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Chapter 1 

Theory 

The W boson is predicted by the Standard Model in the electroweak sector. In this chapter the 
electroweak theory Lagrangian, which describes the electroweak interaction, is briefly described. 
How the particles and especially the W boson acquire mass is explained in more detail. After
wards the W pair production cross-section and the corrections on the tree-level predictions are 
given. Also the theoretical uncertainties are discussed. 

1.1 Particles and forces 

In the universe, matter particles interact with each other by four fundamental forces. These inter
acting particles experience a certain force by means of a 'messenger' particle or mediator of that 
force. 

The fundamental constituents in the Standard Model are the spin-1/2 particles, the fermions 
which are matter particles, and the spin-1 particles, the bosons which are mediators of the forces. 
Table 1.1 shows the three fermion generations with their associated electric charge Q. The quan
tum numbers I3 and Y will be discussed in the next section. The fundamental forces and their 
associated bosons are listed in table 1.2 with their spin and electric charge quantum numbers. 

The four fundamental forces are believed to arise from the same theoretical framework. They 
appear to be different because of some symmetry breaking mechanism. 

The Standard Model describes the electromagnetic, weak and strong interaction. Gravitation 
is many orders of magnitude weaker at current energy scales. Therefore it plays no role in this 
model. 

The interactions between the particles can be described by a Lagrangian. Interacting field 
theory requires the Lagrangian to be locally gauge invariant under some symmetry group. The 
local gauge invariance of the Lagrangian introduces into the Lagrangian a field associated with 
the bosons carrying the force. It is not a priori known which symmetry group to use. This can 
only be deduced from experiment. The underlying gauge symmetry group in the Standard Model 
appears to be a direct product of three groups, SU(3)C ® SU(2)L ® U{\)Y- The generic special 
unitary SU(n) groups are represented by n x n unitary matrices, WU = 1, with det(C7) = +1 . 
This general group has n2 - 1 generators, implying that n2 - 1 gauge fields are predicted by 
theory. 
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1.2. Lagrangian of the electroweak theory Theory 

Table 1.1: The fermions in the Standard Model are divided into three generations. The left handed 
and right handed states transform differently under the electroweak symmetry group SU(2). The 
right handed states are electroweak singlets, while the left handed states are electroweak doublets. 

fermions 

leptons 

quarks 

generations 

(:1(:L(:1 
£R m TR 

(:;). (i), 0 ) . 
UR CR tR 

d.R SR \)R 

h 

+1/2 

-1/2 

0 

+ 1/2 

-1/2 

0 

0 

Y 

-1 

-1 

-2 

+ 1/3 

+ 1/3 

+4/3 

-2/3 

Q 

0 

-l 

-i 

+2/3 

-1/3 

+2/3 

-1/3 

SU(3)c governs the strong force. Quantum Chromo Dynamics (QCD) describes the inter
action between quarks, particles carrying colour charge with eight massless gluons that act as a 
mediator. The gluons also carry colour charge. Hence, the subscript C in SU(3)C, which stands 
for colour. The consequence of the gluons carrying colour charge is that they also interact with 
each other. 

In the rest of this chapter I will restrict myself to the electroweak sector, i.e. SU(2)L <&U(1)Y-
The bosons of the electroweak interaction are the 7, Z and the W~ and W+. The photon, 7, is 
massless and is the mediator for the electromagnetic force. The Z and W are massive gauge 
bosons for the weak interaction. The way these particles acquire mass will be discussed in the 
next section. 

1.2 Lagrangian of the electroweak theory 

Interaction between the particles is introduced in the theory by requiring local gauge invariance 
of the Lagrangian under the SU(2)L ® U(1)Y group, the weak isospin and hypercharge symme
try group for the electroweak section. To generate mass for the massive Z and W bosons, the 
spontaneous symmetry breaking mechanism has to be applied. 

The complete Weinberg-Salam model [1,2] Lagrangian will be built up in 4 steps: 

1. In the first step we will consider the local gauge invariance of the particle field and its 
derivative. This will provide the lepton and quark kinetic energy and will introduce gauge 
fields and their interaction with these fermions. 

