, the structure of 
thee analysis allows inclusion of any new or additional variables in a transparent way. 
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4.55 Hadronic event selection 
Inn this thesis properties of 4-quark final states are studied. In order to remain as general and 
flexiblee as possible there is no optimisation for a specific physics hypothesis1 during the event se-
lection.. Selecting a relatively pure sample of hadronic events requires only a loose pre-selection 
sincee its signature is so specific that with only a few cuts (retaining high efficiency for 4-quark 
finall  states) backgrounds from other processes are small. 

Afterr describing the track selection, the criteria used to select hadronic events are discussed by 
showingg the distributions of variables used, the cuts applied and the data/Monte Carlo agreement 
beforee the cuts. In the last section the selection efficiencies for the different SM processes are 
presented. . 

4.5.11 Track selection 

Thee observed event is reconstructed using the DEL ANA programme. A general track fit is per-
formedd using charged track segments supplied by all sub-detectors. In this analysis the tracks are 
requiredd to satisfy the following conditions (default within the SKELANA analysis framework): 

•• Track momentum (\p\) > 100 MeV/c 
•• Track momentum (|pj) < 1.5-Ebeam 

•• Relative momentum error (dp/p) < 1. 

Thee track should also be roughly compatible with the average primary vertex: 

•• Impact parameter in R<f> < 4 cm 
•• Impact parameter in z • sin(0) < 4 cm 

Theree are various classes of tracks that are allowed or rejected. These definitions include the 
numberr of hits and the various sub-detectors supplying bits to the track. 

AA neutral track is defined as an energy deposition in the calorimeter above a specific energy 
thresholdd (typically around 350 MeV) that has no charged track pointing to it. To reject beam 
relatedd background caused by off-momentum electrons there is an additional cut on the polar 
anglee of neutral clusters at 3°. 

4.5.22 Event selection 

Selectionn criteria 

Ass a first step the event is required to have a high charged track multiplicity, a large effective 
centre-of-masss energy (x/F: see section 4.3.2) and a large fraction of the available centre-of-
masss energy observed in the detector: 

11 In ZH and ZZ analyses a large fraction of the W+W~ background is often rejected already at pre-selection level 
byy applying an explicit cut on the b-tag variable. 
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•• cut 1 Number of charged tracks > 17 
•• cut 2 \fs~' > 0.80 ,/s 
•• cut 3 Total visible energy > 0.69 v^ 

Thee distribution of the number of charged tracks and the effective centre-of-mass energy for 
variouss event types can be seen in figure 4.10. These cuts cost almost no efficiency (selec
tionn efficiency is 96.0% for fully hadronic 4-fermion events at 200 GeV), but reduce the back
groundd significantly (selection efficiency is 16.0 % for non-qqqq 4-fermion events and 20.2% for 
qq(7)) (2-fermion) events at 200 GeV). After these cuts the remaining background is mostly due 
too qq(7) events with hard gluon radiation but also a few non-qqqq 4-fermion events remain. 
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Numbe rr  of charge d particle s 

Figuree 4.10: Distributions of variables, at a centre-of-mass energy of 200 GeV, used in the pre-
selectionselection of fully-hadronic 4-fermion events. The plot shows the total charged multiplicity (left 
plot)plot) and the effective centre-of-mass energy (right plot) when the other two criteria (of the first 
three)three) have been satisfied. The line and arrow indicate the region that is selected. 

Thee events are then clustered into jets using the DURHAM clustering algorithm (ycut=0.001) and 
eventss are selected if there are 4 or more reconstructed jets2. Due to the kinematics of gluon radi
ationn off quarks (~ 1/fcr) qq(7)-events have only rarely 4 (or more) well separated reconstructed 
jets.. In addition the knowledge that a quark manifests itself as a (large) number of particles in the 
detectorr can be used to reject jets composed of only one (or a few) particle(s) that are often iso
latedd leptons or photons. To reduce the contamination from such events the following jet-quality 
cutss are introduced: 

•• cut 4 
•• cut 5 

Numberr of reconstructed jets 
Jett quality cuts: 
•• Minimum jet multiplicity 
•• Minimum jet mass 

>4 4 

> 4 4 
>> 1.0GeV/c2 

22 Jets with 6 or more reconstructed jets are forced to 5 jets in this analysis. 
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Thee distribution of the number of reconstructed jets and the minimum jet multiplicity for various 
eventt types can be seen in figure 4.11. 
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Figuree 4.11: Distributions of variables, at a centre-of-mass energy of 200 GeV, used in the pre-
selectionselection of fully hadronic events. The plot shows the number of reconstructed jets (left plot) and 
thethe minimum jet multiplicity (right plot) when all other criteria have been satisfied. The line and 
arrowarrow indicate the region that is selected. 

Thee final pre-selection requirement uses the fact that the topological structure of the jets (sepa-
rationn between the jets in combination with their energies) in an event is different for 2-fermion 
(qq(7))) events with hard gluon radiation and genuine 4-fermion events as described already in 
sectionn 4.1. The variable used to describe the topology of the event is defined as: 

Dpurr = E&JË&/10 (4.12) ) 

Inn this expression Ex (E2) is the smallest (one but smallest) energy jet and 9X (82) is the smallest 
(onee but smallest) opening angle (in radians) between two jets. Events are required to satisfy the 
followingg condition: 

•• cut 6 Dn >> 7.5 GeV3/2 rad3/2 

Inn this section the topology of the event is used to reject some of the clear 2-fermion events, but 
inn section 5.3 it is described in more detail how the full distribution of this variable is used inside 
thee analysis to distinguish between the different event types. In that section also the advantages of 
usingg this specific topological variable will be discussed. The distribution of Dpur for the various 
eventt types at a centre-of-mass energy of 200 GeV can be seen in figure 4.12. 

Pre-selectionn efficiencies 

Thee selection efficiencies for 4-quark final states after all pre-selection cuts is 80% to 90% while 
mostt backgrounds are almost completely removed leaving only qq(7) events (e w 2.1%) with 
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Figuree 4.12: Distributions of the topological (event) variable Dpur for the various event types at a 
centre-of-masscentre-of-mass energy of 200 GeV. The line and arrow indicate the region that is selected. 

hardd gluon radiation as significant remaining background. The pre-selection efficiencies for the 
variouss SM final states are shown in table 4.1. 

v/i i 

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

4-fermion n 

qqqq q 
82.2 2 
82.1 1 
82.5 5 
81.8 8 
81.3 3 
81.7 7 
81.0 0 
80.7 7 

4-fermion n 
non-qqqq q 

1.28 8 
1.29 9 
1.11 1 
1.07 7 
0.91 1 
0.93 3 
0.81 1 
0.93 3 

2-fermion n 

qq(7) ) 
2.12 2 
2.10 0 
1.87 7 
2.00 0 
2.09 9 
2.05 5 
2.10 0 
2.10 0 

zz z 
qqqq q 
86.5 5 
88.2 2 
89.3 3 
88.2 2 
87.7 7 
88.2 2 
87.0 0 
87.2 2 

Tablee 4.1: Pre-selection efficiencies (in %) for different event types at all LEP2 centre-of-mass 
energies. energies. 

Thee pre-selection efficiencies for a two (heavy) boson final state decreases with increasing centre-
of-masss energy. This is due to the increasing Lorentz boost the bosons acquire, resulting in an 
enhancedd probability to lose particles in the beam pipe. This in turn results in a slightly enhanced 
probabilityy for the reconstructed event to be (wrongly) reconstructed as 3 jets instead of 4 or 
moree as can be seen in figure 4.13. This also implies that for a given centre-of-mass energy the 
pre-selectionn efficiency for a ZH event depends on the mass of the Higgs boson. For high Higgs 
massess efficiencies above 90% are obtained. The remaining background from Z7* events is small 
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andd in signature similar to qq(7) events. They will therefore be included in the qq(i) numbers in 
alll  future plots and tables. 

~~ 100 

1000 110 
Higgss mass (GeV/c2) 

Figuree 4.13: Higgs preselection efficiencies as a function of the Higgs mass for different Higgs 
decaydecay modes. As expected the selection efficiency drops as the Higgs mass decreases since the 
selectionselection is optimised for heavy boson pair-production. 

Tablee 4.2 gives a breakdown of the number of expected events from the various physics processes 
afterr the pre-selection at the different energies. These numbers are compared with the number of 
observedd events. There is overall good agreement. 

N/Ï Ï 
1833 GeV 
1899 GeV 
1922 GeV 
1966 GeV 
2000 GeV 
2022 GeV 
2055 GeV 
2077 GeV 

total l 

C C 
54.7 7 

158.0 0 
25.9 9 
76.9 9 
84.3 3 
41.1 1 
82.0 0 

142.2 2 
665.1 1 

ZZ Z 
6.0 0 

43.6 6 
8.7 7 

29.6 6 
35.2 2 
17.6 6 
34.4 4 
65.2 2 

240.3 3 

W+W" " 
330.5 5 

1015.5 5 
169.3 3 
505.6 6 
559.1 1 
271.7 7 
538.3 3 
934.2 2 

4324.2 2 

qq(7) ) 
122.2 2 
349.9 9 
48.9 9 

146.0 0 
160.9 9 
74.4 4 

148.7 7 
250.5 5 

1301.5 5 

expected d 
458.7 7 

1409.0 0 
226.9 9 
681.2 2 
755.2 2 
363.7 7 
721.4 4 

1249.9 9 
5866.0 0 

observed d 
473 3 

1422 2 
239 9 
703 3 
743 3 
368 8 
761 1 

1212 2 
5921 1 

Tablee 4.2: The number of expected events after the pre-selection for various physics processes at 
variousvarious centre-of-mass energies. Also the observed number of events at each energy is given. 



Chapterr 5 

Ingredientss in the analysis 

Inn this chapter a method is presented to extract information from events with a 4-quark final state. 
Thee idea is to compute the relative probabilities for a given observed event to originate from one 
off  the processes leading to 4 or more reconstructed jets of particles: W+W~, ZZ, qq(7) or a Higgs 
bosonn of any given mass produced together with a Z. The computation combines experimental 
informationn from the event with the theoretical expectations from the different hypotheses that 
wil ll  be described analytically where possible. In the first three sections the variables that provide 
informationn (in increasing levels of complexity) are introduced and discussed. Finally, section 5.4 
describess the method to combine the information on the observed event. The method preserves 
alll  ambiguities and thereby uses the full information contained in the variables used. 

5.11 Single-jet information 

Thee b-tag configuration of the final states of various processes producing a 4-quark final state at 
LEP22 is quite different and can be quite distinct for a specific process. The final state produced by 
aa pair of W bosons will for example hardly ever contain a b-quark whereas the most predominant 
decayy channel of the Higgs boson is into a pair of b-quarks. In the first part of this section the 
predictedd number of b-quarks present in final states (and their configurations) for the different 
physicss processes is investigated. From an experimental point of view the goal is to test how 
welll  an observed jet is compatible with the hypothesis that it originated either from a b-, or 
fromm a non-b-quark fragmentation. In section 5.1.2 such a compatibility is constructed. This can 
thenn be converted into a quantitative statement on the compatibility of a jet-pairing with a given 
hypothesiss as is described in section 5.1.3. 

5.1.11 Theoretical information 

b-quarkss in 4-fermion events 
Inn the framework of the electroweak theory the branching ratio of the heavy gauge bosons into 
quarkk anti-quark pairs can be computed allowing the relative occurrence of the different b-tag 
configurationss to be predicted (see table 5.1). For a specific process the relative occurrence of 
thesee configurations can be quite distinct and is therefore an important ingredient in the analysis. 
Itt might also, once a measurement is performed, serve as a cross check to positively identify the 

53 3 
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underlyingg physics process and mechanism(s) producing the events. Although the branching ratio 
off  the Higgs boson into a bb-pair is dependent on the mass of the Higgs itself, for a given Higgs 
masss this branching ratio is precisely predicted inside the SM. The relative frequency of various 
4-quarkk (b-tag) configurations in heavy boson pair production and for three different Higgs boson 
massess are given in table 5.1. 

77. 77. 
w+w--
ZH(80) ) 
ZH(IOO) ) 
ZH(115) ) 

Br(44 quarks) 
48.9 9 
45.6 6 
64.2 2 
64.1 1 
63.8 8 

(qq)) (qq) 
61.3 3 
99.7 7 
6.3 3 
8.5 5 

15.2 2 

(qq)) (bb) 
17.0 0 
0.0 0 

72.0 0 
69.8 8 
63.1 1 

(bb)) (qq) 
17.0 0 
0.0 0 
1.8 8 
2.4 4 
4.2 2 

(bb)) (bb) 
4.7 7 
0.0 0 

19.9 9 
19.3 3 
17.5 5 

(bq)) (qq)+(qq) (bq) 
0.0 0 
0.3 3 
0.0 0 
0.0 0 
0.0 0 

Tablee 5.1: The fraction of fully hadronic (4-quarks) final states in % for the heavy boson pair-
productionproduction processes at LEP2. In addition the relative occurrence of the b-tag configurations 
presentpresent in these fully hadronic final states is shown (qq means non-b quark pair). 

Thee cross section for b-quark production in W+W~ events is tiny since it involves the small CKM 
matrixx elements Vcb and Vub and is about 0.024 pb. During the generation of 4-fermion events 
withh EXCALIBUR an implementation was used where the CKM matrix was assumed to be the 
unitt matrix, thereby explicitly preventing b-quarks to be generated. Although small, the cross 
sectionn is still about 60% of the cross section of ZH production at 206.7 GeV when the Higgs 
masss is 115 GeV. To investigate the effect of neglecting b quarks in generating W+W~ events on 
thee determination of the W+W~ background in different phase space regions (especially where 
b-quarkss are present) dedicated samples have been produced to simulate these events. Due to the 
usee of the anti-W+W~ mass information and the presence of long-lived c-quarks in the tails of 
thee b-tag distributions possible effects (underestimation of the W+W" background in the pure 
ZHH region) are diluted. 

b-quarkss in 2-fermion events 
e+e~~ annihilation is described by both Z and 7 exchange (and their interference). The fraction of 
primaryy b-quarks produced in qq(l) events at LEP2 is therefore different from that of a Z boson 
decayingg into a bb-pair, which has been measured to high precision (FQ = T(Z —> bb)/r(Z —• 
had)) = 0.216, see [66]). Although different from R% the relative production rate of e+e~ into a 
pairr of b-quarks compared to the total hadronic cross section (Rh — a(e+e~ —• bb)/<r(e+e~ —• 
had))) is well predicted in the SM and is measured at each centre-of-mass energy by the LEP 
experiments.. The expected value for Rh varies only weakly as a function of the centre-of-mass 
energiess around 200 GeV and is 0.165 [69]. 

RRbb reflects only the fraction of direct bb-production and this could be different for the specific set 
off events that have an apparent 4-jet structure and pass the event pre-selection presented in section 
4.5.. Corrections are required that reflect the differences between light and b-quarks, for example 
differencess in the amount of gluon radiation of heavy quarks compared to light quarks and the 
differencee in decay multiplicity. From pure kinematics the radiation of gluons from b-quarks is 
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expectedd to be suppressed compared to radiation off light quarks due to the larger mass of the 
b-quark.. These kind of asymmetries are known, understood and implemented in the generation 
off  background events. A Monte Carlo study of qq(7) events at LEP2 shows that in the selected 
samplee of 4-jet events the fraction of events with two primary b-quarks is 16.1  0.2 %. 

gluonn splitting 
Theree are additional issues in the description of qq(7) events at LEP2 that have been a source 
off  many theoretical and experimental debates during the last years [70]. One of the important 
pointss relevant for the description of apparent 4-jet qq(7) events is the fraction of (secondary) 
quarkk anti-quark pairs produced through gluon splitting. It was found that the gluon splitting 
intoo a bb-pair was underestimated in PYTHIA [41]. In order to get a correct estimate of the 
qq(7)) background level in regions where the presence of b-quarks is expected events containing 
thesee specific splittings were assigned an increased weight. The effect on the fraction of expected 
jetss from qq(7) events that have a specific value of the combined b-tag probability per jet is given 
inn table 5.2. The b-quarks from gluon splitting are softer than the primary b-quarks and therefore 
doo not contribute to the extreme tail of the combined b-tag variable. 

combinedd b-
perjet t 
>0.0 0 
>1.0 0 
>2.0 0 

tag g fractionn of jets 
(noo rescaling) 

6.9 9 
3.2 2 
2.0 0 

fractionn of jets 
(rescaling) ) 

7.4 4 
3.5 5 
2.1 1 

Tablee 5.2: 7Tie fraction of jets (in %) in qq(7) events passing the pre-selection that have a specific 
valuevalue of the combined b-tag variable per jet before and after rescaling of the gluon splitting rate 
inin PYTHIA. 

Thee effect of remaining uncertainties in background description and discrepancies between data 
andd Monte Carlo for each analysis are incorporated in the systematic uncertainties. 

5.1.22 Experimental information 

Too establish the compatibility between the observed event and a specific b-tag configuration re-
quiress a quantitative statement about the 'b-likeliness' for each reconstructed jet.. In this section 
suchh a variable will be defined using the combined b-tag variable [63] per jet as described in sec-
tionn 4.4. The distribution of this variable (for selected two jet events at a centre-of-mass energy 
closee to the Z mass) is shown in figure 5.1 for all jets, where the contributions from b-quarks and 
non-b-quarkss are plotted separately. 

