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Abstract v

Abstract

In this thesis I present a study of W pair production in e*
3 p I

e~ annihilation using
fully hadronic WTW~ events. Data collected by the L3 detector at LEP in 1996~
1998, at collision center-of-mass energies between 161 and 189 GeV, was used in my
analysis.

Analysis of the total and differential WTW™ cross sections with the resulting
sample of 1,932 WHW~— qqq event candidates allowed me to make precision mea-
surements of a number of properties of the W boson. I combined my measurements
with those using other WHW~ final states to obtain stringent constraints on the W
boson’s couplings to fermions, other gauge bosons, and scalar Higgs field by measuring
the total ete™— WTW™ cross section and its energy dependence

.
2.6810 05 (stat.) £ 0.14(syst.) pb, /3 = 161.34 GeV

12.041 135 (stat.) + 0.23(syst.) pb, Vs =172.13 GeV
olete = WtW™) = ' .
j 16.45 £ 0.67(stat.) & 0.26(syst.) pb, /s = 182.68 GeV

| 16.28 & 0.38(stat.) + 0.26(syst.) pb, /s = 188.64 GeV

the fraction of W bosons decaying into hadrons
BR(W—qq) = 68.72 £ 0.69(stat.) £ 0.38(syst.) %,
invisible non-SM width of the W boson

[ipvisitle 17 MeV  at 95% C.L.,
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the mass of the W boson

My = 80.44 + 0.08(stat.) + 0.06(syst.) GeV,

the total width of the W boson

Tw = 2.1840.20(stat.) +0.11(syst.) GeV,

the anomalous triple gauge boson couplings of the W

Ag? = 0161013 (stat.) £ 0.11(syst.)
Ak, = 0.26703i(stat.) £ 0.16(syst.)
Ay = 01813 3(stat.) £ 0.11(syst.).

No significant deviations from Standard Model predictions were found in any of

the measurements.
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Introduction and Overview 1

Chapter 1

Introduction and Overview

In this thesis I present my study of the pair production of W bosons in the electron-
positron annihilation process ete™— WTW~. The purpose of the measurements [
performed is to determine important properties of the W boson, such as its mass,
width, decay branching ratios, and couplings to the photon and the Z° boson. Abun-
dant production of reconstructible WTW™ events in a clean environment allows one
to measure these quantities with a precision unattainable with other techniques. The
measurements are compared with precise theoretical calculations to test the standard
electroweak theory and search for possible deviations from it. In the absence of signif-
icant disagreements with SM predictions, the measurements can be used to constrain
yvet-unknown parameters of the Standard Model, such as the Higgs boson mass.

My analysis deals specifically with events in which both W bosons decay hadroni-
cally W—qq', resulting in four-jet W*W~—qqqq events. Such events represent about
46% of the total W pair production cross section. Reconstruction of the differential
ete " —=WTW™ cross sections with these events allows the most precise measurement
of a number of parameters of the W boson. I combine my measurements based on
four-jet events with those using other types of WHW~ events to arrive at the best
experimental estimates, to be compared with theoretical predictions.

My analysis was based on the data collected by the L3 detector at LEP in 1996-
1998 in runs with center-of-mass energies from 161 to 189 GeV. Approximately 2,000
multijet WHW~ candidate events found in these data were used in my measurements.

Below I give a brief description of the following chapters of my thesis.

Chapter 2 discusses the status of the W boson in the Standard Model, the proper-

ties of the W production as predicted by the SM, and observable effects which could
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be introduced by new electroweak theories being proposed to replace it.

Chapter 3 gives an overview of LEP and L3, the experimental facilities used to
obtain the data I used. with an emphasis on characteristics especially important for
my study.

Chapter 4 describes the methods I developed for discriminating WHW~ — qqqq
events from physics background processes and for measuring the WTW~ — qqqq
production cross section. The methods are applied to the L3 data sets to select
events for analysis of the W mass and width and triple gauge boson couplings. The
results of the cross section measurements are combined with those of semileptonic and
leptonic WFW™ events to measure the total WTW™ cross section and W branching
ratios. Comparison of those with the SM allowed me to put limits on Cabibbo-
Kobayashi-Maskawa matrix elements and possible non-standard invisible W decays.

Chapter 5 is devoted to my measurements of the W mass, using the dependence of
the total WTW™ cross section on the W mass in the threshold region, as well as the
reconstructed dijet invariant mass distributions. The latter are also used for a direct
measurement of the W width. I combine my measurements with those obtained with
semileptonic events to arrive at a more accurate estimate of the W mass, used to
check the consistency of the Standard Model and infer the mass of the Higgs boson.

Chapter 6 describes reconstruction of angular distributions in WHW~ — qqqq
events which are used, together with the total WHW™ cross section, to study triple
gauge couplings involving W bosons. Limits on possible deviations of the W+ W=~ /Z°
couplings from their SM values are obtained.