2. In the second step the gauge field kinetic energies and self-interactions are added. 

3. In the third step the W*, Z , 7 and Higgs masses and their couplings will be introduced by 
the Higgs mechanism. 
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Theory 1-2- Lagrangian of the electroweak theory 

Table 1.2: The four fundamental forces. From top to bottom the interaction strength increases. 
Only the graviton is not discovered yet. The weak, electromagnetic and strong interactions are 
described by the Standard Model theory. 

interaction 

gravitation 

weak (charged current) 

weak (neutral current) 

electromagnetic 

strong 

bosons 

G 

W+, W" 

z 
7 

g 

spin 

2 

1 

1 

1 

1 

electric charge 

0 

+1,-1 

0 

0 

0 

mass [GeV] 

0 

« 8 0 

« 9 0 

0 

0 

4. In the fourth step the fermion masses are generated by their coupling to the Higgs. 

These steps will be elaborated here. 

Local gauge invariance. Electromagnetic and weak interactions 

Left handed fermions, which form an isospin doublet, are noted as L while the right handed 
fermions, which are isosinglets, are written as R. The derivative dL or OR does not remain 
invariant under a SU(2)L ® U(1)Y gauge transformation group. 

The U(1)Y requires a spin-1 field, BM, to ensure gauge invariance. The subscript Y denotes 
the operator Y which is the generator of U (l)y symmetry group. The eigenvalue of Y is defined 

as: 
Y = 2(Q-I3), (1.1) 

where Q is the electric charge in units of |e|, the absolute charge of the electron, and h the third 
component of the weak isospin /. The hypercharges for the fermions are given in table 1.1. 

Analogously the SU{2)L symmetry group requires the spin-1 field, W* with i = 1. 2.3, and 
the three generators T, of this group1. 

This results into the covariant derivatives: 

V^d. + ig'^B,, (1.2) 

for the right handed fermions, while: 

2?;, = (ö, + ^ f . U v + n / | z U (13) 

1 In the fundamental representation the generators r,: are: 
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1.2. Lagrangian of the electroweak theory Theory 

is the covariant derivative for the left handed fermions 
The coupling strengths, g and cf, of the gauge fields to the particles must be determined 

experimentally. 

The first term of the electroweak Lagrangian, which includes the lepton and quark kinetic 
energies and their interactions with the electroweak gauge bosons, is then given by: 

£1 = LrfHd,, + ig-r-W,, + ig'-B^L + H-fifa + ig'jB^R. (1.4) 

Kinematic terms of the interacting fields 

Now the second term of the electroweak Lagrangian C2 is added: 

C2 = --.Wlw-W^--BlivB'iv. (1.5) 
4 4 

The two terms of the Lagrangian (1.5) contain the kinetic energies of the W, Z and y. The 
exact relation between the fields W*, W%, W^ and Btl on the one hand and the physical fields 
W£, W~,Z° and Afl on the other hand will become clear below. 

The field strength tensors are defined in the following way: 

B^ = dilBv-d„Bl,, (1.6) 

« V = QJ&V ~ dyftp - gW» x Wv. (1.7) 

Due to the non-Abelian character of the SU{2)L transformation the third term of the field strength 
tensor in equation (1.7) is necessary to remain invariant. This non-linear term describes an in
duced self-interaction of the gauge bosons. 

Spontaneous symmetry breaking. Boson mass generation 

The generation of the W and Z mass and their couplings to the Higgs bosons are contained in: 

C, = |» (^ + ig-T-l% + ig'-BJQl2 - V(«). (1.8) 

The masses emerge by means of spontaneous symmetry breaking in the following way. 
The minimum assumption is that the the Higgs field forms an isospin doublet of complex 

scalar fields: 

_ ( <t>+ \ 1 ( 01 + 102 \ 

where 4>i, (i = 1, 2,3,4), are real fields. The associated potential energy with this Higgs field is 
given by: 

V ( $ ) = M 2 | $ | 2 + A | $ | 4 . (1.10) 

with A > 0. To have a theory with spontaneous symmetry breaking we choose /i2 < 0. The shape 
of the scalar potential V($) is shown in figure 1.1. 
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Theory 1.2. Lagrangian of the electroweak theory 

v//T 

Figure 1.1: The shape of the Higgs potential if p? < 0. The dot represents a chosen minimum 