Oncee normalised, the distributions of the combined b-tag variable per jet for each jet-type ƒ, 
(b-quarkk or non-b-quark) can be interpreted as a probability density function: 

PfPfzz (pl) The probability density (function) for a quark of flavour ƒ» (b or non-b) to produce 
aa jet with a value pi for the combined b-tag variable. 
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Figuree 5.1: Combined b-tag variable for jets in Z-decays. The data are represented by the dots 
andand the two Monte Carlo histograms represent the different types of jets (b- and non-bjets). 

Inn addition, the b-tag likelihood ratio per jet for jet i is defined as: Pb(Pi) ) 
Pq(Pi)' ' 

(5.1) ) 

wheree q stands for any type of light quark (u,d,s,c). This ratio tells, for each value of the combined 
b-tagg variable p;, how much more likely it is that this reconstructed jet originated from a b-quark 
fragmentationn relative to a non-b-quark fragmentation. 

Thee likelihood ratio per jet is constructed using Z° Monte Carlo events, providing a clean envi-
ronmentt (two jets back-to-back) in which the few million Z-decays at LEP1 have ensured that 
thee Monte Carlo's have been tuned to describe the data to great precision. An experimental fea-
turee to take into account when constructing the likelihood ratio is that the discriminating power 
betweenn b- and non-b-jets deteriorates when going to smaller reconstructed jet-angles. The com-
binedd b-tag variable uses track-by-track errors and since these are dependent on the polar angle 
off  the track, the separation is less performant for jets in the forward region. To account for these 
differencess in separation power the b- over non-b ratio is parametrised in three different angular 
regions:: (0° to 30° & 150° to 180°), (30° to 40° & 140° to 150°) and (40° to 140°). The two prob-
abilityy density functions in each region, the corresponding likelihood ratio and its parametrisation 
(polynomials)) are shown in figure 5.2. 
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Figuree 5.2: The probability density functions for the combined b-tag variable for jets from Z-
decaysdecays reconstructed in three angular regions for b- and non-b quarks separately (left plots) and 
thethe ratio of the two distributions (likelihood ratio) (right plots). The solid line in the right plots 
indicatesindicates the parametrisation (4th order polynomials) used in the analysis. 
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5.1.33 Application in a multi-jet environment at LEP2 

Inn a multi-jet event this allows (from an experimental point of view) to compute the relative prob-
abilitiess of specific b-tag configurations relative to the hypothesis that they are all non-b quarks 
byy multiplying the individual likelihood ratios per jet. An example: the probability that in an 
observedd 4-jet event jet 1 and 2 are b's and jet 3 and 4 are non-b's relative to the probability that 
alll  4 jets are non-b quarks can be written explicitly as: 

fl>(Pl)fl>(Pa)Pq(ft»)Pq(P4)fl>(Pl)fl>(Pa)Pq(ft»)Pq(P4) = Pb(Pl) Pb(p2) 
PPqq(Pl)P(Pl)Pqq(p2)P(p2)P<i<i (P3)P(P3)Pqq(p4)(p4) Pq(pi) " P^P2) K ' } 

Multi-jett events at LEP2 have different characteristics than 2-jet events at the Z: higher track 
multiplicities,, a large spread in jet-energies, overlapping jets. Using the constructed parametri-
sationss at the Z in multi-jet events might cause systematic effects since distributions entering the 
combinedd b-tagging analysis might be strongly dependent on the energy of the jets and might 
involvee non-trivial extrapolations to different energies. To first order no large differences are 
expectedd since, as an approximation, all variables in the combined b-tagging either scale with 
thee jet-energy (like life-time information) or are (almost) energy independent (like jet mass, jet 
multiplicityy and the energy of the B-hadron compared to that of the initial b-quark). Secondary 
effectss like a higher mis-assignment rate of particles to jets caused by the higher multiplicity and 
thee overlap of jets are (partly) corrected for by tuning the impact parameters (as described on 
pagee 43) on tracks from real 4-jet events. 

Too give an idea of the agreement between data and Monte Carlo at high energy the distribution 
off  the combined b-tag variable per jet (p) is plotted for all reconstructed jets in events passing the 
pre-selectionn in figure 5.3. In this plot all centre-of-mass energies at LEP2 have been combined. 
Thee ratio of the efficiency for the data and Monte Carlo is shown in the right plot of that figure, 
wheree the efficiency for a given pQ is defined as the fraction of jets with p > p0. A good agree-
mentt between data and Monte Carlo is observed. 

5.22 Di-jet information 
Althoughh a strong indication of a specific b-tag configuration can eliminate many physics hy-
potheses,, additionall  information is needed to test the compatibility of the other event characteris-
ticss with that dictated by the hypothesis. In case there are 4 reconstructed b-quarks in the event for 
examplee angular distributions, cross sections and mass information decide on the relative proba-
bilityy of either a ZZ or ZH hypothesis. 

Thiss section describes the extraction of information on a different level of complexity in the event: 
invariantt mass information from pairs of reconstructed jets. Reconstructed mass distributions can, 
justt as specific b-tag configurations, be used as a fingerprint of a certain physics hypothesis. The 
expectedd mass distributions are known analytically (see section 5.2.1), but from an experimen-
tall  point of view there are some difficulties. In a 4(5)-jet event there are 3(10) possible jet-jet 
pairings.. In addition the quality of the energy flow reconstruction can vary significantly from 
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Figuree 5.3: The left plot shows the combined b-tag probability per jet for all reconstructed jets 
afterafter preselection in the data set 183-207 GeV. The right plot shows the integrated ratio of the 
efficiencyefficiency for data and the efficiency for Monte Carlo. The gray area in the right plot indicates 
thethe statistical uncertainty. 

eventt to event. The goal is to implement this knowledge in the interpretation of the reconstructed 
masses.. In general these problems can be solved by introducing a tool to test the compatibility 
off  the reconstructed di-jet masses with a specific set of mass hypotheses using the event-by-event 
errors.. This is shown in section 5.2.3. 

5.2.11 Expected mass distributions 

Thee mass of a single heavy gauge boson is described by a Breit-Wigner shape [26] determined 
byy the pole mass (m0) and the intrinsic width (F0) of the heavy boson: 

BW(miBW(mi I m0, r0) oc 
KK - mif+e m?)2 2 (5.3) ) 

Inn an event containing two heavy bosons the probability density function for the distribution of 
thee two boson masses {m\ and m2) in a single event can be described by the (normalised) product 
off  two Breit- Wigners times a phase space factor: 

Ptta5(mi.. rm I hyp) oc BW{mi | m01,T01) BW(m2 | m02, r02) PS(mi, m2, s), (5.4) 

wheree the phase space factor PS{m\,m2, s) equals J{\ — m\/s — m2/s)2 — 4m\m2./s2. In this 
expressionn s is the available centre-of-mass energy in the collision and 'hyp' indicates the under-
lyingg physics hypothesis given by (moi, r0i , ma2, T02). To be interpreted as a probability density 
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functionn equation (5.4) is normalised by requiring the integral over the allowed phase space to be 
equall  to unity: 

// dm1BW(m1\m01,T0i) / dm2 BW(m2 \ m02,r02)PS(mum2,s) = 1 (5.5) 
JMminn J « „ i , 

f\/ii  r\fs—mi 

dmidmi BW(mx | m01,r01) / 

AA few additional remarks should be made: 
•• Picking a specific value for the jet resolution parameter (ycut) implies a minimum in the 

jet-jett masses that can be obtained. At a t/cut of 0.001 (Durham) for example this minimum 
masss (A/min) is about 13 GeV/c2. 

•• Expression (5.4) describes the probability density function for heavy boson masses and 
thereforee the expected mass distribution in the correct pairing. The generated mass spectra 
(mi,m2)) for the combinatorial background in heavy boson pair production, arising from 
thee additional 2(9) 'wrong' pairings in the reconstructed 4(5) jets event, is parametrised as 
aa flat distribution (multiplied by the additional phase space factor). 

•• For all pairings in qq(7) events the (m1,m2) spectrum is parametrised as a flat distribution 
(multipliedd by the additional phase space factor). 

Ass an example, the mass distribution of a single W-boson and of the two masses in events where 
W-bosonss are pair-produced are shown in figure 5.4. The analytic parametrisations (5.3) and (5.4) 
usedd in the analysis to represent these distributions are also shown. 
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Figuree 5.4: The generated mass distributions for a single W-boson (left plot) and the 2-
dimensionaldimensional mass distribution in events where W-bosons are pair-produced at a centre-of-mass 
energyenergy of 200 GeV. The solid lines show the analytic parametrisation used in the analysis to 
representrepresent these distributions. 
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5.2.22 Reconstructed mass distributions 

Forr a given jet-pairing in a multi-jet event, the mass information is given to first order by only 
twoo numbers: the invariant masses of the two di-jet systems (mfc, mf2), computed using the es-
timatess for the parton four-momenta from the 4C-fit as described in section 4.3. In thiss section an 
effortt is made to try and quantify our experimental knowledge on the compatibility of these di-jet 
massess with masses that are different from the 4C masses, using the event-specific errors taken 
fromm the constrained fit. These errors can vary significantly from event to event reflecting the 
qualityy of the reconstruction of the energy-flow. Testing the compatibility for a specific pairing 
withh a specific set of masses (mi, m2) contains two additional constraints apart from energy and 
momentumm conservation and is therefore called a 6C-fit: 

6C-fit:: Like a 4C-fit and in addition for a given pairing two masses are known. 
Forr a given pairing a compatibility (defined by the x2) of the reconstructed masses can be tested 
withh a specific mass hypothesis where both masses are known (mi, m2): 

"jets s 

£p( f i Ued)„„  = ( 0 i 0 ) 0 ) v / i ) 

Mdijett i = mi (5.6) 

Mdijett 2 = rn2 

Forr each pairing the 6C-fit can be used to scan the full (mi, m2)-plane in order to test the compati-
bilityy with any specific mass hypothesis. The resulting A%2 distribution in the full (mi, m2)-plane 
cann be interpreted as the probability that in this event and for this particular jet pairing the two 
(observed)) heavy boson masses in thee event were actually mx and m2: 

Pfi^
iass(mi,m2)) oc e-èV(mi,"»ï)) (5.7) 

wheree A\2 = X2 — x\c an  ̂ x\c ls m e X2 of the 4C-fit. In figure 5.5 a plot of the Ax2 distribution 
forr a single 4-jet event is shown. In this event one can clearly identify the three different jet pair-
ingss and the resolution on any di-jet mass in this event. In this figure also an important kinematic 
featuree is evident: when the sum of the di-jet masses gets closer to the kinematic limit the error 
onn the difference of the masses is much larger than the error on the sum of the masses. Figure 
5.55 represents the full experimental mass information and allows to take into account all known 
kinematicc correlations and di-jet mass resolutions on an event-by-event basis. 

Fromm an experimental point of view all pairings have equal weight and the pairing ambiguity 
intrinsicc for the 4-quark final state can not be resolved. Only after a certain hypothesis is posed 
thee different pairings can be assigned a certain weight in correspondence to the compatibility with 
thee expectation. Such a compatibility is constructed in the next section. 

5.2.33 Constructing a quantitative compatibility with a physics hypothesis 

Oncee an experimental compatibility with any two masses is constructed for each pairing one can 
goo one step further and assign a variable that tests the compatibility of the masses in this specific 
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Figuree 5.5: 2-dimensional A\2 distribution in a single 4-jet event. The three different pairings 
cancan be clearly identified. The different contours represent the 1,2,3 and 4 sigma contours. 

pairingg with a predefined physics hypothesis. 

Whenn testing a physics hypothesis, in each point of the (mi,m2) plane there are now two distribu-
tionss providing information on the probability of observing these two masses in an event. On the 
theoreticall  side one has the probability density function of the produced masses described by the 
productt of two Breit-Wigners1 multiplied by a phase space factor (equation (5.4)), whereas on the 
experimentall  side one has the A\2 distribution (equation (5.7)). Considering a single pairing at a 
time,, the compatibility of the masses in this pairing with a posed hypothesis characterised by the 
twoo heavy boson masses and their widths (rn0i, m02, T0i,T02), can be quantified by convoluting 
thee two distributions: 

,, mass ( p a i r ) , - ^^ m 4 C 
hyp p « , < , A M ) ) (5.8) ) 

rr  y/s—m\ 
ff S dmx BWfrrn | hyp) / ' "" dm2 BW(m2 | hyp) • PS(mi,m2 ,s) e-è

A*2(™..-2) 

Inn this expression AM represents the experimental uncertainties on the reconstructed masses 
fromm the 4C fit. Using this expression, the compatibility for each pairing with specific hypotheses 

Orr a flat distribution when testing the qq(7) hypothesis. 
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likee W+W~, a qq(7), a ZZ or a ZH hypothesis with known Higgs mass (mn) can be computed. 
Theree are two possibilities to use these mass compatibilities per pairing in the analysis: 

11 Use the information per pairing to choose the best or most likely pairing 
Sincee maximally one jet-pairing represents the correct pairing and thereby the correct mass 
informationn on the two produced heavy bosons, many analyses try to find the most likely 
pairingg among the 3(10) pairings in the reconstructed 4(5) jet event. Deciding on a single 
pairingg automatically resolves the existing pairing ambiguity. 'Most likely' is analysis de-
pendentt as is illustrated in figure 5.5 where a W+W" cross section analysis and an analysis 
searchingg for a SM Higgs of 100 GeV/c2 mass will choose a different pairing. By resolving 
thee ambiguities both analyses discard relevant information (the masses in other pairings 
aree compatible with a different hypothesis). Even though it is not optimal this is the most 
widelyy adapted approach. 

22 Use all pairings, weighted by their compatibility with a certain mass hypothesis 
Byy assigning a weight to each pairing, all pairings can be treated consistently and no am-
biguitiess have to be resolved. This requires a special structure in die analysis as will be 
describedd in section 5.4. Extracting the mass information per pairing allows an optimal 
combinationn with other variables in a consistent way. This is the approach used in this 
thesis. . 

Example:: Performance test of mass compatibilities for full events 

Thee relative compatibility of events with the three SM hypotheses (ZZ, W+W~ and qq(7)) can be 
studiedd using only mass information. This is done by computing for each jet-pairing the compat-
ibilit yy with the three different physics hypotheses using equation (5.9). The event probability is 
constructedd by looping over all jet-pairings and adding the compatibilities. Finally, the mass-only 
eventt probabilities are normalised to me sum of all investigated hypotheses: 

pp mass (event) _ ^pa i r ing ° hyp ( m l > m 2 ) A M ) 

Ehyp=(ZZ,WW,QCD)) ^pa i r ing ^ h yp ( m l > m 2 i A M ) 

Thee normalised distributions of Pz|
vent, -Pwwnt  ̂ ^ocrf  f o r Monte Carlo events with 4 recon-

structedd jets from three different physics processes (ZZ, W+W~ and qq(7) events) at a centre-of-
masss energy of 200 GeV are shown in figure 5.6. For events with 4 jets a cut on the ZZ mass-only 
eventt compatibility (Pz|

vent > 0.80) would result in a selection efficiency of 57.1% for ZZ, 6.1% 
forr W+W~ and 14.8% for qq(7) 4-jet-events. These event probabilities using only mass infor-
mationn serve as inputs for the common DELPHI Higgs analysis in the 4-jet channel where the 
compatibilitiess are calculated in both the 4- and the 5-jet topology to reduce the W+W" and 
ZZZ contamination [71]. 

Fromm the available phase space it is expected that quite a large fraction of qq(7) events has a 
di-jett mass combination near die W+W~ or ZZ peak thereby mimicking a W+W" or ZZ event. 
Therefore,, as can be seen in the right bottom plot of figure 5.7, less than half of the qq(7) events 
cann be clearly identified as a qq(7) event when using only mass information. 
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Figuree 5.6: Normalised probability density functions describing the compatibilities of the recon-
structedstructed masses in ZZ, W+W~ and qq(*y) events (with 4 reconstructed jets) with three different 
hypotheses.hypotheses. The three top plots show the relative 'mass only' probabilities for ZZ events to be 
compatiblecompatible with either a ZZ (left), a W+W (middle) or a qq(j)(right) hypothesis. The middle 
threethree plots show the same distributions for W+ W~ events and the bottom plots for qq("i) events. 
TheThe Monte Carlo events for the different processes were generated at a centre-of-mass energy of 
200200 GeV. 

Thee comparison between data and Monte Carlo is shown in figure 5.7. The distributions of 
P77 (event) and P. masss (event) 

WW W aree shown for all events in the data set 183-207 GeV that have 4 
reconstructedd jets and pass the event pre-selection. A good agreement between data and Monte 
Carloo is observed. 
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Figuree 5.7: The distribution ofP™s (event) (leftplot) and P ^ s (event) (rightplot) for events that 
havehave 4 reconstructed jets after preselection in the data set 183-207 GeV. 