Chapter 7 summarizes the results obtained in my study.
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Chapter 2

Tests of Electroweak Physics with
eteT—=WTW™ Events

2.1 Physics of the W Boson before LEP 2

The first experiments whose understanding required the W boson were made, and
the study of the weak interactions began, when spontaneous radioactivity of uranium
was discovered by Henri Becquerel in 1896 [1]. It was soon realized that several quite
different decay processes contributed to it [2] and the one which was accompanied
by production of electrons was called the [(-decay. Creation of the theory which
explained this phenomenon, among many others discovered later, was one of the
major achievements of physics in the twentieth century.

The neutrino [3] was postulated to explain apparent non-conservation of energy in
[3-decays, and the discovery of two different kinds of nucleons [4] laid the foundation
for the theory of the weak interactions by Enrico Fermi [5]. The theory tried to de-
scribe -decay in terms of point couplings of charged vector currents created by weak
isospin doublets. Later the conjecture of parity violation by the weak interactions
was put forward [6] and confirmed experimentally [7]. This led to replacement of the
original vector currents with the currently accepted V-A structure [8].

Several attempts were made to improve on the contact interaction nature of the
Fermi theory, which limits it to be a mere low-energy, non-renormalizable approxi-
mation. Introducing a vector boson mediating the interaction, in analogy with the
photon in electromagnetism. would solve this problem. The analogy cannot be com-

plete though, because a massless intermediate boson would be inconsistent with the
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observed very short range of charged current weak interactions (~ 10717 m). Even-
tually it was realized that short-range forces can be mediated by massive particles [9]
and a heavy intermediate vector boson, denoted W, was proposed as a carrier of the
weak charged current interaction by Oskar Klein in 1938 [10].

This chain of outstanding theoretical and experimental insights culminated in the
development by A. Salam, S. Weinberg, and S. Glashow, among others, in the early
1970s of the modern electroweak theory [11], commonly referred to as the Standard
Model. The underlying principle of the theory is the invariance of Nature with respect
to local transformations of fermion fields, given by the SU(2) group in weak isospin
space and the U(1) group in the hypercharge space (non-Abelian gauge theories were
first considered by C.N. Yang and R.L. Mills [12]). To reproduce the low-energy phe-
nomenology of the weak interactions, the symmetries have to be spontaneously broken
by interactions with an additional scalar field whose ground state is not invariant un-
der the gauge group transformations (the Higgs mechanism [13]). The structure and
the mathematical apparatus of the theory are explained in great detail in the litera-
ture. e.g., see [14]. The theory was proven to be renormalizable [15] and subsequently
was shown to possess great predictive power over a wide energy range. It explained
all the data available at the time it was proposed, and has passed numerous new
experimental checks since its inception [16]. invariably with great success. Properties
of the intermediate W* and Z° vector bosons, carriers of the weak interaction, were
among most crucial predictions of the Salam-Weinberg theory.

The origin of the W boson in the Standard model is local SU(2) gauge symmetry in
weak isospin space, postulated for doublets of left-handed fermions, listed in Table 2.1.
Isospin raising and lowering operators, associated with SU(2) gauge fields, change the
electric charge of the fermion they act on and therefore can be associated with particles
of charge 1 and -1 respectively. The third SU(2) generator mixes with the generator
of the U(1) hypercharge symmetry group upon breaking of the symmetries, giving
the photon and the Z" boson.

The couplings of the W boson to fermions are determined by the fermionic kinetic
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nohn (0), (n), (7)), (0), (2), (3)
T3 =-1/2 g Jo roJ, T 4y d ), s/, b
up Cr tr
T5=0 : :
3=1( €R Hr TR dp 25 br
Table 2.1: Fermions in the Standard Model and their weak isospin eigen-
values. Left-handed fermions belong to SU(2) doublets, while right-handed
ones are SU(2) singlets. Quark weak eigenstates are mixtures of quark mass
eigenstates.
term of the SM Lagrangian, after introducing the covariant derivative
D’_‘ = d‘, + ?gl}’ Bﬂ = = 6_(}27']“1‘"“14 (21)

where Y and B, are hypercharge and the corresponding gauge field, 7; are SU(2)
generators (commonly represented by Pauli matrices), g; and go are U(1) and SU(2)
couplings respectively. and the vector fields W7 are related to W* bosons as W* =
%( W' iW?). The gauge terms of the covariant derivatives are responsible for the

terms in the Lagrangian

g2

V2

‘Cfe-rmioni(; — ZU, 'U;"—Ar"ll'Du'U" = (IV:Jﬁ = H‘“_ -]ﬁ) (2.2)

which give rise to couplings of W boson fields to the charged currents

— 1 —_ Y
H — [y~ H P R ) £
Jt D = (2.3)
U
Couplings to all left-handed fermions have the same strength .%
Self-couplings of W bosons are also fully determined by the gauge structure of
the covariant derivatives, through its effect on the W field strength tensors W), =

[D,.. D,] which enter the bosonic kinetic term

3
gz2

1 IS S
Ebosonit = _Zl‘if’ “,uu (24)
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Quadratic terms in the field strength tensors introduce triple gauge YW W~ and
Z°WT W~ couplings, discussed in Chapter 6. as well as quadruple vertices v v WHW—,
v Z° W*W-—, Z2°Z° W*W-, WtW- WtW-.