(%)• 

This potential has two types of extrema. A local maximum, which therefore does not corre
spond with the energy minimum, and an infinite number of global minima. The global minimal 
value of the potential defines the vacuum and is obtained from: 

$ r = $t$ = 

Choosing one solution. 

i? + 4*1 + <PÏ + ft) 
2A' 

(1.11) 

0 , </> 
A 

$o V2 
(1.12) 

to represent the ground state of the vacuum, from a infinite number of solutions, breaks the 
SU(2) 0 U(l)y symmetry, while leaving the vacuum invariant under U(1)Q symmetry. The 
scalar field $(x) can be expanded around the vacuum. One can parametrise the fluctuations from 
the vacuum in terms of the real fields 9 and the Higgs field H which are shown in figure 1.1, 

$(x) 0if-8(x)/v 0 
(1.13) 

where 8(x) and H(x) become zero when $ = $ 0 , the vacuum state. 
By a certain choice of parametrisation the three real fields 9(x) can be removed. This so-called 

unitary gauge then yields: 

$(x) = 
0 

(1.14) 
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1.2. Lagrangian of the electroweak theory Theory 

Substituting % back into equation (1.8) and ignoring the spatial derivative and potential, one 
obtains for the terms quadratic in the gauge fields: 

M^-ftr + iff^BJStf = \ 
gW^ + g'B, g{Wl-iWl) \ I 0 

g(W* + iW*) -gW^ + g'B,) { v 

= | «V [(W*)a + [Wlf] + IvHg'B, - gW*WB» - gWs») 

= INVITO2 + {WD2] + \J\g\WlY - 2gg'WlB" + g'2Bft} 

= INVITO2 + (W*)2] + \AllK ~ 9'B,? + 0[gW;l + g'B,] 

(1.15) 

The fields Wf, and £?,, are recombined and normalised, and emerge as the physical photon field 
Ain the neutral massive vector particle ZM, and the charged doublet of massive vector particles 

W±: 

K = -^«**<)> 
z, = 

A, = 

gW'l - g'B, 

v V + 9'2 ' 
gWl + g'B, 

s/gTT^ ' 

(1.16) 

(1.17) 

(1.18) 

Putting these relations in equation (1.15), and identifying the masses of the physical particle 

results in: 
i ,, 1 

(1-19) 
fV9^„r+-ur~u , 1rv\2fr.2 , „ /2W v;< , ltn\ ( f ?W;W-» + ^C-f{g2 + g'2)ZltZ" + -(0)MMA". 

Hence, the masses of the gauge bosons from the electroweak sector are: 

1 
—1 
2 
1 

.U \v± 2 y' 

M z -v^/g2 + g'2, 

M7 = 0. 

(1.20) 

(1.21) 

(1.22) 

As can be seen from equation (1.17) and (1.18), the (Afl, Z„) and (W*, B„) bases are related 
by a simple rotation matrix 

Au cos Uw sin t/w 

— sin öiv cos öw 

Bu 

W3 
it 

(1.23) 

file:///J/g/WlY
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Theory 1.2. Lagrangian of the electroweak theory 

where 6\V is known as the Weinberg or weak mixing angle, and is determined by the coupling 
strengths, 

cos0w = , ƒ „• (1.24) 

sm6w = . n (1.25) 
Va2 + 9n 

On the assumption that the Higgs field is a doublet we get: 

- — = c o s 0 w - . (1.26) 
Mz 

Thus we can define a parameter p, 
AT2 

Ml cos2 6\v ' 
(1.27) 

which is the relative strength of the neutral and charged current weak interaction. At tree-level 
for a single weak isospin Higgs doublet we get p = 1. Other scenarios than the one given above 
could result in p / 1. Deviations from p = 1 would indicate new physics. 

Following a similar procedure by substituting equation (1.14) into the potential term (1.10) 
and examining the mass sector, we can read off the mass of the Higgs boson to be: 

MH = !'V2A. (1.28) 

The Higgs mass is not predicted by theory but an unknown parameter of the Standard Model, 
although v (246GeV) is known from muon decay measurements by the identification: 

T T s f ^ r i - -(V2 )̂-̂ 246GeV, (1.29) 

while A is not. Hence A/H has to be determined experimentally. 