5.33 Event topological information 

Ass described in a previous section, the topological structure of the jets in an event is different for 
2-fermionn (qq(7)) events with hard gluon radiation and genuine 4-fermion events. Using the fact 
thatt the gluon emission has infrared (low energetic gluon jets) and collinear divergences (two jets 
closee together) a topological variable can be constructed to separate spherical (4-fermion) from 
moree cigar-like (2-fermion) events. 

Optimall  separation power can be achieved by using a combination of different event-shape vari-
ables.. Many of these variables are strongly correlated with di-jet invariant masses in the event 
andd using them to select events will restrict specific combinations of inter di-jet opening angles 
andd jet-energies. To easily combine the topological information with the mass information later 
inn the analysis a better approach is to sacrifice some separation power for simplicity as is done in 
thiss analysis by using a somewhat less performant single variable (Dpur) as defined in equation 
(4.12).. It combines the two most obvious differences in topology and has the advantage of being 
nearlyy independent of the value of the largest di-jet mass in the event. 

Too optimally discriminate between the different topologies the sample is further divided into 
eventss with 4 and 5 reconstructed jets: the relative number of qq(7) events with 5 reconstructed 
jetss is smaller than that for genuine 4-fermion events. 

Thee normalised distribution of Dpur is shown in figure 5.8 (for 4 and 5 jets events separately) 
forr two different event types after pre-selection: 2-fermion events (generated using PYTHIA[41]) 
andd 4-fermion events (generated using EXCALIBUR [34]) at a centre-of-mass energy of 200 GeV. 
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Figuree 5.8: Topological variable Dpur for reconstructed 4 (left plot) and 5-jet (right plot) events 
atat a centre-of-mass energy of 200 GeV. The distribution for both 2-fermion and 4-fermion events 
isis shown separately. For each event type the sum of the 4- and 5-jet distributions is normalised. 

Thesee distributions can be interpreted as probability density functions. 

pp topo 
' h y p p (Dpur)) The probability for an event from the physics process hyp to have (4 or 5 

reconstructedd jets and) this value for Dpur. 

Parametrisingg the ratio of the two probability density functions allows computation of the relative 
probabilitiess that the observed event (given only topological information) originated from either 
aa 2-fermion or a 4-fermion event: 

Topologicall  likelihood ratio per event: c rr (DP 
CdP°° (°P 

(5.10) ) 

Thee parametrisation (using polynomials) of the ratio is done at every centre-of-mass energy sep-
aratelyy to account for small changes in kinematics. The description of the general topology of 
multi-jett events at LEP is well described by the Monte Carlo. The distribution of Dpur for all 
eventss after pre-selection in the data set 183-207 is shown in figure 5.9 for events with 4 and 5 
reconstructedd jets separately and shows very good agreement between data and Monte Carlo. 

5.44 Computing event-by-event probabilities 

Forr each process a probability can be computed to produce an event with characteristics identical 
too the ones in the observed event. In this section a general compatibility expression will be 
constructedd for 4-quark final states by combining all sources of information. This allows a wide 
varietyy of applications as will be discussed in the following chapters. 
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Figuree 5.9: Topological variable Dpur for events with 4 (left plot) and 5 (right plot) reconstructed 
jetsjets after preselection in the data set 183-207 GeV. 

5.4.11 Initial probability expressions 

Inn case there is no information contained in the event the probability2 for this event to have been 
producedd by a given process (p) can be expressed in terms of the cross section for that process, 
thee branching ratios for that process into its possible final states (quarks, leptons, neutrinos) and 
thee specific efficiency to pass the event pre-selection: 

aapp J2 Br(fs) e 
fs s 

(5.11) ) 

Wheree the following symbols have been used: 

p(process) ) 
o-p p 

Efs s 
Br(fs) ) 
,, fs 

AA certain physics process (for example ZZ or W+W~) 
Thee cross section for this process 
Thee sum over all final states 
Thee branching ratio for this process p into this final state 
Thee probability for an event of this process and in this final state 
too pass the event pre-selection. 

Sincee (almost) only events with 4 quarks in the final state are selected the probability expression 
cann be simplified by eliminating the redundant terms concerning final states other than qqqq. In 
doingg this the following assumptions were made: 

•• The efficiencies for non-hadronic configurations to pass the event preselection are zero. 
•• The efficiencies for different hadronic (b-tag) configurations of a process to pass the event 

pre-selectionn are identical and equal to: e had d 

;; All computations will be done in the framework of the SM. 
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Thiss allows the probability expression to be written as a sum over the different hadronic (b-tag) 
configurationss only: 

processs = <7p c ̂  E Br (had.fs.) (5.12) 
had.fs. . 

Oncee an event is detected the measurement allows the characteristics of the event to be extracted 
inn the form of observables. Each piece of information increases our knowledge on the underly-
ingg physics process producing this event: for each physics process the SM prediction for a given 
observablee is known. Differences in these distributions for various physics processes allow to 
differentiatee between them. In the preceding sections a few observables have been constructed 
providingg information at different levels of complexity. These variables will be used in the expres-
sionn of the probability for the observed event to originate from a particular physics hypothesis. 
Al ll  variables used in the computation of the probability are uncorrelated (at least to first order) 
andd therefore enter linear in the expression for the probability. 

5.4.22 Adding topological information 

Att the level of the full event, the event shape can be used to get information on the compatibility of 
thee event to either originate from a 2-fermion or from a 4-fermion process using the probability 
densityy functions defined in equation 5.10. For each final state the probability to have a value 
off  Dpur equal to the one in the observed event is known. Assuming that for a process p, the 
topologicall  variable is identical for the different hadronic (b-tag) configurations and equal to 
Pp

had(Dpur)) the probability expression can now be written as: 

processs = <7p e J
8" Pp

had (Dpur) £ Br (had.fs.) (5.13) 
had.fs. . 

5.4.33 Adding b-tag and mass information 

Inn expression 5.13 the sum over the different hadronic final states is composed of the different 
b-tagg configurations and jet-pairings and can be written more explicitly as: 

16(31)) 3(10) 

EE = E E (5.i4) 
had.fs.. btag=l pair=l 

Writingg it out in more detail allows to incorporate the b-tag and mass information as introduced 
inn the previous sections: 

•• b-tag configurations: 
Eachh of the jets can be either a b- or a non-b-jet resulting (in a 4-jet event) in 16 different 
b-tagg configurations. In a 5-jet event one of the jets is assumed to be a gluon jet (non-b), 
resultingg in 31 different configurations. 

Forr each b-tag configuration the expected probability that this particular configuration oc
curss is known (see section 5.1.1) and this is written here as Br(had.fs.). On the experimental 
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sidee we have the tool to quantify the compatibility of a given jet(-pair) with a given b-tag 
configurationn (see section 5.1.2 and 5.1.3). 

•• jet-pairings: 
Inn case of 4(5) reconstructed jets there are 3(10) possible jet-pairings. In case of a ZH hy
pothesiss one has for each jet-pairing the additional ambiguity for each pair to be either the 
Higgss or the Z, increasing the number of pairings by a factor 2. 

Forr each jet-pairing the compatibility of the reconstructed masses with the expectations 
fromm the given process is also known and is evaluated using expression (5.9). 

Pp
masss (Pair) (mfc, rri2C, AM) The probability that the reconstructed masses in this event 

(andd for this particular jet pairing) are compatible with the 
expectedd mass distribution for this process. 

Incorporatingg all this information results in the following expression indicating the probability 
forr a given process to produce an event with characteristics identical to that in the observed event: 

16(31) ) 

Pprocesss = <Tp 6  ̂ P^(Dpm) £ B r ( h a d . f s . ) 

btag=l l 

3(10) ) 

££ PfMPhMPfMPfM  Pp
mass(pairVf,mf,AM) (5.15) 

pair=l l 

5.4.44 Using relative probabilities 

Ass was already remarked in the previous sections, the probability for a process p to have exactly 
thee characteristics as in the observed event is zero, and only relative probabilities (likelihood 
ratios)) are well defined quantities. To classify events only these relative probabilities are needed 
soo the full expression in 5.15 can be multiplied by an arbitrary number which can conveniently 
bee chosen to be: 

11 1 
(5.16) ) ^(Dpur)) PMPMPMPM) 

Thiss is the inverse of the probability that the event originated from a qq(7) event (looking only 
att topological information) and that all jets are light (non-b) quarks. This normalisation results in 
ann expression where the likelihood ratios as constructed in the previous sections appear: 

p h a d ( DD ^ 16(31) 

P p ^^ = ^ p L i m £ Br (had.fs.) 
•"qcdd \1JPUT) btag=l 

I ]] P ^ ( f t | ^ ) p ^ ) w ( P 4 ? Pp
mass(pair)KC,mf,AM) (5.17) 

patlll PqM PM PqM PqM ? 
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5.55 Conclusions 
Usingg this simple algorithm to classify 4(5)-jet events, only composed of three variable types, 
wee are able to compute absolute event-by-event probabilities for various physics hypotheses. The 
analysiss does not need extensive tuning on Monte Carlo samples and can be used to study 4-quark 
finalfinal states at any centre-of-mass energy. All information contained in the event is extracted and 
treatedd in a consistent way, which has the advantage that the analysis is simultaneously optimised 
forr selecting fully hadronic W+W~, ZZ and qq(7) events. Using analytical expressions for the 
expectedd mass distributions and the use of the full mass information in the event ensures mat the 
analysiss is also optimised for ZH events of any given Higgs mass. The analysis can be improved 
byy including additional information of which angular information on the boson production an-
gless and the quark anti-quark separation for b-quarks are the most obvious. The final probability 
distributionss provide optimal sensitivity to extract the corresponding cross sections by means of 
aa maximum likelihood fit. 

Inn this thesis a few applications will be discussed, starting with the measurement of the fully 
hadronicc ZZ (NC02) cross section in chapter 6 followed by the search for the Standard Model 
Higgss boson in chapter 7. The method could be used to look for charged Higgses, pair produc-
tionn of techno-pions etc. As an example of these possibilities a search for a Higgs boson with 
propertiess different from that of the SM is described in chapter 8. 



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. 

71 1 
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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-probability distributions 

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. 

1 0 2 2 

2000 GeV 

100 I Jr%-T%q 

11 I H a 

-1H H 
0 0 

-2 2 

n n 

\\ DATA 

II I WW 

 zz 
HH QCD 

^ ^ -U-U [_,  -f-
L4-J_4j~^^ ^TT' 

0.11 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Probabilit yy  (ZZ  4 quarks ) 

1 1 

0.9 9 

0.8 0.8 

0.7 7 

0.6 6 

0.5 5 

0.4 4 

0.3 3 

0.2 2 

0.1 1 

0 0 

1? 1? 11 200 GeV I ' 

::  A 

// -+-

0.11 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Probabilit yy  (Z2%> 4 quarks ) 

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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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: 

„inn 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. 

Extractingg 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) 



NC022 (ZZ) cross section measurement 86 6 

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 ce t ne 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 

•Is•Is (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 0̂22 (bbqq) = 1.05 ^^ (s ta 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 distributions 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. 

22 L5 
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LEPP combined results 

 YFSZZ 
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(summerr 2001) 
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Centre-of-masss energy (GeV) 

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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Chapterr 7 

Higgss production (SM Higgs decay) 

Inn this chapter a search for the SM Higgs boson is presented in case both the Higgs and the Z bo-
sonn decay into a quark anti-quark pair. The analysis is an extended version of the event-by-event 
probabilityy computation as introduced in section 5.4 and the chapter starts with a discussion of 
thesee various extensions and their implications on the probability computation. In section 7.2 two 
techniquess used to extract mass information from the event are discussed in detail. This is done 
too illustrate the advantage of using the SM prediction for the Higgs boson's (changing) properties 
ass a function of its mass. 

Thee Higgs probability distributions and their characteristics are presented in section 7.3, while 
inn section 7.4 the statistical procedure to define the sensitivity limit of the analysis is introduced 
inn quite some detail. This procedure is then used in section 7.5 to summarise the measurement 
ass a lower limit on the mass of the SM Higgs boson. In that section also an evaluation of the 
systematicc uncertainties and possible improvements to the analysis are presented. The combined 
resultt from the LEP experiments is discussed and in the last two sections the search for the Higgs 
bosonn in the near future is quickly reviewed before ending with a summary and conclusion. 

7.11 Extending the probability computation 

Althoughh the mass of the Higgs boson is not predicted within the SM, the SM does predict the 
propertiess of the Higgs boson as a function of its mass. As described in section 2.4 for a given 
Higgss mass not only the branching fraction into a pair of b-quarks is precisely predicted, but also 
thee production cross section is known once a specific centre-of-mass energy is defined. Using the 
generatedd Monte Carlo samples, also the hadronic pre-selection efficiencies for the event selec-
tionn described in section 4.5.2 are known at each centre-of-mass energy as a function of the Higgs 
bosonn mass. For Higgs masses close to the kinematic limit these are around 90% as can be seen 
inn figure 4.13 for a centre-of-mass energy of 200 GeV. All properties of the Higgs signal needed 
ass inputs in the expression to compute the compatibility with a Higgs signal, equation (5.15) are 
thereforee known. 

Inn this analysis these dependencies of final state characteristics on MH are taken into account, 
analyticallyy where possible. This results in an optimal sensitivity to a possible signal by incor-

91 1 
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poratingg in a consistent way the known (varying) differences between the ZH signal and SM 
backgroundd for a varying Higgs mass hypothesis. 

Ann extension of thee existing probability computation, compared to that used to measure the NC02 
crosss section (chapter 6), is required since in ZH production there are two bosons with different 
characteristicss in the final state. The ambiguity that is present in a 4-jet ZZ or W+W" event, due 
too the possible jet-pairings, now doubles since in each pairing there is an additional ambiguity: 
eachh di-jet can be either the Higgs or the Z boson. Before discussing the performance of the 
analysiss in separating the Higgs signal from the SM background in section 7.3, first the use of 
masss information is discussed. 

7.22 Extracting mass information 
Thee method to assign a compatibility for a pair of di-jets with a Higgs hypothesis using only 
masss information is described in section 7.2.2 and is a natural extension of the ideogram method 
describedd in section 5.2.3. To introduce some of the difficulties connected to mass reconstruction 
inn these final states and to justify the choice for using the ideogram method, first the 'standard' 
methodd to extract the Higgs mass information per event (a single Higgs mass estimator) is pre-
sentedd in section 7.2.1. 

7.2.11 Fixing the Z mass to 91.2 GeV/c2 

Inn most analyses the procedure to find the Higgs mass in the event is the following: first decide 
onn the correct jet-pairing1 (and assignment) representing the H and the Z (often the pairing with 
thee two most b-quark like jets is defined as the Higgs) and then use the knowledge of the Z mass 
too improve the resolution on the reconstructed Higgs mass. In this section some of the properties 
andd features of the last step in this procedure are discussed. To eliminate the effect of thee first step 
inn this procedure a Monte Carlo study (without ISR radiation) is performed in the (ideal) case in 
whichh both the correct pairing and assignment are known. The results on the reconstructed Higgs 
massess using this procedure are compared to those where the Z mass is left free. 

Thee effect of the constrained fit (requiring the reconstructed event to satisfy energy and momen-
tumm conservation as described in section 4.3) on the estimation of the Z boson mass is shown 
inn figure 7.1. The ZH events used to make this distribution were generated at a centre-of-mass 
energyy of 200 GeV for a Higgs mass of 85 GeV/c2. After this 4C-constrained fit, the starting 
pointt of each analysis, not only is the mean value of the reconstructed Z mass close to Mz (91.2 
GeV/c2),, but also the resolution is significantly improved compared to the one using directly the 
reconstructedd jets. At this stage the resolution on the Z mass is however still much larger than the 
intrinsicc width of the Z (rz=2.49 GeV/c2). 

Thee (standard) procedure to improve the precision on the estimation of the Higgs mass is to fix 
thee Z boson mass to its pole mass of 91.2 GeV/c2 and fit the event again. This type of fit  is called 
aa 5C(b)-fit, where in addition to requiring energy and momentum conservation (4C-fit), there is 

11 Note that these problems are only present in the 4 quark and (part of) the q q r+ r ~ final states. 
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Figuree 7.1: The reconstructed Z boson mass (before and after the 4C-constrained fit) compared 
toto the generated Z boson mass in ZH events in the ideal case that the correct jet-pairing is known. 
EventsEvents were generated at a centre-of-mass energy of 200 GeV and the Higgs mass was 85 GeV/c2. 
TheThe widths for the reconstructed Z mass distributions are defined as the a's from a Gaussian fit. 

ann additional constraint: for a given pairing one of the di-jet masses is known and equal to Mhyp 

(inn this case 91.2 GeV/c2). 

££ pftted) " = (0,0,0, v/i) & for this pairing M;J = Mz (7.1) 

Thee 5C(b)-fit is an ideal tool to estimate and improve the resolution on the unknown Higgs mass 
inn case the Z boson mass in the event is described by a Breit-Wigner with a pole mass of 91.2 
GeV/c22 (hatched distribution in figure 7.1). For a wide range of (light) Higgs masses this is indeed 
thee case, but when the sum of the Higgs mass and the Z mass gets close to the kinematic limit, 
thee requirement of a Z mass distribution according to a Breit-Wigner is no longer fulfilled. The 
distributionn of the mass of the Z boson in the event is truncated at Mz=\/s - MH as is illustrated 
inn the left plot of figure 7.2. In that plot the (normalised) Z mass distribution for two different 
valuess of the Higgs mass is shown at a centre-of-mass energy of 200 GeV. 