While the gauge symmetry idea allows one to predict many properties of the
W boson, the picture is incomplete without the concept of spontaneous symmetry
breaking. Mass terms for the W bosons (of the form n*l.zﬂ"‘ﬂ’iff ) are not gauge-
invariant, still a (large) W mass is necessary to account for the very short range of
weak charged current interactions. The Higgs mechanism provides a solution of this
problem by postulating the existence of an additional (Lorentz) scalar field which is
an SU(2) doublet (this is the minimal case; additional doublets and larger multiplets
can be easily incorporated into an extended Higgs model; such a complication is not
warranted by any experimental data vet). For some choices of the parameters g, A

of the Higgs Lagrangian
Liigge = (D'®)'(D,®) — *0'® — A(2'0)? (2.5)

the ground state of the scalar field has a non-trivial expectation value and is not
SU(2)-invariant. Without loss of generality (after a gauge rotation) perturbations of
such a ground state can be written as a doublet of the form
1 0 _
U(r) = — 3 (2.6)
V2 | + H(x)
where v is the vacuum expectation value, and H(x) is the scalar field of the Higgs
boson - a new particle predicted by this mechanism of electroweak symmetry breaking.

After choosing a particular scalar field ground state the Higgs term becomes

‘% 1 3 1 7L L e 5
Liiggs = %VV’- Wr(v+ By g(g‘zwé — 1 B")(g2W,} — 1 By) (v + =Y 4
1, . i 2 A 4
SO H)@,H) — & (v + H)? = S(0 + H)* (2.7)

The terms containing v” factors and gauge fields can be interpreted as mass terms for
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two charged W bosons with mass

1
NIW = 5'({(]2 (28)

and a neutral Z° boson, given by the Z, = gQVVE — g1 B, combination, with mass

i . :
Mz = 5’1’\/9f+95- (2.9)

The orthogonal Vl/.t;a B,, combination A, = glﬂ-’ﬁ—l-ggBu does not acquire a mass term
and is associated with the photon. The other terms in the Higgs Lagrangian describe
interactions of the Higgs and gauge fields (H Z°Z°, H W*W~, H H Z°Z°, and H H
W+HW~ vertices) and Higgs boson self-interactions.

The angle fy by which the (A,, Z,) and (W2, B,) bases are rotated, called the

electroweak mixing angle, is completely determined (to leading order) by the strengths

of the hypercharge U(1) and isospin SU(2) interactions:

g1 g»

sinfy = ————; cosby = ——. (2.10)
Vi + 93 Vi +93
This single angle, in turn, determines the ratio of the vector boson masses
= cosbw, 2:11
My, w ( )

the ratio of electromagnetic fermion charges e = /4w, and weak charged current

couplings

_—
o g1 cos By = g2 sin Oy, (2.12)

Vi + 93
and the structure of the neutral current couplings ~ff and Z°ff.
By 1980, studies of deep inelastic neutrino scattering produced an accurate mea-
surement of the mixing angle #y. Combined with the precise knowledge of ay,,. this

led to predictions for the intermediate vector boson masses [17].
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These predictions were confirmed in 1983 by the discovery by the UA1 experi-
ment at CERN’s SPS collider of both the W [18] and Z° [19] bosons, with masses in

agreement with the Standard Model.

EVENY 2658, 1279,

Sn D Sags y

R Z
/ _ -f':ffl
:2% "'&\

%t:x

o —

=7

'/,f _

x 89576

Figure 2.1: A W— er event recorded by the UA1 detector. An energetic
electron amidst hadronic background can be seen in the lower right quadrant.
Five events of this type constituted the discovery of the W boson by the UA1
experiment.

Since the discovery of the W boson, precision studies of its properties were per-
formed by the CDF and DO experiments at the Tevatron collider at Fermilab [20].
Also information on the triple gauge boson couplings and limits on possible devia-
tions from the SM were obtained by analysis of LEP 1 electroweak measurements [21].
Still LEP 2 measurements have been able to make an important contribution to and

opened a new window on the physics of the W boson.
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2.2 e"ee—=WT™W™ Production in the Standard Model

Production of W pairs is possible in e*e™ collisions at center-of-mass energies above

~2My. It proceeds through the four diagrams shown in Figure 2.2. The contribution

¢ W ¢ W~

y 70
e+ W+ e+ w+

e A\
e W
V
H*
+

e” w* ¢ w

Figure 2.2: Lowest order ete™— W*TW~ Feynman diagrams.

of the s-channel Higgs exchange diagram is very small because of the weakness of the
He*e™ coupling and is suppressed by a factor M.//s relative to the other diagrams.
This diagram is usually ignored in theoretical calculations. The remaining three
diagrams are commonly referred to as the CCO03 set.