Fermion mass generation 

For the fermions to acquire mass, it is not possible to put a mass term, —mtpip, in the Lagrangian, 
because this term would violate gauge invariance. The masses of the fermions are also generated 
through the mechanism of spontaneous symmetry breaking. For this purpose it is necessary to 
introduce an interaction of these fermions with the Higgs boson into the Lagrangian for each 
fermion, these are the Yukawa terms. The additional interaction Lagrangian must be invariant nx\-
der SU(2)L®U(1)Y local gauge transformations, prior to the spontaneous symmetry breakdown. 
This results into fermion masses which are given by 

Mt = ^=9f. (1.30) 

The couplings gf, which are arbitrary numbers for the different fermions, are not predicted. 
Therefore the masses of the fermions are free parameters of the Standard Model. 
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7.5. Wpair production and cross section in e+e collisions Theory 

1.3 W pair production and cross section in e+e collisions 

1.3.1 W pair production 

W+ 

Figure 1.2: The four Feynman diagrams at lowest order for the W pair production. The top 
diagrams show the s-channel 7 and Z exchange. At the bottom the t-channel by ve exchange is 
shown and the s-channel Higgs exchange, which has a negligible contribution. 

The production of a W pair at tree-level proceeds through the four Feynman diagrams shown 
in figure 1.2. The Higgs exchange diagram is suppressed by a factor M^/My, and is negligible. 
The remaining three diagrams are often referred to as CC03, where CC stands for Charged Current 
and the 03 for the numbers of contributing diagrams. The W boson is not a stable particle, and 
consequently has a finite lifetime or, equivalently, a non-zero width I \ v . The W boson will decay 
into a fermion antifermion pair. In an e+e~ collider this allows the following process: 

w-+w + ^/ 1 + /2 + /3 + /4. (1.31) 

The leading order cross section for the W boson resonance with a finite width is described by a 
double integral of the on-shell cross section weighted with Breit-Wigner factors: 

r r 
0 Jo 

ds-ds+p(s-)p(s+)ocC03{s; S-,s+), 

where s_ and s+ are the masses of the two internal W and W + bosons. If we choose s_ 

(1.32) 

M w then er£ct is the on-shell cross section and contains the terms corresponding to 
the Feynman diagrams in figure 1.2 and their interferences. The full form of aQC03(S; SI,S+) can 
be found in [3]. 

10 



Theory 1.3. Wpair production and cross section in e+e collisions 

The finite width, I\v, of the decaying W is included in the Breit-Wigner densities which are 
given by 

p ( s ± ) = ^ ( s ± - M w ) ^ M w r ^ v ' ( L 3 3 ) 

The inclusion of a finite width smears the steep rise near the threshold region, >fs « 2MW , 
which is shown in figure 1.3. The correction in this region is about 5% [4] compared with the 
zero-width cross section. 

.Q 
Q. 

T 
i 

o 
+ 

6 

20 

10 

-

/, 

t 
• ' . . . . l l . . . . 1 

^S^" , , "'' '^^"^""'""^^fes,-. 

— No ISR, rw=o 

No ISR, rw = 2.1 GeV 

iSR,rw=o 
ISR, rw = 2.1 GeV 

• • • • I , , . , I , , , , I , , , , I , , , , I 0 
150 160 170 180 190 200 210 

Vs" [GeV] 
220 230 240 250 

Figure 1.3: The total cross section as a function of the centre-of-mass energy y/s. The graphs 
show the effect of inclusion of the finite width of the W boson and initial state radiation (ISR). 

1.3.2 Finite width 
The W is an unstable particle which will decay into a lepton and neutrino or into an up-type and 
down-type quark. The partial width for a W boson decaying into two fermions, (ƒ and ƒ') with 
mass Mf and Mf is given by [5]: 

W^ff eV2* I ' / / 1 J ^ 

/ iu,+Mf,y 
11 <4 \ 

cu 

/ ' -
(A^-A/ , , ) 2 

1-
A/2+A/2 

2A4 
(M)-M^,f 

2MJ, 

(134) 

The matrix V is the unit matrix for leptonic decay. For the quark sector this matrix V is the CKM 
matrix, which relates the mass eigen states and the weak eigenstates. NQ is the colour factor and 
equals 1 for the leptons and 3 for the quarks. 
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1.4. Four fermion final states Theory 

The electroweak corrections are incorporated in the width by parametrising the lowest order 
width in terms of Gp and M\\- instead of a and sin2 6. 

i W = (l + ^ M ) (1.35) 
IT 

is the QCD correction factor given in the first order of the strong coupling constant as, which 
takes into account QCD colour factor and QCD radiative corrections (RQCD = 1 for leptons). 

