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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. 
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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. 
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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. 
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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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< < 
l~ll theory uncertainty 

—— 0.02761  0.00036 

.. —  0.02738  0.00020 

Preliminary y 

1000 200 
Higgss mass (GeV/e2) 

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 
NX xx 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. 

- .. 10 

10 0 

1 1 

bb b 

-- T V 

cc c 

" " 

99 9 

**f~"-**f~"-

// / 

/ / 

A,, I 
/ / 

WW W 

ZZ Z 

800 100 120 140 160 180 200 220 

Higgss mass (GeV/c2) 

800 100 120 140 160 180 200 220 

Higgss mass (GeV/c2) 

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. 
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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. 