The s-channel photon and Z" boson exchange diagrams involve yW*TW~ and
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ZOWHW~ vertices due to the non-Abelian nature of the SU(2) gauge group and are
therefore especially interesting. Close to threshold the s-channel P-wave amplitudes
are suppressed compared to the t-channel neutrino exchange, as shown in Figure 2.3.
But already several GeV above the threshold, i.e., at the higher energy points data
from which were used in my analysis, all diagrams’ contributions as well as their
interferences become important (see Figure 2.4). The complete formulae for the
CCO03 ete —WT™W ™ matrix element and its helicity amplitudes composition can be

found in [22].
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Figure 2.3: Total cross section of the Figure 2.4: Polar angle distribu-
reaction e"e”— WTW~™ and contri- tion of the W~ boson and contri-
butions of the CC03 diagrams as a butions of the CCO0O3 diagrams for
function of /s. ete”— WH*W~ production at /s =
189 GeV.

Once produced, the W bosons decay into all kinematically allowed SU(2) doublets

with the partial width given by

. GpM; : :
F(V‘ —=+1f ) = '():r—\/%\/’ fo’ |2R/\{(I\"Iw, my, rwr.f:)RQ(~D. (21.3)

where the V matrix, relating mass and SU(2) eigenstates, is assumed to be diagonal

for lepton families and is given by the Cabibbo-Kobayashi-Maskawa matrix for quark
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doublets. The QCD correction factor is again trivial for leptons and takes into account
color SU(3) degrees of freedom and QCD radiative corrections for quarks:

qu(l\lfv)

Rocp = 3(1
QCD (1+ ==

). (2.14)

The kinematic factor accounting for non-zero fermion masses,

(my+myp)? (myg —my)?
RarMwe,mipimp) = jfl—— gl = sl
1\[( w,. My Tllf) 1\I€N Mf\ X

B mi +m3, B (m3 — m%)?
INIZ, NI,

can be considered to be one with good accuracy (better than 0.5%) for all kinemati-
cally allowed fermion pairs.

Given the structure of the CKM matrix (see Table 2.2), the two dominant hadronic
decay modes of the W are WH—ud and W+—cs (and their charge conjugates), each
having branching ratio about three times that of W— (1 for a given lepton family.
The branching ratios of the W boson and the resulting composition of WHW ™ events
are given in Table 2.3. The Standard Model predicts about 10% of WHW™ events
to be of the fvfr type, with the rest shared roughly evenly between qqfr and qqqq

events.

0.9742 — 0.9757 0.219 — 0.226 0.002 — 0.005
0.219 — 0.225 0.9734 — 0.9749 0.037 — 0.043
0.004 — 0.014 0.035 — 0.043 0.9990 — 0.9993

Table 2.2: 90% confidence limits on Cabibbo-Kobayashi-Maskawa matrix
elements [23]. Columns in the table correspond to quark mass eigenstates d,
s, and b. rows to respective weak isospin eigenstates. Unitarity of the matrix
within the three quark generations is assumed.

The total width of the W boson in the SM,

3Gy My (1+ 2a5(M%,)
271'\/5

l'w = Fo+Tw+Tn+ ) T(W—qq)= ), (2.16)

q#t

3T
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W Decay | BR [%] W*W~ Final State | Relative Frequency [%]
W— (v 32.49 tvly 10.56
W—hadrons | 67.51 qqlv 43.86
qaqq 45.58

Table 2.3: The W boson decay and WHW~ final state branching ratios pre-
dicted by the Standard Model.

amounts to 2.067 £ 0.021 GeV using the current knowledge of My and cannot be
ignored in calculations of the e"e " —WTW™ total and differential cross sections.
The finite W width leads to large corrections to the zero-width-approximation
total WHW~ cross section at all LEP 2 energies [24], as shown in Figure 2.5. The
effect is particularly strong at the threshold, resulting in a much less sharp rise of the
cross section with energy and the possibility of WTW™ production below the /s =
2M threshold. The finite W width also introduces a spread of the masses of the
produced W bosons, which, ignoring phase space factors, is given by the Breit-Wigner

density

1 I\’I\NF“,'
7 (m2 — M%,)2 + M3, I3,

plm?) = (2.17)
This spread has important consequences for the precision of the W mass measurement
described in Chapter 5.