As the fermion masses are much smaller than the W mass, we can neglect them and equa
tion (1.34) simplifies to, 

(1.36) 

(1.37) 

(1.38) 

rw->ii/ — 

rw->g§' = 

and hence with the dominant hadronic 

r \ y = Tw->ev + Tu 

The various ratios, 

G¥Ml 

6\/2n ' 
GFMW 

2y/2ir ' w' 
f 2 ( l + 

decay of W and Vnj 

-»JU/ + ^W-tril + 2__, ^ , r -

BR\v_ 

BR\v-

-qq' 

1 w 

1 W 

11 

~vc-s, 

2y/2n 

-^qq 

2a5(A/w; 
3TT 

(1.39) 

(1.40) 

(1.41) 

known as the branching ratios, determine the production rates for the allowed decay channels of 
the pair W, the decay fraction (DF) 

DFww^99-99- = (BRW^9<?) , (1.42) 

DFww^gfo = 2(BRw-.gg)(l — BRw-.gg), (1-43) 

DFww-**, = ( 1 - B R w - . ^ ) 2 . (1.44) 

The Standard Model values of the branching ratios (BR) [5] and decay fractions (DF) are given 
in table 1.3. 

1.4 Four fermion final states 

At lowest order there are also other diagrams with the same initial state e+e~ and final state 
(ƒ] + f-2 + h + fa), but with a different intermediate state than the doubly resonant W. These 
diagrams interfere with the CC03 diagrams and should be taken into account, as they change the 
cross section. 

The total number of diagrams depends on the final state and is summarised in table 1.4. 
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Theory 1.4. Four fermion final states 

Table 1.3: The Standard Model branching ratios for the decaying W into hadrons or leptons 
is shown in the left table. The branching fraction of the leptons is for one channel only, i.e. 
I = e or u orr. The total decay fraction for the fully hadronic, the fully leptonic and the semi 
leptonic channel is given in the right table (I = e + \i + T ) . 

Decay channel 

qqlv 

Ivlv 

DF (%) 

45.58 

43.86 

10.56 

Decay 

Iv 

BR (%) 

67.51 

10.83 

• The boldface numbers are the states with 2 different fermion pairs without the electron or 
electron neutrino. Because the neutrinos do not couple to photons, there are less than 11 
diagrams in case of a final state Iv pair. 

• The roman numbers indicate the states with an electron and electron neutrino. There are 
additional diagrams with t-channel exchange of the gauge boson. 

• The italic numbers are the state with two mutually conjugated pairs. The production may 
also proceed through neutral boson exchange. 

Table 1.4: Numbers of lowest order Feynman diagrams which contribute to the W pair cross 
section for the different four fermion final states. 

dü 

e~Pe 

\l~Vf, 

ud 

43 

20 

10 

cs 

11 

20 

10 

e+ve 

20 

56 

18 

li+"„ 

10 

18 

19 

T+VT 

10 

18 

9 

Figure 1.4 shows all diagrams contributing to e+e -» udsc. Graphs 1, 6 and 7 are CC03 

double resonant diagrams. 

The interference of these diagrams with the CC03 diagrams can be reduced by applying cuts 
for the signal selection, since their contribution is usually limited to particular phase space re
gions. 
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1.5. Theoretical uncertainties Theory 

W 

graph 1 graph 2 graph 3 

graph 4 graph 5 graph 6 

graph 7 graph 8 graph 9 

graph 10 graph 11 

Figure 1.4: The lowest order Feynman diagrams for the process e+e —» udsc. 
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Theory 1.5. Theoretical uncertainties 

1.5 Theoretical uncertainties 

1.5.1 Radiative corrections 

To match the current precision of the experimental results, the lowest-order tree-level calculations, 
including initial state radiation (ISR) and Coulomb corrections, are not enough. To increase the 
precision in the Monte Carlo programs, more complete radiative corrections have to be included 
in the calculation. The radiative corrections of the Standard predictions takes into account the 
higher order diagrams and applies the renormalisation procedure [6]. 