Thee effect of the varying shape of the Z mass distribution on the reconstructed Higgs mass using 
thee 5C(b)-fit is shown in the right plot of figure 7.2. For Higgs masses (much) smaller than 
y/s—y/s—91.291.2 GeV/c2, fixing the Z mass to its pole mass results indeed in an increased precision in 
thee estimation of the Higgs boson mass. For a Higgs mass close to (or above) y/s-9l.2 GeV/c2 

however,, this procedure not only results in a bias on the reconstructed Higgs mass (the sum of 

JJ Generate d Z mass 

Widt hh = 2.49 GeV/c2 

JJ  Reconstructe d Z mass 

(afte rr  4C-f it ) 

Widt hh = 6.43 GeV/c2 

JJ  Reconstructe d Z mass 
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Widt hh = 11.05 GeV/c2 
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thee Z and the Higgs mass can not exceed y/s), but also the reconstructed mass distribution is very 
asymmetricc and its width can no longer be interpreted as the resolution on the true Higgs mass. 
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Figuree 7.2: The left plot shows the (normalised) mass distribution for the generated Z boson 
whenwhen pair-produced with a Higgs boson for two different Higgs masses. The right plot shows the 
reconstructedreconstructed Higgs boson mass (for the same two Higgs masses) using two methods: the shaded 
histogramhistogram represents the method when the Z mass is not used at all and the hatched histogram the 
oneone where the Zmass is fixed to to 91.2 GeV/c2. 

Too follow the effect of this kinematic feature as a function of the true Higgs mass, the (mean) 
reconstructedd Higgs mass is shown as a function of the true Higgs mass in the left plot of figure 
7.3.. When the Z mass is left free there is no bias on the reconstructed Higgs mass over the 
fulll  range of true Higgs masses as is indicated by the shaded band. Using the fixed Z mass 
ass constraint (represented by the hatched band), there is an increased bias in the mean of the 
reconstructedd Higgs mass distribution as the true Higgs mass increases. For Higgs masses above 
y i -91.22 GeV/c2 the bulk of the reconstructed masses remains very close to the kinematic limit 
(illustratedd by the dashed line representing the most likely reconstructed Higgs mass), but the 
reconstructedd mass distribution has a more prominent tail2 resulting in an apparent 'reflection' off 
thee kinematic limit for the mean reconstructed mass. 

Thee resolution on a reconstructed Higgs mass versus the resolution on the true Higgs mass 

Thee resolution on the reconstructed Higgs mass for a specific Higgs mass (distributions as in the 
rightt plot of figure 7.2) should not be confused with the resolution on the true Higgs mass given a 
specificc reconstructed Higgs mass. These two numbers are identical only for light Higgs masses. 
Whenn the sum of the Z mass and the Higgs mass is close to the kinematic limit, the uncertainty 
onn the sum(difference) of the Z mass and Higgs mass becomes very small(large) as was shown 
alreadyy in section 5.2.2. Fixing the Z mass in these events will result in an artificially (too) small 

22 Reflecting the flattening (Breit-Wigner) tail of the Z boson mass distribution. 
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errorr estimate on the reconstructed Higgs mass. The uncertainty becomes (much) smaller than 
Tzz and can no longer be interpreted as the resolution on the true Higgs mass. 

Ann illustration of this feature is shown in the right plot of figure 7.3, where the probability density 
function33 for the true Higgs mass is shown for reconstructed Higgs masses between 103.0 and 
104.00 GeV/c2. Even for this intermediate Higgs mass the distribution already has a non-Gaussian 
shape.. These effects will only increase for higher reconstructed masses as can also be understood 
fromm the left plot of figure 7.3, where the dashed line shows that for any Higgs mass above 
x/s—91.22 GeV/c2 the most likely reconstructed Higgs mass will always be close to the kinematic 
Unfit. . 
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Figuree 7.3: The left plot shows the mean reconstructed Higgs mass as a function of the true 
HiggsHiggs mass using two different methods (the width of the bands corresponds to the RMS of the 
reconstructedreconstructed mass distribution). The shaded band represents the method where the Z mass is left 
freefree and the hatched band represents the procedure where theZmass is fixed to 91.2 GeV/c2 (the 
mostmost likely reconstructed Higgs mass in this last procedure is indicated by the dashed line. The 
rightright plot shows the probability density function for the true Higgs mass (assuming MH <115 
GeV/cGeV/c22)) when the reconstructed Higgs mass is close to 103.5 GeV/c2. 

Whenn an excess in the reconstructed Higgs mass spectrum is observed close to the kinematic 
limitt it is not the position of the peak, but the number of events in the peak that is most suitable 
too distinguish between various Higgs mass hypotheses since the relative ZH production cross 
sectionss for a Higgs boson with a mass of 110-112.5-115 GeV/c2 (at a centre-of-mass energy of 
206.77 GeV) are roughly 3:2:1. 

7.2.22 Using Ideograms 

Too account for the varying expected mass distribution in this analysis the (ideogram) procedure 
definedd in section 5.2.3 is used. This allows to compute per pairing (and assignment) a com-

33 Assuming the Higgs mass is below 115 GeV/c2. 
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patibilityy with a specific Higgs mass hypothesis since instead of fixing the Z mass to its pole 
thee (analytically known) distribution of the Z boson mass in ZH events is used in combination 
withh the event-by-event experimental errors on the reconstructed masses. These assignment-
compatibilitiess are the ideal way to take into account the increased ambiguity connected to the 
masss information. Since also the other event variables are predicted given a specific pairing and 
assignment,, the mass information can easily be incorporated in the probability computation al-
lowingg a consistent compatibility of the event with various hypotheses to be constructed. 

Inn ZH events (for a Higgs mass MH) the probability density function of the masses of the two 
bosonss can be described by the (normalised) product of a Breit-Wigner for the Z boson and a 
deltaa function for the Higgs boson4. Adding a phase space factor the distribution is as in equation 
(5.4): : 

Pth
m

ê
s
y(m1,m22 | hyp) oc BW{mx \ m01,T01) 6(m2 - MH) PS{mum2,s), (7.2) 

Too illustrate the separation power between ZH events and events originating from SM background 
processes,, the distributions of event probabilities using only mass information are shown for the 
differentt event types in figure 7.4 for a Higgs mass of 90 GeV/c2 (left plot) and 110 GeV/c2 (right 

plot).. These event 'mass-only' probabilities P ^ M L T " ' '
 a re d e f i n ed as i n equ a t i on 5-9 at m e 

endd of section 5.2.3, where similar definitions were used to study the separation power between 
ZZ,, qq(7) and W+W" events (see figures 5.6 and 5.7). Since ZZ events have a similar mass 
distributionn as ZH(90) events, the event probability can almost never exceed 0.5. 
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Figuree 7.4: The normalised distributions of the relative probability per event to be compatible with 
aa ZH event when using only mass information for SM background processes (hatched histogram) 
andand signal (solid histogram). The left(right) plot is for a 90 (110) GeV/c2 Higgs mass hypothesis. 

44 At masses below 120 GeV/c2 the width of the Higgs boson is below 5 MeV/c2 as can be seen in figure 2.6 and 
cann be approximated by a delta function. 
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7.33 Probability distributions: characteristics & performance 
Usingg the mass information as described in section 7.2.2 the event-by-event compatibility with a 
hypothesiss of a Higgs boson with a specific mass can now be computed using the procedure de-
scribedd in section 5.4. Here, the characteristics and performance in the separation between signal 
andd background are discussed. 

Inn figure 7.5 the normalised distributions of the logarithm of the event-by-event probability are 
shownn for a Higgs mass hypothesis of 90 GeV/c2 (left plot) and 110 GeV/c2 (right plot) for 
ZHH events and for those originating from SM background processes. The additional distribution 
off  the ZH(110)-probability for ZH(90) events (dashed line in the right plot) illustrates the fact that 
indeedd the ZH(110)-probability computation is optimised for ZH(110) events, since the separa-
tionn between the possible signal events and those originating from the SM background processes 
iss clearly deteriorated. 

Ass in the case of the ZZ analysis (see figure 6.6), for a given Higgs mass hypothesis, the back-
groundd composition changes when going to lower efficiencies. In examining ZH events however, 
thee dominant background (at a fixed efficiency) depends also strongly on the mass of the Higgs 
bosonn in the hypothesis as is illustrated in the two plots of figure 7.6. The agreement between 
observedd and expected number of events is examined over a large range of ZH efficiencies by 
plottingg the number of events (data and that expected from the SM with and without the hypo-
theticall  ZH signal) as a function of the corresponding ZH efficiency. These evolution plots are 
shownn for a Higgs boson of 90 GeV/c2 (left plot) and 110 GeV/c2 (right plot). As expected, for 
aa Higgs mass close to the Z mass the dominant background comes from ZZ events whereas for a 
Higgss mass of 110 GeV/c2 the main background is from qq(7) events. 

Forr both the 90 GeV/c2 and 110 GeV/c2 Higgs hypothesis there is a good agreement between 
thee number of observed events and the number of predicted events when there is no additional 
Higgss signal assumed to be present. As an indication of thee separation power at the various Higgs 
hypothesess and the agreement between the number of expected and observed events (in the year 
20000 data set) a few characteristic numbers are given in table 7.1 for a range of Higgs masses 
betweenn 90 and 115 GeV/c2 at the point where the product of efficiency and purity is maximal. 

Fromm table 7.1 it is clear that the observed data in the 205-207 GeV data set are best explained by 
thee SM predictions without an additional Higgs signal over the full range of Higgs boson masses, 
althoughh for a Higgs signal at 115 GeV/c2 there is not enough separation power to reject the 
hypothesiss that there was actually a signal present. The next section is devoted to describing the 
methodd used by all the LEP experiments to determine which hypothetical signal can be excluded 
att a predefined confidence level and thereby allowing, within the framework of the SM prediction, 
thee measurement to be summarised by a lower limit on the mass of the Higgs boson. 
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Figuree 7.5: Expected normalised distributions of the ZH-probability at a centre-of-mass energy 
ofof 206.7 GeV for ZH events (solid histograms) and the SM background processes (hatched his-
tograms).tograms). The left plot shows the separation between ZH signal and SM background for a Higgs 
ofof 90 GeV/c2 whereas the right plot shows the distributions for a 110 GeV/c2 Higgs. The dashed 
lineline in the right plot shows the distribution for a ZH(90) signal. 

efficienc yy (ZH(90)-> 4 quarks ) efficienc y (ZH(110)-> 4 quarks ) 

Figuree 7.6: Number of expected events left for various processes as a function of the efficiency 
forZHeventsforZHevents with a 4-quark final state in the combined year 2000 data set. The number of events 
observedobserved in the data is represented by the points and compared to the expected number of events 
withwith and without an additional Higgs signal. The left plot is for ZH(90) events whereas the right 
plotplot shows the distributions for a 110 GeV/c2 Higgs. 
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MHH (GeV/c2) 
90 0 
95 5 
100 0 
105 5 
110 0 
115 5 

ln(PzH) ) 
-2.22 2 
-3.13 3 
-2.22 2 
-2.12 2 
-2.43 3 
-3.03 3 

e(ZH) ) 
41.3 3 
57.2 2 
46.4 4 
43.7 7 
41.8 8 
28.4 4 

ZH H 
27.02 2 
31.74 4 
21.34 4 
15.22 2 
9.09 9 
1.64 4 

SM(noo ZH) 
41.90 41.90 
80.57 7 
31.21 1 
19.68 8 
13.78 8 
4.82 2 

observed d 
41 1 
69 9 
28 8 
18 8 
13 3 
4 4 

Tablee 7.1: The number of observed events with a ZH-probability above the value for which the 
productproduct of efficiency and purity is maximal, is compared to the SM prediction (efficiencies are 
givengiven in %). Note that the probabilities are the ones optimised for the corresponding Higgs mass 
hypothesis.hypothesis. The number of predicted ZH events is also given, A good agreement between data and 
thethe SM prediction (without an additional ZH contribution) is observed for all mass hypotheses. 

1A1A Probing the sensitivity limits 

Probingg the sensitivity limits and interpreting the (negative) result from a search as a limit on 
aa hypothetical physics parameter is common practise in search analyses performed in (particle) 
physicss experiments. In the case of the search for the SM Higgs boson for example the result of 
thee measurement, as an answer to the question "Is there a Higgs boson ?", can not be summarised 
withh a simple 'yes' or 'no', since (as can be seen from table 7.1) the experiment has no sensitivity 
too positively exclude nor to confirm the presence of a signal of a heavy Higgs boson. 

Inn this section the procedure to determine the sensitivity limit of the analysis is introduced and 
appliedd to the analysis of the search for the SM Higgs boson. The result from a single measure-
mentt (for a specific Higgs mass) will be analysed in the form of hypothesis testing, where the null 
hypothesiss is the one in which the signal is absent (background-only) and the alternate hypothesis 
iss the one where the Higgs signal is present (signal+background). The method used to interpret 
thee measurements is then the CL8 (or modified frequentist) procedure [80] that is used by the LEP 
collaborationss to analyse5 and summarise their combined results. 

Inn section 7.4.1 a general introduction of the method is given and the test statistic, used to rank 
experimentss from most background-like to most signal+background-like, is defined. Then the 
methodd to quantify the degree to which various hypotheses are favoured or excluded, given a 
specificc measurement, is formally introduced. Within this framework a definition of the sensitivity 
reachh of the measurement is given. In section 7.4.2 the method is applied to summarise the results 
fromm the search for the SM Higgs boson in the fully hadronic final state. The obtained sensitivity 
limitt is finally interpreted (within the SM) as a lower limit on the mass of the Higgs boson in 
sectionn 7.5.1. 

7.4.11 General definition of the test statistic and confidence levels 

Thee first step in assessing the separation power of the analysis in distinguishing between the 
twoo hypotheses is to construct a single variable that can be used to rank experiments from most 

55 The ALEPH collaboration uses a slightly different method [81] to present its individual result. 
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background-likee to most signal+background-like. This variable is called the test statistic. A sen-
siblee choice is to define it as (a function of) the likelihood ratio between the two hypotheses since 
suchh a definition possesses the property that it allows the measurement to confirm as strongly as 
possiblee a signal when it exists or to exclude it as strongly as possible in its absence. The test 
statisticstatistic (X) is here defined as: 

XX = -21n(Q) ,with Q = % * , (7.3) 

wheree Cs+b is the likelihood for the signal+background hypothesis and Cb is the likelihood for 
thee background-only hypothesis. In this way, X is constructed to increase monotonically for 
increasinglyy background-like measurements: low-X is signal+background-like and high-X is 
background-like.. The probability density function for X for 'gedanken' background-only ex-
perimentss is defined as P\>(X) and for signal+background experiments the probability density 
functionn is given by Ps+b(X) . 

Too visualise the various definitions derived from the distributions of Pb(X) and Ps+h(X) the 
twoo probability density functions are shown in figure 7.7. The sensitivity of a measurement is 
givenn by the effective separation of the two distributions which is given by a combination of the 
intrinsicc separation power of the analysis and the amount of collected statistics. Note that the 
experimentall  data produce only a single value for -2ln(Q) denoted as Xobs. For this value one 
cann define compatibilities with either of the two hypotheses. 

Compatibilityy with the background-only hypothesis 

Forr a given experimental observation (Xohs) the confidence level in the background hypothesis 
(CLb)) is given by the probability that a background-only experiment has a value for X that is 
largerr or equal to X0bs. Therefore the probability that a background-only experiment is more 
background-likee than the observed measurement can be formally written as: 

CLbb = Pb(X > Xohs) = / Pb(X) dX (7.4) 

Fromm this definition (see also figure 7.7) it is clear that l-CLb defines the probability that a 
background-onlyy experiment looks more signal+background-like than the one observed in this 
measurementt (the probability to observe an even larger fluctuation towards the signal region in 
casee there is no signal present). For background-only experiments, by definition, l-CLb is on 
averagee \ whereas for the average signal+background experiment l-CLb is (very) small (in case 
thee two distributions are well separated). 

Compatibilityy with the signal+background hypothesis 

Similar,, for a given experiment the confidence level in the signal+background hypothesis is given 
byy the probability that the test-statistic X from a signal+background experiment is larger than 
X>bs-- Again, this can be interpreted as the probability that an experiment, in case there is indeed 
aa signal present, looks more background-like than the observed measurement. Analogous to 
equationn (7.4) it can be written as: 
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CLs+bb = Ps+h(X > Xobs) = / Ps+b(X) dX (7.5) 
•'-fobs s 

Forr the average signal+background experiment, by construction, CLs+b is | whereas for the aver
agee background-only experiments this value will be very small (again under the assumption that 
thee two distributions are well separated) as can be understood from figure 7.7. 
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Figuree 7.7: Definition of the various confidence levels used in the analysis of testing the compat-
ibilitiesibilities with both a background-only and a signal+background hypothesis. 