Higher-order EW processes are another significant source of corrections to e™e™—
WHW™ cross section. Initial state radiation decreases the W W~ cross section by
O(10%) at LEP 2 energies [25]. It also leads to an O(1 GeV) downward shift of
the distribution of the produced W boson masses. This shift has to be corrected
for in the measurement of the W mass. The Coulomb singularity [26, 27] is another
QED process especially important at the threshold. It is due to the electromagnetic
attraction between slowly moving charged W bosons. The correction is proportional
to em/Pw and diverges at the threshold in the limit of zero W width. With finite

I'w the correction amounts to about 5% right at the threshold and smaller values at
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Figure 2.5: Total ete™— WHTW™ cross section as a function of \/s. Effects
of finite W width and QED radiative corrections are shown.

higher energies. The total effect of QED radiative corrections on the ete”— WTW~—
cross section is shown in Figure 2.5. QED corrections are explicitly taken into account
in the analytical programs and Monte Carlo event generators I used in my analysis.
The bulk of other electroweak radiative corrections is incorporated in the calculations
by using energy-scale-dependent (running) values of EW parameters.

Considering W bosons as resonances with finite width, rather than zero-width
(stable) particles. leads to another complication. To preserve gauge invariance of the
ete™— WTW-—f,fofsf4 amplitude one has to consider all Feynman diagrams leading
to the f,fof3f, final state, as opposed to the CC03 set. For WHW-like four-fermion
final states, the number of contributing diagrams ranges from 9 to 56 depending on the
final state, e.g.. 11 for udsc and 43 for uddii four-quark final states, with both charged

and neutral current graphs present as a general rule [28]. Figure 2.6 shows all the
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graph 1

1 5
s
2 6
w
w 4
d
e U
3
2
graph 6

1 5
s
9 6
w
W 4
d
e u
3
2
graph 7

graph 10 graph 11

Figure 2.6: The complete set of ete”™ — udsc Feynman diagrams. Graphs
1, 6, and 7 are CCO03 double-resonant diagrams. The rest of the diagrams
contain one W boson each and are single-resonant.
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diagrams contributing to ete™— udse. Fortunately, in the commonly used gauges the
single-resonant and non-resonant graphs are suppressed relative to double-resonant
CCO03 ones by powers of 'y /Mw = 2.5 x 1072, They are ignored in the Monte Carlo
programs I use and I have to evaluate the effect of their neglect on my measurements.

After taking into account all the corrections mentioned above, SM calculations
predict values of the efe” — WTW™ cross section of approximately 3 pb at the
threshold, rising fast to ~16 pb at /s = 189 GeV (see Figure 2.5).

By and large, the precision of the available theoretical calculations is adequate for
the measurements I am interested in. The current understanding of the WHW— cross
section is accurate to 2% at the threshold and about 1% at higher energies. while the
average ISR energy loss, bearing on the W mass measurement. is known to about

15 MeV [29]. Those uncertainties are small compared to actual experimental errors.

2.3 etee— WTW™ Production as a Probe of Elec-
troweak Physics

The sizeable cross section and good theoretical understanding of the reaction ete —
W*™W™ makes it a promising tool for precision studies of the physics of the W boson.

It was recognized already in 1961 that “electron-positron collisions would in fact
constitute a good experimental means for [intermediate charged vector mesons’| de-
tection.” [30] The first naive methods of measuring the mass and electromagnetic
properties of the W with e*e~— W™ W™ events were proposed as early as in 1965 [31].

Experimentally, ete™ colliders offers significant advantages over pioneering pp
machines. As the backgrounds for ete™ — WTW~ event selections are mostly due
to other electroweak processes, they do not dominate and this allows one to study
all decay modes of the W. An e*e™ collision has a well-defined initial state which
enables one to reconstruct the full event kinematics, in contrast to hadron colliders,
where only transverse momenta can be used for measurements. Also the importance

of triple gauge boson vertices in W pair production makes their study easier in eTe”
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collisions.

Soon after the Standard Model was developed. ete™— W™ W™ annihilation was
proposed as a means to test the SM and contrast it with other electroweak models [32],
and to measure its triple gauge boson couplings [33]. The reaction is particularly inter-
esting because an intricate interplay (gauge cancellations) between all four diagrams
in Figure 2.2 is required to make the total e"e”— WT W™ cross section and its partial
waves preserve unitarity at high energies (see. for example [14]). It was found [34]
that the requirement of “good” high-energy behavior of ete™— WTW~ amplitudes
limits the structure of a prospective electroweak theory to the spontaneously broken
Yangs-Mills gauge one of the Standard Model, and also puts severe constraints on the
mechanism of the symmetry breaking. Thus also from the theoretical point of view,
ete —=W'W~™ production is a sensitive probe of the gauge structure of the SM and

its possible extensions.

2.3.1 Constraints on Higgs Boson Mass

The mass of the Higgs boson My is not predicted by the Standard Model and is an
object. of enormous interest. Finding the Higgs boson and determining its mass are
some of the main goals of current experimental programs at LEP and FNAL and of
the LHC project.

My-dependent radiative corrections to well-measured processes involving the W
boson provide a means of estimating My, using the available precision electroweak
measurements.