The radiative corrections to the four fermion process consist of virtual corrections, originat
ing from loop diagrams, and real corrections. These corrections can be factorisable and non-
factorisable. Factorisable corrections can be assigned either to the production of the W boson 
pair or the decay sub-processes, as can be seen in figure (1.5). In the non-factorisable process 
the production and decay sub-process do not proceed independently. Three examples of non-
factorisable processes are shown in figure (1.6). Due to the interference between the production 
and decay stage their matrix elements do not have two independent W propagators. 

Figure 1.5: The generic structure of the virtual factorisable corrections toW pair production. The 
dark shaded circles indicate the Breit-Wigner resonances, whereas the light shaded circles denote 
the Green function for the on-shell production (P) and the on-shell decay (D) sub-processes up to 
O (a) precision. 

e+ fi e+ fi e+ fi 

>4: ># X : 
e" f4 e~ f4 e" f4 

Figure 1.6: Examples of virtual non-factorisable corrections to W pair production. The shaded 
circles denote the lowest-order Green functions for the production of the virtual W boson pair. 

The full electroweak correction to O(a) is required. However, the full set of 0 ( a ) calcula
tions is not available due to technical problems like ö(103 — 104) diagrams per four fermion final 
state and numerical instability amongst others. Therefore, the so-called Double Pole Approxi-
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7.5. Theoretical uncertainties Theory 

mation (DPA) [7] is used. This method is currently implemented in the Monte Carlo programs 
RacoonWW [8,9] and YFSWW3 [10, 11]. Figure 1.7 shows the agreement between data and 
the DPA calculations of RacoonWW and YFSWW3 for the W pair cross section. The difference 
between both Monte Carlos is estimated to be 0.4%. 

. Q 
CL 

Ü 

20-

10-

0 

T T T 

LEP 
YFSWW3and RacoonWW 

18-

17-

16-

1 ' 1 ' 1 ' r 

YFSWW3 

RacoonWW 

• t " 
•• , : 

f 
• 

195 200 205 

160 180 200 

Vs (GeV) 

Figure l .7: The W pair cross sections from the LEP2 data and the Monte Carlos RacoonWW and 
YFSWW3 are compared. The shaded area indicates the uncertainty on the estimated theoretical 
prediction. This uncertainty is about 2% for yfs < 170 GeV and ranges from 0.7% to 0.4% above 
170 GeV. 

The estimated theoretical uncertainty of the W pair cross section based on the tree-level cal
culations, while trying to include as much as possible the universal corrections (ISR, Coulomb 
effect) by constructing an improved Born approximation yields a precision of ±2%. The DPA 
calculations reduce this theoretical error to a level of ±0.5%. The total cross section compared to 
the CC03 cross section prediction is lowered by between 2.5% and 3%. 

For the analysis in this thesis the KandY [12] Monte Carlo is used. KandY consists of two 
complementary event generators: KoralW and YFSWW3. KoralW evaluates all four fermion 
processes in e+e~ annihilation. e+e~ —» 4 / , but with simplified radiative corrections. YFSWW3 

evaluates the process e+e WW —> 4 / using Monte Carlo techniques, including 0 ( a ) cor-
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Theory 1.5. Theoretical uncertainties 

rections in DPA calculation for virtual and real corrections as discussed above. 

1.5.2 Jet evolution 

EW process 

perturbative jet evolution 

non-perturbative hadronisation 

decay of unstable particles 

Figure 1.8: The decay of the W into quarks and the subsequent fragmentation and hadronisation 
jet evolution process. The first phase of the jet evolution can be described by perturbative QCD. 
The second phase, the non-perturbative hadronisation, is described by phenotnenological models. 
The last phase is the decay of unstable hadrons into stable particles. 