Compatibilityy with the signal hypothesis 

Interpretationn of the difference between the number of expected and observed events as an esti
mationn of the signal rate can lead to controversial results in measurements where there is no clear 
separationn between the background and signal+background hypotheses (e.g. in case of a very 
loww expected signal rate). When for example less events are observed than expected from back
groundd this can be interpreted as a negative signal cross section even to the point where a zero 
crosss section is excluded at the 95% CL when the 'standard' methods of inference are applied. To 
deall with these difficult regions (the region where the limit is to be set is by definition the region 
wheree the experiment loses sensitivity) the confidence level in the signal+background hypothesis 
(CLs+b)) is modified by normalising it to the confidence level for the background-only hypothesis 
(CLb).. The (modified frequentist) confidence level in the signal is therefore defined as: 

Ps+bb W 
signal+backgroun d d 

experiment s s 

—— Pb (X) 
background-onl y y 

experiment s s 

1-CL L 

CLSS — CLs+b / CLb (7.6) ) 
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Notee that CLS is not a real confidence, but rather a ratio of confidences. Using this modified defi-
nitionn of the signal confidence allows to obtain sensible exclusion limits even when the observed 
ratee is so low that the background hypothesis is called into question. The exclusion limits ob-
tainedd using this modified definition are therefore always conservative. This method of assessing 
thee sensitivity limit is known as the Modified Frequentist method. 

Ruless for discovery and exclusion 

Forr a discovery the null hypothesis has to be rejected. To do that the 'incompatibility with the 
background-hypothesis'' (l-CLb) is used. It is the probability that a background-only experiment 
fluctuatess towards the signal region as much as in the observed measurement or more. The values 
forr l-CLb can be transformed into standard deviations using a (one-sided) Gaussian approxima-
tionn (see table 7.2). A discovery can be claimed when l-CLb is smaller than 5.7x 10"7, a so-called 
5a-effect. . 

l-CLb b 

2.77 xlO"3 

5.7xl(T7 7 

sizee of effect 
3<rr (evidence) 
5(77 (discovery) 

Tablee 7.2: Conversions of values for l-CLb into one-sided Gaussian fluctuations. 

AA signal hypothesis will be considered excluded at a given CL when: 

11 - CLS < CL (7.7) 

Thee lower limit on the Higgs boson mass obtained using the CLS method should be interpreted 
ass the sensitivity boundary of the experiment. This means, the boundary of a region where one 
wouldd not have expected the signal (in case the signal exists) to fluctuate downward as much as 
inn the actual measurement. In case of the search for the Higgs boson the lower limit on the Higgs 
masss is defined as the highest mass whose corresponding ZH signal can still be excluded at the 
95%% CL. This can be interpreted as the Higgs mass for which the probability that the signal fluc-
tuatedd downward to the measured value (or more) is still smaller than 5% in case the signal exists. 

Oncee the definitions of exclusion and discovery are given the method can be applied on the anal-
ysiss of the search for the Standard Model Higgs boson as presented in this thesis. 

7.4.22 Application of the CLS method to a single channel Higgs search 

Applyingg the CLS method on the results from the analysis presented in section 7.3 requires the 
constructionn of a test statistic as in equation (7.3). For a given Higgs mass the best separation 
betweenn the background-only and background+signal hypothesis is obtained by using the proba-
bilityy distributions as a separating variable (where signal and backgrounds have been normalised 
too equal luminosity). 
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Onee of the possibilities to construct the likelihood ratio of the two hypotheses is to perform a 
simplee (Poisson) counting experiment for events above the value of the ZH-probability that pro-
videss optimal statistical sensitivity (see table 7.1). An improved sensitivity is obtained however 
byy using the shape of the probability distribution for the two hypotheses. Using this approach 
diee likelihood ratio (Q = Cs+b/£b) between the signal+background and the background-only 
hypothesiss can be written as: 

S(p)S(p) and B(p) are the probability density functions for the ZH-probability for signal and back-
groundd events respectively. The most background-like part of the ZH-probability distribution is 
nott used when computing Q and in expression (7.8) therefore nobs is the number of observed 
eventss and s and b are the number of expected signal and background events with ln(p*)>-3.5. 
Restrictingg to a reasonably pure part of the probability distribution does not reduce the sensitivity 
too the signal and is done to avoid potential large systematic effects from background processes 
(ass was shown in section 6.4.1 for the ZZ cross section measurement). Expression (7.8) can be 
simplifiedd to: 

andd the test statistic -21n(Q) (as defined in (7.3)) can be expressed as a sum of weighted events: 

-21n(Q)) = 2s - 2 £ In (l + ^ \ (7.10) 

Inn this expression 1 + jj*j j is the relative probability of an event with ZH-probability p{ to have 
originatedd from an experiment where there was signal+background to a background-only experi-
ment:: the likelihood ratio. 

Computingg the distributions for -2ln(Q) for 'gedanken' background-only and signal+background 
experimentss and obtaining the value of -2ln(Q) in the data (Xohs) requires the correct weight for 
eachh event to be determined. The weight for each event is parametrised as a function of the ZH-
probabilityy (pd using the ZH-probability distributions from a large number of Monte Carlo back-
groundd and signal events. As an example this is shown in the right plot of figure 7.8 for a Higgs 
bosonn of 110 GeV/c2. In the left plot the original ZH-probability is shown for the two hypotheses 
inn the pure ZH region (solid histogram is background-only and the open histogram represents the 
expectationn in case there is also a ZH signal present). 

Too obtain the probability density functions for the signal+background and the background-only 
'gedanken'' hypotheses, a large number of 'gedanken' experiments have been performed by draw-
ingg a (Poisson) number of events from die distribution around the expectation corresponding to 
thee luminosity as collected in the data. 
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Figuree 7.8: The left plot shows the distribution of the logarithm of the ZH(l I0)-probability above 
-3.5-3.5 for SM background (solid histogram) and the expectation with the additional ZH(110) con-
tributiontribution (open histogram). The right plot shows the ratio of the signal+background and the 
background-onlybackground-only distribution (event weight) and its parametrisation (solid line). 

7.4.33 Example: results for a Higgs boson with a mass of 110 GeV/c2 

Forr a Higgs mass of 110 GeV/c2 the probability density functions for the test-statistic for back-
ground-onlyy and signal+background experiments, obtained from a large number of 'gedanken' 
experiments,, are given in figure 7.9. For the background-only experiments the one and two stan-
dardd deviations are given and also the observed value of -21n(<3) is shown. The observation is 
clearlyy background like. The characteristics of these two distributions are given in the first two 
rowss of table 7.3 as expected results for the average background-only and signal+background 
experiment. . 

Thee expected l-CLb for the average signal+background experiment is 0.003, far away from 
5.77 xl0~7 indicating that if the signal is there it is not expected to be discovered (a 5(7 effect 
ass defined in table 7.2). On the other hand, since the CLS for the average background-only ex-
perimentt is smaller than 0.05 (0.016, see first row of table 7.3) the signal corresponding to this 
Higgss boson mass is expected to be excluded. With an observed CLS of 0.008 it is also excluded 
(att 95% CL). 

averagee background-only experiment 
averagee signal+background experiment 

observedd in year 2000 data 

11 -CLb (~Lb CL< s+b b CLS S 

0.5000 0.500 0.008 0.016 
0.0033 0.997 0.500 0.502 
0.6988 0.302 0.002 0.008 

Tablee 7.3: A summary of the characteristics for the analysis searching for a Higgs boson with 
aa mass of 110 GeV/c2. Apart from the expected numbers for the average background-only and 
signal+backgroundsignal+background 'gedanken' experiment also the observed values in the year 2000 data set are 
given. given. 
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Figuree 7.9: The probability distribution for the test-statistic for background-only and back-
ground+signalground+signal (ZH(110)) experiments. The shaded areas indicate the one and two sigma regions 
forfor background-only experiments. The observed value for -21n(Q) in the year 2000 data set is 
alsoalso indicated. 

7.55 Results 

Inn this section the results from the search for the SM Higgs boson are presented. The result from 
thee 4-quark final state is given in section 7.5.1. Since the main focus is on the maximum Higgs 
masss that can be excluded, only the year 2000 data set is used. The sensitivity of the data sets at 
centre-of-masss energies below 205 GeV is marginal for large Higgs masses, therefore the Higgs 
compatibilitiess and corresponding results are evaluated up to Higgs masses of 115 GeV/c2. The 
(combined)) results from the four LEP experiments are presented in section 7.5.3. These results 
usee the full LEP2 data set and hence provide the most stringent (expected) limit on the mass of 
thee Higgs boson. 

7.5.11 Results for the 4-quark final state 

Thee distribution of the probability density functions of the test-statistic for the two hypotheses at 
Higgss masses of 100, 105, 110 and 115 GeV/c2 are constructed using a procedure similar to the 
onee defined in the previous section. These distributions are shown in figure 7.10 where also the 
observedd values for -21n((J) in the data are indicated. In order for the background-only hypothesis 
too be compared to the signal+background hypothesis for an arbitrary Higgs mass (MH) a proce-
duree has to be defined to construct the distributions for the test-statistic at that specific mass. In 
thiss section both this method and the one used to determine the evolution of the observed values 
inn the data are discussed. At the end of this section the analysis is summarised by interpreting the 
resultss as the (expected and observed) lower limit on the mass of the SM Higgs boson. 
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Figuree 7.10: The probability density functions for the test-statistic for background-only and sig-
nal+backgroundnal+background experiments for hypotheses where the Higgs mass is 100 GeV/c2 (top left plot), 
105105 GeV/c2 (top right plot), 110 GeV/c2 (bottom left plot), 115 GeV/c2 (bottom right plot). The 
observedobserved values at each of these Higgs mass hypotheses, using the year 2000 data set, are indi-
catedcated by Xobs. 

Expectedd -21n(Q) distribution as a function of MH 

Thee expected -21n(Q) distributions for a given Higgs mass (MH) are interpolated from those cor-
respondingg to the neighbouring two mass hypotheses that are known from Monte Carlo studies 
(figuree 7.10). This is done for background-only and signal+background experiments separately. 
Thee shape of the test-statistic for an intermediate Higgs mass is constructed as a weighted average 
off  the shapes of the two neighbouring distributions, with weights inversely proportional to the dis-
tancess (in mass) between the intermediate Higgs mass and that of the neighbouring distributions. 
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Sincee the interpolation is only over a few GeV/c2, the mean position of the distribution behaves to 
firstt order similar to the change in effective ZH cross section in the selected pure-ZH region. Us-
ingg the known ZH cross section and the assumption that the selection efficiency changes smoothly 
overr this mass range the mean value is found. The resulting expected -21n(Q)(MH) distributions 
aree shown in the left plot of figure 7.11. In that plot the central position of the background-only 
(signal+background)) distribution is indicated by the solid(dashed) line. For the background-only 
hypothesiss the width of the distribution is indicated by the shaded areas (1 and 2 sigma). 

Observedd -21n(Q) distribution as a function of MH 

Thee observed values for -21n(Q) for an arbitrary Higgs mass hypothesis can not be obtainedd from 
thee observed values at the neighbouring mass points for which the full ZH-probability distribu-
tionss have been computed. In order to set a 'confident' confidence limit, a precise determination 
off  the observed values in the (mass) region where the limit is expected is needed. These values 
cann be obtained without having to repeat the full analysis at many different Higgs masses as is de-
scribedd below. For both expectation and observation the -21n(Q)(MH) distributions are translated 
intoo l-CLb(Mn) values. The results are shown in the right plot of figure 7.11. 
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Figuree 7.11: Results from the search for the SM Higgs boson in the fully hadronic final state 
usingusing the year 2000 data set. The left plot shows the evolution of the -21n(Q) distribution for the 
background-onlybackground-only (solid line) and the signal+background-hypothesis (dashed line). The observed 
valuesvalues in the data are indicated by the connected dots. The right plot shows the corresponding 
distributiondistribution of l-CLh for both hypotheses and the data. 

Forr Higgs masses between 100 and 115 GeV/c2 extra ideogram compatibilities (mass-only infor-
mationn compatibilities per-pairing and assignment) have been computed at 1 GeV/c2 intervals. 
Usingg these mass compatibilities the ZH probabilities can be computed for the corresponding 
Higgss masses since the other components entering the expression for the ZH-probability (as in 
expressionn 5.17) are either known as a function of the Higgs mass or are not (or only slightly) 
dependentt on the Higgs mass. Each of these ZH-probability distributions for the data can be con-



Higgss production (SM Higgs decay) 108 8 

vertedd into a single observed value for -21n(Q) without the use of dedicated Monte Carlo samples 
too study the background and signal distributions in the ZH-probability distribution. This conver-
sionn is possible since the probabilities are defined in such a way that the parametrisation used to 
computee the event weights ( l+ |pj as is shown in figure 7.8 for a Higgs mass of 110 GeV/c2) is 
almostt identical for all Higgs masses. This characteristic allows the event weight to be computed 
forr each data event. The sum of the weights for the events in the pure-ZH region can be converted 
intoo a value for -21n(<5) using formula 7.10. The observed values of -21n(<2)(MH) in the data are 
shownn in figure 7.11 were they are indicated (as in future plots) by connected points. 

CLSS as a function of MH and extracting a lower limit on the Higgs mass 

Thee distribution of the signal confidence as a function of the Higgs mass, CLS(MH) , is shown in 
figurefigure 7.12 for the background-expectation (solid line) and the signal+background (dashed line) 
hypothesis.. The la uncertainty for the background-only experiments is indicated by the shaded 
area.. As defined at the end of section 7.4.1 a Higgs mass hypotheses for which CLS < 0.05 can 
bee excluded at 95%CL. 
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Figuree 7.12: Distribution of the signal confidence CL, for the background-only and the sig-
nal+backgroundnal+background hypotheses. The shaded area indicates the la uncertainty for the background-
onlyonly experiments. The observed values in the year 2000 data set are also shown. 

Usingg the intersection point at 0.05 the full measurement can be summarised as a 95% CL lower 
limitt on the mass of the SM Higgs boson: 

Expected:: MH > 112.0 GeV/c2 (at 95% CL) 

Observed:: MH > 112.2 GeV/c2 (at95%CL) 
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7.5.22 Systematic uncertainties and possible further improvements 

Inn this section the uncertainty on the predicted background level is estimated and its effect on 
thee expected and observed lower bound of the mass of the SM Higgs boson is evaluated. Finally 
somee suggestions are given to improve the sensitivity of the analysis to a possible Higgs signal. 

Systematicc uncertainties 

Thee search for the Higgs boson is a cross section measurement of a (very) small signal. In the 
regionn where the experiment loses sensitivity effectively only a handful of signal and background 
eventss remain. The statistical fluctuations are large and are absorbed in the definition of the lower 
limitt on the mass of the Higgs boson. The systematic uncertainties are often small compared 
too the statistical uncertainties and are not expected to strongly affect the results. For counting 
experimentss an analytic treatment to incorporate systematic uncertainties in an upper/lower limit 
iss discussed in [82], but for more complex analyses the effect is evaluated using a more rigorous 
Montee Carlo approach. 

Ass was shown in section 7.3, the background decomposition at high signal purity changes as 
aa function of the Higgs mass in the hypothesis. For a 90 GeV/c2 Higgs, the main background 
originatess from Z boson pair production, but above 100 GeV/c2 the dominant background is from 
qq(7)) events. This is illustrated in figure 7.13 where the relative background decomposition is 
shownn as a function of the Higgs mass hypothesis at the point of optimal statistical sensitivity. 

1055 110 115 

Higg ss mass (GeV/c2) 

Figuree 7.13: This plot shows the (relative) background decomposition as a function of the Higgs 
massmass in the hypothesis at the point where the product of efficiency and purity is maximal. 

Thee uncertainty on the predicted SM background level is therefore mainly coming from the uncer-
taintyy in the qq(7) cross section (7%). The effect from the uncertainty on the gluon splitting rate 
intoo a bb-pair on the background cross section is 3% and the uncertainty in the parametrisation 
off  the b-tag likelihood ratios per jet (using a similar procedure as in 6.4.5) induces a maximum 
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changee in the background level of 6%. The combined uncertainty on the background level is 
thereforee conservatively estimated to be around 10%. 

Thee procedure defined in section 7.5.1 to find the maximum Higgs mass that can be excluded 
att 95% CL is repeated with a background cross section that has been increased by 10%. This 
correspondss to a reduced sensitivity of 350(100) MeV/c2 for the expected(observed) lower limit 
onn the mass of the SM Higgs boson. 

Possiblee further improvements 

Thee analysis presented in this thesis is simultaneously optimised to identify ZH, ZZ, W+W~ and 
qq(7)) events. It is therefore not only good in identifying signal-like events, but also in rejecting 
thosee events that are also compatible with a background hypothesis. Possible improvements to 
increasee the sensitivity for a Higgs signal are presented below. They are similar to those suggested 
too improve the ZZ cross section measurement (see section 6.7), although with different emphasis: 

•• Improved rejection of qq(7) events: 
Ann improved rejection of qq(7) events (the dominant background) could be achieved by 
usingg a more complex topological variable than the Dpur variable. Implementation of a 
(more)) complex topological variable induces correlations with the extracted mass informa
tion,, but these effects are expected to be small compared to the gain in sensitivity due to the 
eliminationn of a large fraction of the qq(7) events. 