The width of the muon decay p~— e~ ey, (see Figure 2.7) can be measured very
accurately and allows a very precise determination of the Fermi constant Gy [35] which
is the strength of weak charged current interactions at zero momentum transfer. This

coupling is given by

o
.(}2 W(yem

4IMZ, V2M3, sin’ By

After expressing sin fyw in terms of My and the well-measured Mz the relation be-
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Figure 2.7: The diagram of the Figure 2.8: Radiative corrections to the W
muon decay p1m— e Upl,. boson propagator involving the top quark
and the Higgs boson.

comes

M3, MTem

Mz) Y

M3:(1 ~ (2.19)

Radiative corrections modify the above tree-level expression. The QED part of the
corrections is taken into account by using the running value of electromagnetic cou-
pling a.,, at Mz instead of the one at low energies, which is very precisely measured.
Electroweak corrections due to loop insertions in the W boson propagators, shown in

Figure 2.8, are taken into account explicitly,

‘ M2, Ttem (M2)
M2Z,(1— %) = i 2.20
wil=3p) = et = any) (2:20)

The weak radiative correction [36] is dominated by the term which depends on the

top quark mass M,, but has a non-negligible My dependence as well,

5 2 2
Ar, =-—FZ [s(ot O ;”[I, + 2(cot? fw — %) 1\\115&‘
11 MZ
l \I‘2
41
- 111(()5 Ow + cot® Bw + 18] (2.21)

Thus, given measurements of Gy and vector boson and top quark masses and a
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calculation of ., (M%), the Gy definition (2.20) can be interpreted to give an estimate
of My. The results of this analysis, done with the currently measured value of Myy.

are reported in Chapter T.

2.3.2 Constraints on Extensions of the Standard Model

Various new theories proposed to replace the SM predict properties of the W bo-
son and WTW~ production that differ from those expected in the Standard Model.
ete"—=WTW~ production can be used to put them to an experimental test.

Supersymmetry is currently the leading “new physics” candidate. It predicts a
large number of new particles, which introduce additional large radiative corrections
to electroweak processes. Equation (2.20), reinterpreted as a calculation of the W
mass, predicts directly measurable O(100 MeV) shifts of My in the Minimal Super-
symmetric Standard Model [37], depending on the internal parameters of the model.
Supersymmetric SM extensions also predict difficult to observe ((1072) anomalous
triple gauge boson couplings [38].

New particles predicted by technicolor models or obtained by adding more genera-
tions to the three currently included in the Standard Model, also enter W observables
through loops in W propagators, and lead to similar deviations [39].

Other more exotic theories predict deviations from the SM in ete™ — WTW—
already at the tree level. For example, expanding the gauge groups of the SM can lead
to additional neutral intermediate vector bosons. The existence of such a boson would
modify, by its mixing with Z°, the ete™— Z°— WTW~ process with large, model-
parameter-dependent effects on the WTW~™ total and differential cross sections [40].

Another extension of the SM attempts to solve the hierarchy problem [41] (natu-
ralness of gravitational radiative corrections to the Higgs boson mass) by postulating
the existence of a few additional dimensions and an electroweak-gravitation “unifica-
tion scale” Mg of the order of a few hundred GeV [42]. Being compact with sizes of
the order of 1 mm, these extra dimensions do not affect macroscopic Newton’s law,

vet the low effective gravity scale Mg makes graviton exchange between Standard
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Model particles non-negligible. The eTe™— WTW~™ cross section receives large, up
to a few %, corrections from additional graviton diagrams and can be used to put
bounds on parameters of such models [43].

In addition, in some models, including supersymmetric ones, non-standard W
decays are allowed. Such models may possess regions of the parameter space which
do not preditl?t observable effects in lower energy data but significantly affect the W
branching ratios, width, or visible ete™—W™W™ cross sections, if the non-standard

W decays make the W W™ events escape detection [44, 45].
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Chapter 3

The L3 Detector at LEP 2

My analysis was based on data collected by the L3 detector at the LEP accelerator.
This chapter gives an overview of these experimental facilities, with an emphasis on

the elements important for the measurements described in this thesis.

3.1 The LEP Accelerator

The Large Electron—Positron storage ring (LEP) is an accelerator operated by the
European Laboratory for Particle Physics (CERN) located near Geneva, Switzerland
(see Figure 3.1). It is designed to accelerate and collide electron and positron beams
with energies up to approximately 100 GeV and is currently the world’s most powerful
ete collider.

The electron and positron beams are provided by the LEP injector chain [46],
shown in Figure 3.2, using the previously built Proton Synchrotron (PS) and Super
Proton Synchrotron (SPS) accelerators. Positrons are created in a tungsten converter
target hit by a 200 MeV e~ beam from LIL (LEP Injecteur Linéare), a high-intensity
linac. A second linac accelerates the electrons and positrons up to 600 MeV to be
accumulated and cooled in the Electron—Positron Accumulation Ring (EPA). PS and
SPS subsequently accelerate the beams up to 3.5 GeV and 20 GeV respectively, after
which they can be injected into LEP [47].