Due to the QCD confinement rule, quarks cannot exist as free particles. The colour-carrying 
quarks produced in the decay of the W couple to form colourless hadrons. This transformation 
occurs via the fragmentation and hadronisation process and gives rise to jets of particles. 

The above process involves two stages, which are distinguished by different length scales, as 
is shown in figure 1.8. The first phase can be described by perturbative QCD calculations. The 
second phase is the non-perturbative region. 

Different models exist for both the first and second steps of the fragmentation and hadronisa
tion process. These are implemented in the Monte Carlo programs. 

For the first stage two main approaches exist. The first method is the matrix element (ME) 
method, in which the QCD Feynman diagrams are calculated up to ö(c%), while the other method 
is the parton shower (PS) approach derived within the framework of the leading logarithmic 
approximation. The primary quarks which are produced off-shell are iteratively branched into 
an arbitrary number of virtual partons. JETSET [13] implements both the ME and the PS model. 
HERWIG [14] and ARIADNE [15] contain the PS model. ARIADNE uses the colour-dipole 
radiation approach to model the parton shower, whereas JETSET and HERWIG describe the 
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1.5. Theoretical uncertainties Theory 

repetitive emission from the individual partons. 
For the non-perturbative regime two approaches are employed. JETSET and ARIADNE use 

the Lund string model: as two partons move apart a stretching string colour field is produced 
between them. When this string breaks up, a new colourless quark antiquark system is created 
leading to the formation of a new colour string. Another method, the cluster fragmentation model, 
is used by HERWIG. In this model the parton showering continues up to a mass scale of a few 
GeV. The remaining gluons are split into a quark antiquark pair. These pairs form colourless 
clusters which decay depending on the mass of the fragmenting cluster to clusters of smaller 
mass or directly into hadrons. 

A large fraction of the particles produced in the fragmentation and hadronisation phase are un
stable. The mentioned models have a decay scheme for the particles created during hadronisation. 
These are based on the masses, life times and branching ratios of the hadrons. 

All the methods have free model parameters which are determined by tuning them with the Z 
production data collected at L3 [16-18]. 

1.5.3 Final state interactions 

Final State Interactions (FSI) may alter the phase space when one or two of the W bosons decay 
hadronically. 

The relative short distance of the two decay vertices of the W boson of approximately 0.1 fm 
in comparison with the distance of > 1 fm over which quarks and gluons hadronise, implies a 
significant space-time overlap of the wave functions of the two decaying systems. This means 
that interactions may occur between the decay products of the two W bosons. 

Colour Reconnection (CR) and Bose-Einstein Correlations (BEC) are two such cross-talk 
phenomena. They lead to interactions between particles from different W bosons, modifying the 
phase space of hadrons, which may alter the reconstructed invariant mass. This has an effect on 
the W mass and width measurement. 

Colour Reconnection 

Colour Reconnection (CR) originates from the strong interaction. Colour singlet parton sys
tems of different origin may interact by the strong interaction between the systems. This effect 
changes the evolution of the two nearby jets which as a consequence perturbs the kinematics of 
the hadrons. 

In the hard perturbative phase, where gluons are emitted with energy Eg > T w , CR effects 
are thought to be suppressed [19,20], while soft gluons, Eg < T w , could be affected by both 
decaying W systems, which could lead to non-negligible effects on the hadronisation process. 

Several phenomenological models exists for the description of the CR process. 

SK I, II [21]: These models are based on colour string rearrangement binding a colour singlet 
during the fragmentation process. 

The string in the SK I model is a flux tube. When these tubes overlap a reconnection can 
occur. The reconnection probability Prem depends on the overlap volume O of the two 
strings: 

P r e c o = 1 - exp( -« • O), (1.45) 
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where K is a free parameter which governs the reconnection probability. 

In the SK II model the string has no transverse dimension. The reconnection happens when 
two strings cross. The reconnection probability is one in this case. 

ARIADNE [22]: This model is based on the reconnection of colour dipoles. Parton reconnec
tion only happens if it is energetically favourable, leading to a string with a lower mass. 

HERWIG [14]: This model is based on the reconfiguration of the partons before the cluster 
formation. Reconnection is allowed with a fixed probability when it reduces the sum of the 
squared size of the formed clusters. The space-time separation of the production vertices 
of the partons forming the cluster defines the size of a cluster. 