•• Quark-flavour tagging: 
Ann improvement in solving pairing ambiguities can be achieved by using a more complex 
b-taggingg algorithm that allows to (partially) separate b-quarks from anti-b-quarks. Using 
thiss information (bb,bb)-pairings can be favoured over (bb,bb) ones. Resolving these am
biguitiess in a 4 b-quark event is more important for ZH events than for ZZ events, since in 
almostt 20% of ZH events there are 4 b-quarks present compared to only 5% for ZZ. 

•• Using boson angular distributions 
Sincee the Higgs is a scalar particle, the angular distribution of the two bosons in ZH events is 
differentt from that produced in ZZ or W+W~ events. This is shown in figure 7.14 where the 
absolutee value of the cosine of the polar angle of both bosons is shown for ZZ, W+W" and 
ZHH events at a centre-of-mass energy of 207 GeV. At the level of the pairing the correspond
ingg angles of the constructed bosons can be used to disfavour an angular region that is more 
compatiblee with either a W+W~ or ZZ region. Note that in the case of W+W~~ events also 
thee charge of the bosons can be used to reduce their contribution to the total background. 

7.5.33 Combined LEP results 

Usingg the CLS method, the results from the fully hadronic final state can easily be combined with 
thosee from other channels, since additional search channels can be incorporated in the expression 
forr the likelihood ratio. The general expression for Q can be written (see equation 7.9 for a single 
channel)) in the most general way as: 
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Figuree 7.14: The distribution of the absolute value of the cosine of the polar angle for bosons in 
ZZ,ZZ, W+ W~ and ZH(115) events at a centre-of-mass energy of 207 GeV. 
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(7.11) ) 

Inn this expression j defines the search channel6. The test-statistic -21n(<2) can therefore again be 
writtenn as a sum of weighted events as in equation (7.10), where each channel contributes to the 
finall result with the combined weight of its selected events. The results from the four LEP exper
imentss can be combined in a similar way as they can simply be seen as separate search channels. 
AA detailed analysis of the results obtained using the full LEP2 data set can be found in various 
publicationss of the LEP Higgs Working Group (for example [83] for the results up to the summer 
off 2001). A short summary of the main results7 is given below. 

Thee combination of the results from all LEP experiments, using the full LEP2 data set and all 
searchh channels, results in a distribution of -21n(Q) as a function of the Higgs mass as shown 
inn the left plot of figure 7.15, displaying the LEP combined sensitivity to a Higgs signal. Con
traryy to the results from the analysis presented in this thesis, the LEP combined results show an 
excesss in number of observed events compared to the background expectation. This excess is 
compatiblee with a ZH signal where the mass of the Higgs boson is equal to 115.6 GeV/c2. The 
twoo -21n(Q) distributions corresponding to this specific Higgs mass (a slice in the left plot at this 
specificc mass) are shown in the right plot of figure 7.15. Given these distributions, the probability 
thatt a background-only experiment results in a similar value of -21n(Q) or even more signal-like 
iss 3.4%: 1-CLb = 0.034. 

66 The search channels for ZH events are all decay modes where the Higgs boson decays hadronically and the 
ZZ boson either decays into a quark anti-quark pair (~ 70%), a pair of neutrinos (~ 20%) or a lepton pair (~ 10%). 
Alsoo the channel in which the Higgs decays into a pair of tau leptons and the Z boson decays hadronically is used. 

77 All results quoted here are preliminary and represent the status at the time of the 2001 summer conferences. 
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Figuree 7.15: LEP combined results from the search for the SM Higgs boson. The left plot shows 
thethe evolution of the -21n(Q) distribution for the background-only (dashed line with 1 and and 2 sigma 
bands)bands) and the signal+background-hypothesis (lower dashed line). The observed values are indi-
catedcated by the thick solid line. The right plot shows the -21n(Q) distributions for the two hypotheses 
forfor a Higgs mass of 115.6 GeV/c2. 

Withh a 1-CLb of 0.034 (a 2.1a effect), the combined LEP measurement indicates a hint of a 
possiblee Higgs signal being present in the data. However, this signal compatibility is not the 
combinedd effect of four experiments each supporting a signal+background hypothesis. From 
thee two most sensitive experiments, ALEPH and DELPHI, the results from DELPHI clearly 
favourr a background-only explanation of the observed data whereas the ALEPH data are very 
signal+background-like.. As an indication of the sensitivity of the individual LEP experiments in 
combinationn with their actual measurements, the expected limits and observed l-CLb's are shown 
inn table 7.4 for various combinations of channels and experiments. 

Fromm these numbers it is clear that the signal-like interpretation of the data is most clearly 
favouredd by the results from the (fully hadronic final state in the) ALEPH experiment. It should 
bee noted that this channel is one of the most sensitive channels in LEP and that, if the measure-
mentt is interpreted as a Higgs signal, the obtained result in the ALEPH experiment is compatible 
withh almost a 2a upward fluctuation of a ZH(115.6) signal (as is indicated by a CLs+b of 0.94). 
Thee DELPHI experiment on the other hand observed less events than expected from background 
alone.. This downward fluctuation is quite strong and the probability that a Higgs signal, if it 
exists,, would result in a measurement that was even more background-like is only 2%. When all 
LEPP experiments are combined, still a preference for a signal+background interpretation remains. 
AA clear, but to many people unsatisfactory result: when DELPHI is left out from the combination 
theree is a strong preference for a signal+background interpretation of the data (l-CLb=3.7xlO~3 

whichh is almost a 3a effect, see table 7.2). On the other hand, when ALEPH is left out of the 
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ALEPH H 
DELPHI I 
L3 3 
OPAL L 
DLO O 
ALO O 
Four-jet t 
Missingg energy 
Alll  but four-jet 
LEP P 

expectedd sensitivity 
lowerr limit 

113.8 8 
113.5 5 
112.7 7 
112.6 6 
114.9 9 

--
--
--
--

115.4 4 

observed d 
lowerr limit 

111.5 5 
114.3 3 
112.2 2 
109.4 4 
114.8 8 

--
--
--
--

114.1 1 

Observationss at MH= 
l-CLb b 

2.00 xl(T 3 

0.87 7 
0.24 4 
0.22 2 
0.49 9 

3.77 xlO"3 

0.016 6 
0.40 0 
0.34 4 
0.034 4 

=115.6GeV/c2 2 

CLg+b b 

0.94 4 
0.02 2 
0.47 7 
0.47 7 
0.07 7 
0.83 3 
0.74 4 
0.26 6 
0.19 9 
0.44 4 

Tablee 7.4: The first two columns show the expected and observed sensitivity in the search for 
thethe SM Higgs boson in various combinations of experiments and search channels. The last two 
columnscolumns present the observations for a Higgs mass hypothesis of 115.6 GeV/c2. DLO(ALO) 
representsrepresents the combined LEP results when ALEPH (DELPHI) is left out from the combination. 
TheThe results from the ALEPH, DELPHI and OPAL experiment (and therefore those of the LEP 
combination)combination) are preliminary. 

combination,, the results are in perfect agreement with what is expected from a background-only 
hypothesiss (l-CLb=0.49). 

Interpretingg the combined measurement as a lower limit on the mass of the SM Higgs boson will 
thereforee result in a lower limit that is smaller than the one that was expected. The combined LEP 
resultss can be summarised as follows: 

Expected:: MH > 115.4 GeV/c2 (at95%CL) 

Observed:: MH > 114.1 GeV/c2 (at95%CL) 

Att this point an important remark should be made on how (not) to interpret a lower bound on the 
Higgss mass. A lower bound on the Higgs mass says nothing on the probability of the Higgs mass 
too be higher or lower than some value. To be allowed to make such a statement the direct results 
mustt first be folded with a prior probability density distribution for the Higgs mass itself. In the 
nextt section the results from such an exercise are described. 

7.5.44 Combining the indirect with the direct measurements 

Inn this section the indirect measurement of the Higgs mass (see section 2.3.3) is combined with 
thee direct exclusion limits from LEP to obtain the probability density function for the Higgs 
mass8. . 

88 Of course the Higgs mass (if the Higgs exists) has a single unknown value, but in the Bayesian framework the 
masss is treated as a stochastic variable. 
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Givenn the exclusion limit from the direct Higgs searches at LEP2 at 114.1 GeV/c2, the additional 
informationn contained in the likelihood curve (figure 2.3) for the Higgs mass from the electroweak 
precisionn measurements below around MH=110 GeV/c2 is extremely small. Above 116 GeV/c2 

however,, the direct searches have no sensitivity for a Higgs signal and all sensitivity to the Higgs 
masss comes from the indirect measurements. While the 'statistical' properties of a particle with 
unknownn mass are ill defined, the likelihood ratios associated to these measurements can be 
combinedd in a rigorous way. The main results from such an exercise [84] and p.d.f of the Higgs 
masss are summarised here. In general, given a certain data set, the probability density function of 
thee Higgs mass can be constructed using Bayes' formula: 

p(MH|worldd data) oc p(world data|MH) p(MH) (7.12) 

Inn this expression p(world data|MH) describes the combined likelihood of the electroweak mea-
surementss within the SM as a function of the Higgs mass and p(MH) is the a priori  probability 
densityy function for values of the Higgs mass. They are combined to give the probability density 
functionn for the Higgs mass: P(MH|world data). 

p(worldd data|Mfi) is a combination of the like-
lihoodd curve for the Higgs mass obtained from 
electroweakk precision measurements and the re-
sultss from the direct searches at LEP2. The ex-
ercisee of [84] is based on the combined elec-
troweakk results in the summer of 2000 [85] and 
thee direct Higgs search results at the time of 
thee LEP fest (October 2000). To obtain the 
probabilityy density function for the Higgs mass 
alsoo a prior distribution for the Higgs mass, 
P(MH),, has to be defined. A commonly ac-
ceptedd choice, as is the case in the exercise 
whosee results are discussed here, is to define 
p(MH)) to be flat in ln(MH). The information 
onn the Higgs mass from the indirect measure-
mentss ensures a properly normalised posterior 
probabilityy density function as is shown in fig-
uree 7.16. 

Thee distribution has a sharp peak around 116 GeV/c2 reflecting the excess observed in the direct 
searchess at LEP Some numbers characterising this distribution are: 
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Figuree 7.16: This plot shows the obtained prob-
abilityability density function for the mass of the 
HiggsHiggs boson when the results from the direct 
andand indirect measurements are combined. The 
twotwo areas both contain 50% of the full integral. 

MHH = 119 GeV/c2 (median mass) and MH < 205 GeV/c2 at 95% CL 
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7.66 Higgs physics in the near future 

Thee result of the direct search for the SM Higgs boson at LEP is a hint for a signal that is however 
nott significant enough to claim a discovery. In the next years, the discovery of the Higgs boson 
andd the study of its properties therefore remains one of the main topics in high-energy physics. 

Iff  the Higgs boson exists and has a mass in the range as indicated by the electroweak precision 
measurementss (roughly from 100 to 250 GeV/c2) it will be discovered in the coming 5-8 years 
att one of the two main hadron colliders: the Tevatron at Fermilab or the Large Hadron Collider 
att CERN. The sensitivity of the multi-purpose experiments at the Tevatron (DO and CDF) and 
LHCC (ATLAS and CMS) have been investigated in terms of their discovery potential for a Higgs 
boson.. A quick summary of the main results is presented here. 

'.'.  i i i i i i i i i i i I 1 I . . i . . . i . . . i . . . i . . . i . . . i . . . i . . . i . 

800 100 120 140 160 180 200 80 100 120 140 160 180 200 220 
Higgss mass (GeV/r) Higgs mass (GeV/c2) 

Figuree 7.17: The left plot shows the discovery and exclusion potential for the CDF and DO com-
binedbined SM Higgs search as a function of the Higgs mass and the collected luminosity per experi-
ment.ment. The right plot shows the ATLAS and CMS combined signal significance as a function of the 
HiggsHiggs mass for three different integrated luminosities. The 5a discovery mark is also indicated. 

Thee RUN2 of the Tevatron (a proton anti-proton collider with a centre-of-mass energy of 2 TeV) 
hass already started. The main results from the Higgs sensitivity studies [86] are summarised in 
thee left plot of figure 7.17 where the luminosity needed (per experiment) for the Tevatron to either 
excludee the signal at 95% CL or to claim a discovery is given as a function of the Higgs mass. 
Withh around 10 fb"1 of luminosity per detector (this luminosity is expected to be reached at the 
endd of 2006 [87]), the Higgs mass can be excluded up to a mass of 180 GeV/c2, but for a large 
rangee of masses many more years of data-taking are needed to claim a discovery. The Tevatron 
predictionss were made using a simplified detector simulation and the impact of systematic uncer-
taintiess can only be estimated once real data is collected and analysed. 

Thee big adversary of the Tevatron is the LHC collider at CERN (a proton-proton collider with a 
centre-of-masss energy of 14 TeV) that is scheduled to start in 2006. It will deliver about 10 fb_1 
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perr year (at low luminosity running) to the individual LHC detectors. In the right plot of figure 
7.177 the ATLAS[88] and CMS[89] combined signal significance as a function of the Higgs mass 
iss shown at three different values of the integrated luminosity. For masses between 200 and 500 
GeV/c22 the LHC sensitivity is about equal for all masses, and above that value the significance 
dropss only very slowly. If the Higgs boson is above 140 GeV/c2 it will be discovered within one 
year.. For a light Higgs boson in the region below 125 GeV/c2 it will require slightly more data. 
Ass is the case for the Tevatron predictions, the numbers assume complete and well understood 
detectorss in addition to well understood physics backgrounds, so the actual discovery claim might 
takee a bit longer. 

Fromm these numbers and dates it is clear that there will be an exciting race for the discovery of the 
Higgss boson between the various experiments and colliders in the coming decade. In the more 
distantt future (2010+) a high luminosity linear e+e" collider (TESLA) will allow a very precise 
determinationn of the properties of the Higgs boson like its mass, width, spin and the coupling to 
variouss quark types and gauge bosons to test the (non-)SM predictions. Although TESLA will 
nott be constructed to discover the Higgs boson it is interesting to note that a single day of data 
takingg would be more than enough to claim a discovery. 

7.77 Summary and conclusions 
Inn this chapter the analysis method as defined in chapter 5 has been applied to the search for 
thee SM Higgs boson in case both the Z boson and the Higgs decay into a quark anti-quark pair. 
Forr each Higgs mass hypothesis the analysis is optimised by using (analytically where possible) 
thee expected properties of both the ZH signal and the SM background processes. A detailed 
descriptionn of the method to define the sensitivity region of the analysis is given and applied 
too the results in the fully hadronic channel. In the year 2000 DELPHI data set no hint for an 
additionall  Higgs signal was observed and the observed lower limit on the Higgs mass was close 
too the one expected. The analysis can be summarised as follows: 

Expectedd lower limit: MH > 112.0 GeV/c2 (at95%CL) 

Observedd lower limit: MH > 112.2 GeV/c2 (at95%CL) 

Thee combined measurement from the four LEP experiments (using all search channels and the 
fulll  LEP2 data set) resulted in a hint for a signal at a (most likely) Higgs mass of 115.6 GeV/c2. 
Thee significance of the excess (2.1a) was however not enough to claim a discovery. 

Afterr the shutdown of LEP, the search for the Higgs boson and the determination of its properties 
wil ll  remain one of the main topics in high-energy physics in the coming years. In particular the 
nextt 5-8 years will be very exciting at the two main hadron colliders since an important discovery 
iss within reach. Despite the more complex detectors and analyses compared to LEP, in a sense 
thesee experiments have it more easy. With their enormous discovery (or exclusion) potential they 
aree in a win-win situation, since an absence of the Higgs is probably even more interesting than 
discoveringg it. 



Chapterr 8 

Higgss production (Hadronic decay) 

Inn the SM the properties of the Higgs boson are well defined as is described in section 2.4. For 
Higgss boson masses accessible in direct searches at LEP2 (below 115 GeV/c2) the Higgs boson 
decayss predominantly into either a pair of b-quarks (~ 82%) or into T+T~ (~ 8%). Since also 
thee cross section is predicted as a function of the mass the result from the direct searches (a cross 
sectionn measurement) is presented as a lower limit on the mass of the Higgs boson. Such a pro-
ceduree is model dependent and does not maximally exploit the information contained in the data. 

Theree are many models in which the Higgs coupling to down-type fermions (like b-quarks) is 
suppressed.. This can for example be realised in a two Higgs doublet model, in super-symmetric 
modelss or in more exotic hypotheses like composite models [90]. In such models the Higgs will 
decayy predominantly into a cc pair or, through top-quark loops, into gluon pairs. The existing 
Higgss analyses, like the one presented in the previous chapter, have a significantly reduced sensi-
tivityy to these signals as they rely heavily on the identification of b-quarks in the final state. In this 
chapterr an analysis is presented to derive a general upper limit on the cross section of a hadron-
icallyy decaying scalar particle that is pair produced with a Z boson. Such a flavour independent 
crosss section limit allows parameter space of specific models to be excluded. A search for the 
Higgss boson without using b-tag information to identify the Higgs would in addition allow an in-
dependentt cross check of the background behaviour in terms of mass and topological information 
inn the search for the SM Higgs boson. 