The LEP tunnel, 27.6 km long, consists of eight straight and eight curved sec-
tions. The latter house about 3,300 dipole bending magnets which keep the beams

in orbit, and about 800 quadrupole and 500 sextupole magnets used for beam fo-

cusing. The energy needed to accelerate the beams and compensate for synchrotron
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Figure 3.1: Schematic map of the region near Geneva, showing the location
of LEP, the Proton Synchrotron (PS) and Super Proton Synchrotron (SPS)
together with the four LEP experiments (ALEPH, DELPHI, L3, and OPAL).

radiation losses is provided by 288 superconducting radiofrequency cavities placed in
the straight sections. Electron and positron beams, each composed of 4 equidistant
bunches, revolve in opposite directions around the ring with a frequency of 11.4 kHz
and are collimated and brought into collision at four equidistant interaction points
equipped with detectors (ALEPH, DELPHI, L3, and OPAL). The interaction point
size, determined by the bunch size, is about 1 cm along the beam direction, and
200 nm and 20 nm in the horizontal and vertical directions respectively in the plane
orthogonal to the beam axis.

The construction of the LEP tunnel was started in 1983 and the first electron-

positron collisions were recorded in August 1989. During Phase 1 (until 1995) LEP
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Figure 3.2: The LEP injector chain.

was operated with ~45 GeV beams, corresponding to center-of-mass energies close
to the Z° boson mass. This allowed each of the four experiments to collect about
4 million ete” — ZY events and make unrivaled precision measurements of the Z°
boson properties [48].

Phase 2 started in 1995 with superconducting RF cavities replacing the originally
installed copper ones. increasing the maximal LEP beam energy from 45 to 70 GeV,
and then to 86 GeV and higher in later years. This brought the collision center-of-mass
energy above the WHW™ pair production threshold and allowed precision studies of
the W boson. It also greatly extended the scope of searches of new particles predicted
by various extensions of the Standard Model.

LEP 2 also accomplished a large increase in the luminosity delivered to the ex-
periments, due to the lesser importance of beam-beam interactions which limited the

beam current at LEP 1. Additionally, for parts of the 1996 data-taking LEP was
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operated in the bunch train mode, replacing each lepton bunch by two bunchlets
separated by ~250 ns, and thus achieving a higher total beam current. A peak lu-
minosity of 1.2 x 10%*? s~ 'em~? was achieved in 1998. This. together with increasing
overall operational efficiency, allowed each experiment to collect up to 2 pb™' of data

per day.

3.2 LEP Beam Energy Measurement

Precise knowledge of the LEP beam energy is crucial for some of the most important
measurements at LEP, e.g. those of the mass and width of Z" and the mass of the W
boson.

At LEP 1, the resonant depolarization method [49] gave an opportunity to measure
the beam energy with very high precision. The method exploits the Sokolov-Ternov
self-polarization of an electron beam due to emission of synchrotron radiation [50].
This transverse polarization can be destroved by exciting the beam with an oscillat-
ing transverse magnetic field of a frequency that matches the electron spin precession
frequency. Thus the ratio of the well-measured LEP orbital and resonant depolar-
ization frequencies gives an estimate of the beam energy with a precision of about
200 keV. The beam energy is interpolated between the calibration polarization runs
using measurements from NMR probes inserted in 16 of the dipole magnets. Elabo-
rate methods were developed for this interpolation, accounting for a wide variety of
external influences, achieving an energy measurement precision of 5 MeV [51].

The calibration became a much more difficult task at LEP 2, as significant trans-
verse polarization cannot be achieved at energies above around 60 GeV due to depo-
larizing resonance driven by magnetic field imperfections. Therefore, to get a precise
beam energy estimate, NMR measurements at LEP 2 center-of-mass energies have to
be extrapolated over a wide energy interval down to resonant depolarization measure-
ments in the 41-55 GeV range. The uncertainty of this extrapolation turns out to be
the limiting factor of the beam energy measurement at LEP 2. It was evaluated using

complementary flux loop probes, with which all LEP dipole magnets are equipped,
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and was found to be in the 20-30 MeV range for the data used in my analysis, as

shown in Table 3.1.

Data period | AE, [MeV ] oy, [MeV ]
96A (July - August 1996) 27 144+7
96B (October — November 1996) 30 165+8
97 (July — November 1997) 25 219411
98 (May — November 1998) 20 237412

Table 3.1: Beam energy uncertainty and spread measurements measured for
the LEP running periods used in the analysis [52].

A new method to measure the LEP beam energy was employed in 1999. The LEP
spectrometer [53] is a system of beam orbit monitors designed to determine the beam
energy by measuring the deflection of the beam by a LEP lattice bending dipole.

Precision of about 10 MeV is expected to be ultimately achieved with this technique.