Bose-Einstein Correlations 

Bose-Einstein Correlation (BEC) is a quantum mechanical phenomenon. For identical bosons 
quantum mechanics requires the total decay amplitude to be symmetric under the exchange of 
these bosons. This could induce cross-talk between the two decaying W bosons, since most 
of the observed particles in a hadronic final state event are pions, spin-1 bosons. An enhanced 
production of pairs of identical bosons from different W bosons close in phase space could be ex
pected from theory due to amplitude symmetrisation. As a consequence, the measured momenta 
and therefore the mass is affected by this correlation. 

The current available Bose-Einstein models are based on the enhancement of production of 
identical bosons close in phase space. The LUBOEI [23] algorithm is such a model. The final 
state particles are reshuffled to reproduce the two particle correlation function. However, energy-
momentum conservation is violated. To solve this, additional reshuffling of other pairs of particles 
is required. Different types of models are developed to incorporate these additional reshuffling, 
for example BE0 and BE;i2 [23]. 

Alternative methods exists to implement BEC besides LUBOEI: the Global reweighting meth
od [24,25] and Lund string fragmentation models [26,27]. Only the LUBOEI method was avail
able for this analysis. 

1.6 Standard Model relation for Gp and Mw 

The muon decay constant, also called the Fermi constant GF relates the masses A/w and M%. 
It is one of the fundamental parameters in the Standard Model. Its value is determined in the 
muon decay, \i~ —> v^&'V,,. Fermi made the first attempt to formulate a theory of charged 
weak interactions [28] where two currents interact in one point. Within the Standard Model the 
interaction is now coupled by the W boson. Figure 1.9 shows the two concepts. 

In the low energy limit where the interaction is essentially described by the four fermion 
interaction at a point the Fermi constant is: 

% = ^ (1-46) 

v/2 ml 
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'' 

Figure 1.9: The decay of the muon. The figure on the left shows the muon decay as a contact 
interaction as in the four fermion theory. On the right side the muon decay is described by the 
exchange of the W~ boson. 

In the Born approximation the Fermi constant GF relates iUw and Mz in the following way: 

„ an 
GF = ^= • (1.47) 

v^M^l-A^/Mf) 

where a is the electromagnetic coupling constant, which is related to the electron charge e = 
s/Aira. This gives a possibility to extract the W mass from this Standard Model relation. 

^Mz^ 37.2805(2) „ , , 
A/w = .* = — — ^ GeV (1.48) 

sin (% sin (% 

However equation (1.47) is on the Born level. Higher order radiative effects should be included. 
This is done by a correction factor 

1 1 1 
2, A_ . (1-49) 1 - A r l - A a ( A / | ) 1 - ArJ 

where Ar consists of different correction terms. 
Aa(Aff) arises from the Quantum Electro Dynamic (QED) contribution, the photon self-

energy, described by fermion loops in the photon propagator. It is usually divided into three 
separately calculated terms: the leptonic loops, top quark loops and the light quark loops, which 
is the most uncertain term of the three; 

A a ( M | ) = Aaleptomc{Mz) + Aaiop(A/z
2) + A Q ^ ( A / | ) . (1.50) 

The QED corrections are absorbed into a, and taken as the running value of the electromag
netic a at Mz, 

a = a(0) -» a(s) = ^— (1.51) 
1 — Aft(s) 

where a ( M | ) = (127.938 ± 0.027)"1 [29]. This yields: 

a(Mj)n 1 
F ~ V2MW(1 - M^jMl) ' 1 - A r , / U ' 5 2 ) 
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The variable Arw takes into account the weak radiative correction, of which two examples 
are shown in figure 1.10. The weak radiative corrections are for large top quark and Higgs boson 
masses (MB » Mw) given by [30] 

Arw = - [3 cot2 Owl 

+ | In cos21 

(2 cot2 

+ cot2 0W + 75] 

In 

(1.53) 

Wd 

H 

W± W± 

Figure 1.10: Examples of one loop radiative corrections to the propagator of the W. The left 
diagram shows a fermionic loop proportional to Mf/M^. The right figure shows a bosonic loop, 
containing the Higgs, proportional to ln(M2,/Mw). 
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