Inn section 8.1 an overview is given of the Monte Carlo signal samples and data set. In section 
8.22 the characteristics of the probability distributions are discussed and an overview of the per-
formancee of the analysis in separating the signal from the background at various Higgs mass 
hypothesess is given. Then, in section 8.4, the method used to set a cross section limit is defined 
andd applied to the results from the measurements on this specific data set. The chapter then con-
tinuess with an overview of the combined LEP results and ends with a summary^nd conclusion. 

8.11 Signal generation and strategy 

Thee cross section exclusion measurement is performed using the data collected in the years 1999 
andd 2000, with centre-of-mass energies ranging from 192 to 209 GeV. The corresponding in-

117 7 
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tegratedd collected luminosities by DELPHI in this period are given in table 3.1 and 3.2. They 
amountt to a total integrated luminosity of 452.4 pb^1. The HZHA [91] programme was used to 
generatee signal Monte Carlo events at each centre-of-mass energy for Higgs masses from 50 to 
1100 GeV/c2 at 5 GeV/c2 intervals. For each of these hypotheses the Higgs was made to decay 
explicitlyy into a quark-pair (ss, cc or bb) or into a gluon pair. For each of these Higgs decays the 
exclusionn potential is determined and an upper limit on the cross section is computed. 

Differencess in sensitivity between the various quark-pair final states are expected to be small, 
exceptt for gluon decays, where the jet structure is significantly different from that of a quark-jet 
[92].. The main differences originate from the enhanced (charged) particle multiplicity for gluon 
jets.. The impact on the total charged multiplicity in a ZH event is indicated in the left plot of 
figurefigure 8.1. As a result, the pre-selection efficiency for ZH events in which the Higgs decays into 
aa gluon pair is about 5% higher than for an ss decay for all Higgs masses as is shown in figure 
4.13.. This increase is not caused by the explicit cut on the charged multiplicity (> 17 as described 
inn section 4.5.2), but is the result of the enhanced average reconstructed jet-multiplicity. The 
increasee in particle multiplicity and jet-broadness (a gluon jet is also broader than a quark jet) 
allowss a jet to be reconstructed even if the original parton direction was directed towards a less 
efficientt region of the detector and/or a few particles remain undetected. The fraction of qqgg 
eventss that is reconstructed as a 3-jet event is therefore less than that for qqqq events, resulting 
inn the observed enhanced pre-selection efficiency since an event is required to have at least 4 
reconstructedd jets. 
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Figuree 8.1: Differences in the ZH(90) 4-quark final state when the Higgs decays into either 
ss(solidss(solid lines) or a gluon-pair (dashed lines). The left plot shows the charged particle multiplicity 
andand the right plot shows the fit to the reconstructed equal-mass distribution. 

Anotherr effect of the increased jet multiplicity and broadening is the fact that the uncertainties in 
thee estimation of the four-momentum of the initial parton are larger in case the jet originated from 
aa gluon relative to a quark fragmentation. A consequence of this is that the di-jet mass resolution 
iss deteriorated. This is shown in the right plot of figure 8.1, where a fit  to the reconstructed equal 
masss distribution is shown for ZH(90) events. 
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Thee impact of these effects on the separation between signal and background varies as a function 
off  the Higgs mass in the hypothesis as is shown in the next section. The upper limit on the 
hadronicc Higgs cross section is therefore conservatively defined for each mass hypothesis as the 
limitt obtained from the Higgs boson decay for which the analysis was least sensitive. 

8.22 Probability distributions and performance 
Inn this section the performance of the analysis is investigated as a function of the Higgs mass in 
thee hypothesis. The Higgs mass hypotheses that are considered run from 50 to 110 GeV/c2 and for 
eachh mass hypothesis the performance for two decay modes is evaluated: Higgs decays to either 
sss or a gluon pair. First it is shown that for a given Higgs mass hypothesis (MH), the analysis is 
indeedd automatically optimised for a ZH(MH) signal. This is followed by the evaluation of the 
performancee at each mass point for both decay modes. This is done by comparing the number 
off  predicted events from the SM and SM+ZH(MH) to the number of observed events after a cut 
inn the ZH-probability distribution at the point where the value of the product of efficiency and 
purityy of the corresponding optimised analysis is maximal. When a counting experiment would 
bee performed a cut imposed at this value of the ZH-probability distribution results in the smallest 
statisticall  uncertainty of the cross section measurement. 

Optimisedd analyses. An example: a 95 GeV/c2 Higgs analysis 

Sincee many characteristics of the Higgs signal are used analytically in the expression for the 
event-by-eventt probability, the analysis is automatically optimised once a specific hypothesis is 
chosen,, as was the case for the SM Higgs. A few characteristics of this optimisation are illustrated 
usingg the analysis for a 95 GeV/c2 Higgs boson. The corresponding (normalised) distribution of 
thee logarithm of the event-by-event probability is shown in figure 8.2 for both the SM background 
expectationn (hatched histogram) and for three different Higgs signals with masses of 80 GeV/c2 

(dashedd line), 95 GeV/c2 (solid histogram) and 110 GeV/c2(dotted line). Maximal intrinsic sepa-
rationn between Higgs signal and background is indeed achieved when the Higgs is 95 GeV/c2. 

Thee degradation in this intrinsic separation power is indicated in the left plot of figure 8.3 where 
thee mean of the ZH(95)-probability distribution is shown for signals with a varying Higgs mass 
betweenn 50 and 110 GeV/c2. In the right plot of that figure, the effective separation power is 
shownn by plotting the maximum value of the product of efficiency and purity that can be obtained 
byy making the cut on the probability distribution after scaling the signal and backgrounds to equal 
luminosity.. For light Higgs masses, although the intrinsic separation power is small, the signal 
crosss section is much larger which results in an almost similar effective sensitivity to mat of the 
signall  for which the analysis is optimised. It can also be noted that for the optimised signal, a 
955 GeV/c2 Higgs, the analysis is more sensitive to a Higgs decaying into ss than it is for a Higgs 
decayingg into a gluon pair. 
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Figuree 8.2: This plot shows the logarithm of the ZH(95)-probability density for the combined 
1999-20001999-2000 data set for the SM expectation (hatched histogram) and ZH(95) signal events (solid 
histogram).histogram). The distributions for Higgs signals where the Higgs boson is 80 GeV/c2 (dashed line) 
andand 110 GeV/c2 (dotted line) are also shown. 
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Figuree 8.3: The left plot shows the intrinsic separation power of the ZH(95) analysis. The mean 
ofof the logarithm of the ZH(95)-probability distribution is shown for the SM background and 
HiggsHiggs signals of varying mass. The solid(dotted) line indicates a Higgs decaying into ss(gg). The 
rightright plot shows the effective separation power (the backgrounds and signals are scaled to equal 
luminosity)luminosity) by the maximum of the product of efficiency and purity. 
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Performancee as a function of MH 

Ass is the case for the SM Higgs boson, the observations at different centre-of-mass energies are 
combined.. The performance of the optimised analysis for a given Higgs mass (MH) and decay 
iss shown in figure 8.4. In that plot the maximum product of efficiency and purity is given as 
aa function of MH, where for each mass hypothesis an optimised analysis was used. For Higgs 
massess below 85 GeV/c2 the analysis is most sensitive to a Higgs boson decaying into a gluon 
pair.. For heavier Higgs bosons, the analysis is more sensitive to ss Higgs final states. 
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Figuree 8.4: This plot shows the maximum of the product of efficiency and purity for optimised 
analysesanalyses for Higgs masses ranging from 50 to 110 GeV/c2. The solid(dashed) line represents the 
performanceperformance for a Higgs decaying into ss (a gluon pair). 

Att this optimal point (the cut on the ZH-probability where a counting experiment would yield 
thee statistically most precise measurement), the number of events predicted from SM background 
processess and for the Higgs signal (both decay modes) are shown in table 8.1 for a range of Higgs 
masses.. In addition the corresponding value of the ZH-probability at the optimal cut and the ef-
ficienciess for the Higgs signal are given. The uncertainty on the efficiencies are around 1%. For 
aa large range of (light) Higgs mass hypotheses an excess of events is observed compared to the 
SMM expectation. It is therefore likely to be due to a general underestimation of the qq(7) back-
ground.. An evaluation of the systematic uncertainties involved in the background estimation in 
thatt particular kinematic region is made in section 8.3.2. 
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I:: Higgs decay into ss 

MHH (GeV/c 2) 
50 0 
55 5 
60 0 
65 5 
70 0 
75 5 
80 0 
85 5 
90 0 
95 5 
100 0 
105 5 
110 0 

In(P ZH) ) 
-3.2 3 3 
-3.0 3 3 
-3.8 5 5 
-4.6 8 8 

-4.3 0 0 
-4.3 3 3 
-3.8 8 8 

-3.6 3 3 
-3.1 5 5 
-2.9 8 8 
-3.2 3 3 

-3.5 5 5 
-4.2 0 0 

e(ZH ) ) 

41. 3 3 
40. 4 4 
55. 2 2 

64. 8 8 
62. 0 0 
64. 1 1 
53. 9 9 

53. 1 1 
45. 4 4 
40. 9 9 
41. 7 7 

44. 3 3 
44. 2 2 

ZH H 
118.2 6 6 
109.4 4 4 
140.6 2 2 
154.8 9 9 

137.6 3 3 
129.2 0 0 
97.7 5 5 

85.3 1 1 
62.6 9 9 
46.0 1 1 

34.9 5 5 
23.8 0 0 
12.0 1 1 

SM(noo Z H ) 

500.0 3 3 

438.2 1 1 
919.0 9 9 

1739.1 7 7 

1609.3 3 3 
1745.8 7 7 
870.6 8 8 

628.9 4 4 
358.1 6 6 
227.0 0 0 
203.4 4 4 

162.4 6 6 
122.3 8 8 

observe d d 

534 4 
470 0 
982 2 

1853 3 
171 4 4 

186 0 0 
921 1 
661 1 
380 0 
235 5 
216 6 
155 5 
105 5 

II:: Higgs decay into a gluon pair 

M HH (GeV/c 2) 

50 0 
55 5 
60 0 
65 5 
70 0 
75 5 
80 0 
85 5 
90 0 
95 5 
100 0 
105 5 
110 0 

ln(PzH ) ) 
-3.5 8 8 
-3.9 0 0 

-3.9 8 8 
-4.2 5 5 
-4.1 5 5 

-4.2 0 0 
-4.2 0 0 
-4.0 3 3 
-3.9 8 8 

-4.1 5 5 
-4.2 3 3 
-4.2 8 8 

-4.3 5 5 

e(ZH ) ) 

48. 0 0 
56. 0 0 

59. 2 2 
62. 6 6 
65. 3 3 

67. 3 3 
66. 4 4 
62. 9 9 

62. 0 0 
63. 3 3 
61. 2 2 

55. 5 5 
47. 3 3 

ZH H 
137.5 9 9 
151.4 7 7 

150.6 7 7 
149.7 2 2 
144.9 1 1 

135.5 9 9 
120.3 7 7 

101.0 5 5 

85.6 3 3 
71.2 2 2 
51.2 7 7 
29.8 1 1 

12.8 5 5 

SM(noo Z H ) 

668.7 8 8 

917.2 5 5 
1023.6 3 3 
1281.0 4 4 
1299.9 6 6 
1477.2 7 7 

1259.7 1 1 

920.9 0 0 

771.0 5 5 
694.9 3 3 
496.0 0 0 
291.9 2 2 

138.8 3 3 

observe d d 

713 3 
990 0 

108 8 8 
137 2 2 
1393 3 

1576 6 
1345 5 
941 1 
800 0 
730 0 
500 0 
269 9 
119 9 

Tablee 8.1: The number of observed events at the value of the cut on In(Pzn) for which the product 
ofof efficiency and purity is maximal (efficiencies are given in %), is compared to the prediction 
ofof the SM. Note that the analyses used are the ones optimised for the corresponding Higgs mass 
hypothesis.hypothesis. The number of predicted events from a ZH signal is also given. Table 1(11) shows the 
resultsresults for a Higgs boson decaying into ss (a gluon pair). 
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8.33 Excluding the hadronic ZH cross section 
Inn this section the sensitivity of the DELPHI experiment is presented by excluding a range of 
hadronicc ZH cross sections using the analysis described in this thesis. The excluded cross sections 
ass a function of the Higgs mass are presented as exclusions relative to the (hadronic) SM ZH cross 
sectionn using the notation CZH(MH)» where 

CZHH = CTZH/crZH(hadronic) f 8 ' 1 ) 

Thee method used to exclude a cross section for a particular Higgs mass hypothesis is the CLg 
methodd that has been discussed in detail in section 7.4. As an example, first an upper limit on the 
crosss section for a 80 GeV/c2 Higgs boson decaying into ss is determined. This is followed by 
thee full hadronic exclusion limit for Higgs masses from 50 to 110 GeV/c2 in section 8.3.2. 

8.3.11 Example: Excluding <xZH(80) for a Higgs decaying into ss 

Thee ZH(80) event-by-event probability distribution for the SM background and the ZH(80) sig-
nall  is used to construct the weights of individual events Wi=(l + Si/bi) that are subsequently 
usedd to construct the test-statistic for a large number of 'gedanken' background-only and sig-
nal+backgroundd experiments using expression (7.10). These distributions are shown in the left 
plott of figure 8.5 for background-only and signal+background experiments for three different val-
uess of CZH(80>: 0.5, 1.0 and 1.5. The observed value in the data (Xobs) is also shown. As only 
thee intrinsic separation between the two distributions is important here, and this section serves 
ann example, the mean position of the distribution of the test-statistic for background-only exper-
imentss and X0b6 are given an arbitrary offset and fixed. The distributions for the three different 
signal+backgroundd experiments (with a varying cross section) are then shown relative to this fixed 
distributionn as an indication of the changing separation power. 

Forr a median background experiment, the confidence in the signal CLs is computed while vary-
ingg the signal cross section (0< CZH <3). The distribution of this running CL* for a median 
background-onlyy experiment and the observation is shown in the right plot of figure 8.5. Cross 
sectionss for which CL* is smaller than 0.05 are excluded at 95% CL and therefore the ZH(80) 
crosss section measurement can be summarised as: 

Expected:: CZH(SO) < 0.49 (at 95% CL) 

Observed:: CZH(SO) < 0.76 (at95%CL) 

Ass there is an excess of events in the data compared to the SM expectation the constraint on the 
hadronicc ZH(80) cross section is weaker than was expected. In addition, since the performance 
off  the analysis for ss and gluon pair decay is similar as can be seen in figure 8.4, the numbers 
quotedd above also apply for the gluon pair final state and can therefore be interpreted as a general 
upperr limit on a ZH(80) cross section where the Higgs decays hadronically. 
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Figuree 8.5: The left plot shows the probability density function for the test-statistic for 
background-onlybackground-only (fixed) and background+signal (ZH(80)) experiments for three different sig-
nalnal cross sections. The shaded areas (in both plots) indicate the 1 and 2 sigma bands on the 
background-onlybackground-only The (fixed) observed value for -21n(Q) in the year 2000 data set is also indi-
cated.cated. The right plot shows the running confidence in the signal hypothesis CLs as a function of 
thethe signal cross section. The expected and observed excluded (at 95%CL) CZH values are also 
shown. shown. 

8.3.22 Hadronic cross section limit for Higgs masses from 50 to 110 GeV/c2 

Forr each Higgs mass hypothesis from 50 to 110 GeV/c2 and for each decay mode, the expected 
andd observed excluded hadronic ZH cross sections are determined as in the previous section. To 
sett a conservative cross section limit for each Higgs mass, the worst limit obtained from the two 
decayy modes is taken: below(above) 80 GeV/c2 these are the exclusions from the ss (gluon pair) 
decay.. This 'worst-case' distribution is shown in figure 8.6, summarising the full measurement 
byy means of an excluded hadronic cross section region. 

Ann additional interesting exercise is to compare the sensitivity relative to that of the SM Higgs 
boson.. This is done by excluding a Higgs mass range when assuming a SM cross section: 

Iff  crZH = cr|̂  then: Expected: MH > 103.9 GeV/c2 (at95%CL) 

Observed:: MH > 106.9 GeV/c2 (at95%CL) 

Duee to a deficit at Higgs mass hypotheses exceeding 100 GeV/c2 the observed limit for a SM cross 
sectionn is higher than expected. As mentionned before, for a range of light Higgs masses there is 
ann excess observed in the data. At a small region of Higgs mass hypotheses around 70 GeV/c2, 
thee excess is such that not even a SM cross section could be excluded at 95% CL although the 
measurementt is sensitive to cross sections half that size. 
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Figuree 8.6: This plot shows the most conservative expected and observed excluded cross section 
asas a function of the Higgs mass for the fully hadronic final state in DELPHI. 

Systematicc uncertainties for light Higgses 

Whenn interpreted as a ZH signal, the excess of events for Higgs mass hypotheses below 80 GeV/c2 

iss most compatible with a ZH(70) signal whose cross section is almost half of what is expected 
forr a SM Higgs boson. One should realise that for Higgs masses between 65 and 75 GeV/c2 

theree is a huge almost irreducible background from W+W~ events, causing the signal over back-
groundd ratio (~ 0.1) to be smaller than at other masses. The effects from the uncertainties in 
thee background processes on the excluded signal cross section are therefore also expected to be 
significantlyy larger. 

Whenn the qq(7) background cross section is increased by 5(10)% the median expected excluded 
CZHH increases only slightly from 0.48 to 0.49(0.50). The observed excluded scaling however goes 
downn from 1.02 to 0.90(0.82). A similar effect is observed when the region of the ZH-probability 
distributionss that is used in the evaluation of the exclusion limit is varied. When using the region 
ln(pj)>-3-255 instead of ln(pj)>-4.25 in the evaluation, the small loss in sensitivity causes the 
mediann expected excluded CZH to increase to 0.52, but again the observed exclusion goes down 
(0.86).. In addition, the excess does not seem consistent between different centre-of-mass ener-
gies,, although the statistics is too small to make a firm statement. 

Concludingg we can say that, although a large excess is observed in the data and studies are still 
ongoing,, the effects discussed above, unfortunately hint more to a problem in the modelling of 
thee qq(i) background than to the discovery of a Higgs signal. 
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8.3.33 Combined DELPHI (and LEP) cross section limits 

Inn addition to the hadronic decay of the Z boson also the other decay modes (yv and l+l~) are 
usedd in the DELPHI experiment to obtain maximum sensitivity in the search for a hadronically 
decayingg Higgs boson. The different channels have a varying expected sensitivity as can be seen 
fromm their expected limits on the Higgs mass assuming a SM cross section: 81.4 GeV/c2 for 
qq/+Z~andd 77.7 GeV/c2 for qqi/P. The combined expected(observed) DELPHI Higgs mass ex-
clusionn potential' is shown in table 8.2 and is 108.8(109.6) GeV/c2. 

Inn table 8.2 also the Higgs mass exclusion potentials for the three other LEP experiments are 
given.. The results from the four LEP experiments are also combined [93] and in figure 8.7 the 
preliminaryy combined result on excluded ZH(hadronic Higgs decay) cross sections is shown. 
Thee LEP experiments had the sensitivity to discover a Higgs signal for masses below 107 GeV/c2 

(masss for which the expected median l-CLb <5.7 10~7), but no deviation from the SM expecta-
tionn is observed. The observed lower limit on the Higgs mass of 112.9 GeV/c2 is therefore very 
closee to the expected one of 113.0 GeV/c2. 

Assumingg crZH = ö"zH 

ALEPH H 
DELPHI I 
L3 3 
OPAL L 
LEP P 

expected d 
lowerr limit 

108.4 4 
108.8 8 
109.3 3 
108.5 5 
113.0 0 

observed d 
lowerr limit 

109.3 3 
109.6 6 
111.6 6 
109.4 4 
112.9 9 

600 70 80 90 100 110 

Higgss mass (GeV/c 2 ) 
Tablee 8.2: The preliminary expected and ob-
servedserved sensitivity (in GeV/c2) for the mass of Figure 8.7: This plot shows the LEP com-
aa hadronically decaying Higgs boson assuming bined expected and observed excluded hadronic 
itsits cross section is identical to the SM one. ZH cross section as a function of the Higgs 

mass. mass. 

8.44 Summary and conclusions 

AA search for a hadronically decaying Higgs boson pair produced with a Z boson has been pre-
sentedd in the channel where the Z boson also decays hadronically. The results from the search 
havee been given as a cross section limit for Higgs masses between 50 and 110 GeV/c2. In the 
DELPHII  experiment, in the fully hadronic final state, an excess of events compared to SM expec-

-- - expected for background 

11 Assuming the Higgs decays hadronically and the ZH cross section is similar to that of the SM Higgs. 
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tationss has been observed for all Higgs mass hypotheses below 80 GeV/c2. The more sensitive 
LEPP combination, using various final states, shows no significant deviations from the SM expec-
tationn and the expected and observed lower limit on the Higgs mass are very close: 113.0 and 
112.99 GeV/c2 respectively. These limits are only slightly (~ 2 GeV/c2) lower than the ones ob-
tainedd for the SM Higgs assuming the predominant decay into bb. It is important to note that with 
thesee measurements more information is extracted from the LEP2 data set by placing (stringent) 
modell  independent limits on Higgs cross sections. 
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Appendixx A 

Crosss section likelihood curves 

Thee full likelihood curves and the corresponding probability density functions for Czz from the 
ZZZ (4 quarks) and ZZ(bbqq) cross section fits at all centre-of-mass energies. 

A.ll  Details from ZZ (4 quarks) cross section measurements 
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Summary y 

Inn this thesis an analysis is presented that studies high energy e+e" collisions in which four (or 
more)) jets of particles are created. These collisions are produced by the Large Electron Positron 
colliderr (LEP) at CERN with centre-of-mass energies ranging from 183 to 209 GeV and cor-
respondd to a total integrated luminosity of 665 pb"1. The particles that are produced in these 
collisionss are recorded by the DELPHI detector. 

Thee main goal of this thesis is to search for the possible presence of interactions (events) that can 
bee attributed to the last missing particle of the Standard Model, the Higgs boson. This particle 
iss a crucial ingredient in the model that describes the world of elementary particles as it not only 
explainss how particles acquire mass, but in addition ensures that the model can provide precise 
predictionss for their interactions. Although the mass of the Higgs boson itself is not predicted, all 
itss further properties are. At LEP, if kinematically allowed, the Higgs boson is mainly produced 
togetherr with a Z boson and in this thesis we are interested in the events in which both the Z boson 
andd the Higgs boson decay into a quark anti-quark pair, which results in four quarks in the final 
state:: e+e" —• ZH —• qqqq. These fully hadronic Higgs events (~ 2/3 of all possible final states) 
havee very distinct properties. Unfortunately, even if the Higgs is produced, only a small number 
off ZH events are expected, with the additional complication that the heavier the Higgs boson is, 
thee less events are produced. The main challenge is therefore to isolate possible candidates from 
thee large sample of 'background' multi-jet events. 

Ann analysis is presented that is sensitive to both Higgs events and other Standard Model processes 
thatt produce four quarks in the final state. This is achieved by comparing, on an event-by-event 
basis,, the experimental information extracted from the event with what is expected from each 
off these different event types. In this comparison the predicted properties are used analytically 
wheree possible which allows to optimally take into account the characteristics of the Higgs boson 
ass a function of its (unknown) mass. For each event a compatibility measure with all hypotheses 
iss computed. The analysis presented in mis thesis differs from other Higgs analyses mainly in the 
wayy the mass information is treated and in the method that is used to combine event information 
fromm various levels of complexity. The main advantage of this method is that the inherent ambi
guityy in multi-jet events connected to the pairing of jets does not need to be resolved. This allows 
thee construction of a more complete and consistent compatibility measure with Higgs events (and 
otherr hypotheses). 

Thee process of Z boson pair production where both Z bosons decay into a quark anti-quark pair 
(e+e~~ ->ZZ-> qqqq) is very similar both in experimental signature and cross section to that of 
Higgss events. Although an interesting process in itself, it is a background in the search for the 

139 9 



Summary y 140 0 

Higgss boson and therefore an ideal process to 'calibrate' the analysis method. The cross section 
forr this process has been measured at all LEP2 centre-of-mass energies and is found to be in 
goodd agreement with the Standard Model expectation. The related measurement of the (small) 
fullyy hadronic ZZ cross section in which there are at least two b-quarks present (~ 0.2 pb) is 
summarisedd by the good agreement between measurement and expectation when the combined 
LEP22 data set is used: 

« r 11 (bbqqJ/ogS» (bbqq) = 1.05 t j & s t a t) 

Thiss result shows that the analysis is indeed sensitive to a signal that is very similar to ZH events. 
However,, in the data set that was analysed, no evidence for the presence of the Standard Model 
Higgss boson was found. Since the cross section of ZH production gets smaller as the Higgs mass 
increases,, at very large Higgs masses the analysis is no longer sensitive to a possible Higgs signal 
andd the analysis can no longer exclude the presence of such a (small) signal. The search for the 
Higgss boson is summarised by the largest mass of the Higgs boson that can still be excluded at 
95%% confidence level. The expected and observed lower limit on the mass of the Standard Model 
Higgss boson in the 4-quark channel are: 

Expected:: MH > 112.0 GeV/c2 (at95%CL) 

Observed:: MH > 112.2 GeV/c2 (at95%CL) 

Thee clearest signature of a ZH event is the presence of a pair of b-quarks in the final state as this is 
thee dominant decay mode of a Standard Model Higgs boson and jets of particles originating from 
thee fragmentation of a b-quark can be clearly identified experimentally. There are, however, also 
modelss in which the Higgs boson coupling to b-quarks is significantly lower than in the Standard 
Modell  and the Higgs might decay exclusively to a pair of light quarks or gluons. To be able to 
confrontt specific models with the data from e+e~ collisions, an upper limit on the cross section 
iss derived for a scalar object that decays hadronically and that is produced together with a Z bo-
son.. These cross section limits are presented as a function of the mass of this scalar particle and 
presentt a more complete and model independent analysis of the collected multi-jet event sample. 
Iff  the cross section is assumed to be identical to that in the Standard Model, the measurement 
cann also be translated into a lower limit on the mass of such a scalar particle. Using the analysis 
presentedd in this thesis an expected(observed) lower limit of 103.9(106.9) GeV/c2 is obtained at 
95%% CL. 

Ass the LEP experiments can not claim to have observed the Higgs boson, the search for this 
elusivee particle continues. With the new proton (anti-)proton colliders at Fermilab and CERN it 
iss very likely that, if the Higgs boson exists, it will be discovered in the coming five to eight years. 



Samenvatting g 

Inn dit proefschrift wordt een analyse beschreven van elektron-positron botsingen bij hoge energie, 
waarbijj  vier (of meer) sproeiers van deeltjes ('jets') gecreëerd worden. Deze botsingen, met een 
zwaartepuntsenergiee tussen de 183 en 209 GeV, worden bewerkstelligd door de grote Europese 
deeltjesversnellerr LEP bij CERN in Genève en de deeltjes die in deze botsingen worden gepro-
duceerdd worden gedetecteerd door de DELPHI detector. De geïntegreerde luminositeit is 665 
pb"1. . 

Hett doel van dit proefschrift is om botsingen (gebeurtenissen) te ontdekken die toegeschreven 
kunnenn worden aan het enige nog ontbrekende deeltje in het Standaard Model, het Higgs bo-
son.. Dit deeltje speelt een cruciale rol in dit model, dat de wereld van de elementaire deeltjes 
beschrijft.. Het Higgs deeltje verklaart niet alleen hoe deeltjes hun massa verkrijgen, maar boven-
dienn zorgt het ervoor dat met dit model nauwkeurige voorspellingen kunnen worden gedaan over 
hunn gedrag. Hoewel de massa van het Higgs boson niet voorspeld wordt in het model, wor-
denn verdere eigenschappen ervan dat wel. Als het kinematisch mogelijk is, wordt bij LEP het 
Higgss boson voornamelijk samen met een Z boson geproduceerd. In dit proefschrift zijn we 
voorall  geïnteresseerd in de gebeurtenissen waarbij zowel het Z boson als het Higgs boson in een 
quarkk anti-quark paar uiteenvalt en waarbij er dus vier quarks in de eindtoestand aanwezig zijn: 
e+e~~ —* ZH —>  qqqq. Deze volledig hadronische Higgs gebeurtenissen (~ 2/3 van alle mogelijke 
eindtoestanden)) hebben zeer specifieke eigenschappen. Helaas, zelfs als de Higgs geproduceerd 
wordt,, verwachten we slechts een klein aantal van deze gebeurtenissen. Daarbij komt nog de 
extraa moeilijkheid dat hoe zwaarder het Higgs boson is, hoe minder van deze speciale botsingen 
err plaatsvinden. De voornaamste uitdaging is dan ook om kandidaatgebeurtenissen te selecteren 
uitt een groot aantal 'normale' multi-jet botsingen. 

Eenn analyse wordt gepresenteerd die tegelijkertijd gevoelig is voor Higgs gebeurtenissen en voor 
anderee Standaard Model processen die vier quarks produceren. Dit wordt bereikt door, voor 
iederee gebeurtenis apart, de eigenschappen die experimenteel zijn gemeten te vergelijken met 
watt verwacht wordt voor de verschillende processen. In deze vergelijking worden de verwachte 
eigenschappenn waar mogelijk analytisch beschreven, hetgeen het mogelijk maakt om optimaal 
dee veranderende eigenschappen van het Higgs boson als functie van de (onbekende) massa mee 
tee nemen in de analyse. Voor elke gebeurtenis wordt een compatibiliteitsmaat met elk van de 
mogelijkee hypotheses vastgesteld. De beschreven analyse-methode verschilt van andere Higgs 
analysess voornamelijk in de manier waarop de massa-informatie gebruikt wordt en de manier 
waaropp experimentele informatie met een zeer uiteenlopende mate van complexiteit gecombi-
neerdd wordt. Het voornaamste voordeel van deze methode is dat de inherente ambiguïteit die in 
multi-jett botsingen aanwezig is bij het paarsgewijs samenvoegen van de jets niet opgelost hoeft te 
worden.. Dit maakt het mogelijk een vollediger en consistenter beeld van een botsing te verkrijgen 
enn daarmee gevoeliger te zijn voor Higgs (en andere) gebeurtenissen. 
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ZZ boson paarproductie, waarbij beide Z bosonen in een quark anti-quark paar uiteenvallen (e+e~ 
—>> ZZ —• qqqq) is zowel in experimenteel opzicht als in werkzame doorsnede vergelijkbaar met 
Higgss gebeurtenissen. Dit proces is daardoor uitermate geschikt om de analyse-methode te 'ca-
libreren',, hoewel het voor de zoektocht naar het Higgs boson als achtergrond wordt gezien. De 
werkzamee doorsnede voor dit proces is voor elke LEP2 zwaartepuntsenergie apart bepaald en er 
iss vastgesteld dat deze zeer goed in overeenstemming is met de voorspelling vanuit het Standaard 
Model.. De (gerelateerde) meting van de volledig hadronische werkzame doorsnede van ZZ pro
ductie,, waarbij er minstens twee b-quarks in de eindtoestand aanwezig zijn (~ 0.2 pb), toont een 
goedee overeenstemming tussen de voorspelling en de meting wanneer de volledige LEP2 data-set 
gebruiktt wordt: 

^eC02enn (bbqq)/4co2 (bbqq) = 1.05 t°;g(stat) 

Ditt resultaat laat zien dat de analyse inderdaad gevoelig is voor gebeurtenissen die sterk op 
ZHH botsingen lijken. In de data die geanalyseerd zijn is echter geen aanwijzing gevonden voor 
dee aanwezigheid van een extra signaal afkomstig van een Standaard Model Higgs boson. Om
datt de werkzame doorsnede voor ZH productie kleiner is voor een Higgs boson dat zwaarder 
is,, is de analyse niet langer gevoelig voor een Higgs signaal als de Higgs massa erg groot is. 
Err kan dan niet meer met zekerheid gezegd worden dat zo'n (klein) signaal niet aanwezig is. 
Dee zoektocht naar het Higgs boson wordt daarom samengevat door de grootste Higgs massa te 
gevenn waarvan het signaal nog uitgesloten kan worden met 95% betrouwbaarheid. De verwachte 
enn geobserveerde ondergrens op de massa van het Standaard Model Higgs boson in het 4-quark 
kanaall is: 

Verwacht:: MH > 112.0 Ge V/c2 (met 95% betrouwbaarheid) 

Geobserveerd:: MH > 112.2 Ge V/c2 (met 95% betrouwbaarheid) 

Hett duidelijkste kenmerk van een Higgs gebeurtenis is de aanwezigheid van twee b-quarks, om
datt dit het dominante vervalskanaal van het Higgs boson is en omdat jets die afkomstig zijn van 
dee fragmentatie van een b-quark experimenteel goed te identificeren zijn. Er bestaan echter ook 
modellenn waarin de koppeling van het Higgs boson aan b-quarks aanzienlijk zwakker is dan in 
hett Standaard Model en waarin het Higgs boson mogelijk uitsluitend vervalt in twee lichte quarks 
off gluonen. Om specifieke modellen met de resultaten uit e+e" botsingen te kunnen confronteren 
iss een bovengrens bepaald op de werkzame doorsnede voor de productie van een scalair deeltje 
datt hadronisch vervalt en dat samen met een Z boson geproduceerd wordt. Deze limieten voor 
dee werkzame doorsnede worden gepresenteerd als functie van de massa van dit deeltje. Hiermee 
wordtt een vollediger en meer model-onafhankelijke samenvatting gegeven van de geobserveerde 
data.. Als de werkzame doorsnede gelijk wordt verondersteld aan die van het Standaard Model 
Higgss boson kan de meting vertaald worden naar een ondergrens op de massa van zo'n deeltje. 
Eenn verwachte(geobserveerde) ondergrens van 103.9(106.9) Ge V/c2 is verkregen met 95% be
trouwbaarheid. . 

Dee LEP-experimenten kunnen niet claimen dat ze een onomstotelijk bewijs voor het Higgs boson 
inn de data hebben waargenomen en de zoektocht naar dit laatste ontbrekende deeltje gaat verder. 
Mett de nieuwe proton (anti-)protonversnellers bij Fermilab en CERN is het zeer waarschijnlijk 
dat,, wanneer het Higgs boson bestaat, het in de komende vijf tot acht jaar ontdekt zal worden. 
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