3.3 The L3 Detector

The L3 detector [54] is designed to study high energy e*e™ collisions up to center-of-
mass energies ~ 200 GeV with emphasis on reliable identification and precise mea-
surement of energy of electrons, photons, and muons. Figure 3.3 shows a perspective
view of the detector. L3 subdetectors are arranged in layers of increasing size sur-
rounding the interaction point. The tracking system and calorimeters are contained
in a steel tube (see Figure 3.4), which supports also the muon chambers and maintains
the alignment of the detector. Starting from the interaction point radially outwards,

the main detector components are:
e the tracking system measuring directions and momenta of charged particles

e the Electromagnetic CALorimeter (ECAL), whose purpose is to measure ener-

gies and directions of electrons and photons

e the Hadron CALorimeter (HCAL), measuring the energies and directions of
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Figure 3.3: A perspective view of the L3 detector.

hadrons
e MUon CHambers (MUCH), measuring the directions and momenta of muons

In addition, luminosity monitors used to detect electrons from small-angle ete™ —
eTe” Bhabha scattering, are installed close to the beam pipe at both sides at a
distance of 2.8 meters from the interaction point.

The entire detector is surrounded by a solenoidal magnet providing a magnetic
field of 0.5 T along the beam axis. Coils wrapped around magnet doors create a
toroidal magnetic field of 1.5 T which is used to measure momenta of forward muons.

In the following sections the subdetectors used in the present analysis are described

in greater detail.
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Figure 3.4: A side view of the inner L3 detector. In addition to the main
detector components also shown are Active Lead Ring (ALR), and silicon
(SLUM) and calorimeter (LUMI) components of the luminosity monitor.

3.3.1 L3 Tracking System

The aim of the L3 tracking system, shown in Figure 3.5, is to reconstruct charged
particle trajectories in the central region of L3, to measure particle charge and mo-
mentum, and to reconstruct secondary vertices from decays of particles in flight. Its
principal components are the Silicon Microvertex Detector (SMD), Time Expansion
Chamber (TEC), Forward Tracking Chambers (FTC), and z-chambers.

The SMD [55] consists of two layers of double-sided silicon ladders 35.5 cm long,
located at distances of 6 cm and 8 cm from the z-axis and covering the polar angles
22° — 158°. The outer silicon surface of each ladder is read out using strips with a
50 pm pitch for the r¢ coordinate measurements; the inner surface is read out with a
150 pam pitch (central region) or 200 pm pitch (forward regions) for the z coordinate
measurements. The single track resolution of the SMD is 6 pm in r¢ and 20-25 pm
in z.

The TEC is a drift chamber with inner radius 8.5 c¢m, outer radius 47 cm, and
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Figﬁré 3.5: A schematic (£) Vviérw of the L3 central tracker.
length 98 em. Radial cathode wire planes divide the TEC into 12 inner and 24 outer
sectors, which are in turn subdivided radially by a plane of mixed anode sense wires
and additional cathode wires. Planes of closely spaced grid wires on either side of
each anode plane provide a homogeneous low electric field in most of the sector (drift
region), with a small high-field region near the anode plane (amplification region).
The timing of the ionization signal measured at each anode determines the distance
to the track along a line perpendicular to the anode plane with an average resolution
of ~ 50 pm.

The = coordinate of a track at fixed distance from the beam axis is measured
by two layers of drift chambers surrounding the cylindrical outer surface of TEC
and covering the polar angles 45° < 6 < 135°. The z-chambers provide single track
resolution of ~ 300 pm.

Two layers of FTC cover the end of TEC and measure the z-y coordinates of a
track at fixed z. These proportional chambers cover the polar angles 9.5° < ¢ (180° —

#) < 37.5° and have a spatial resolution of ~ 150 pm.
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3.3.2 Electromagnetic Calorimeter

Most of the electromagnetic calorimeter is made of bismuth germanium oxide Bi;GezOq5
(BGO) crystals. BGO was chosen to be used as both the showering and detecting
medium for electrons and photons because of its very short radiation length and
Moliere radius and high scintillation light yield.

The BGO calorimeter consists of two symmetrical half barrels (7680 crystals in
total) surrounding the central tracking system with polar angle coverage 42° < 6 <
138°, and two endcaps (1527 crystals each) located behind the FTC with polar angle
coverage 10° < 6 (180° — 8) < 37°.

The crystals are 24 cm long truncated pyramids about 2 x 2 em? at the inner and
3 x 3 em? at the outer end, aligned with their axis pointing to the area around the
interaction point. Two silicon photodiodes are glued to the rear end of each crystal
to detect the BGO scintillation light.

For electrons and photons the energy resolution of the calorimeter is parametrised

2 L3 «
as [56] % = \/(—E + b) +d? + (£)® where a = 1.54- 1072 GeV'/2, b = 0.38 - 1072,

¢ = 0.25-1072 GeV and d = 0.9 - 1072, For electrons and photons of more than
5 GeV energy resolution better than 2% and angular resolution better than 2 mrad
are achieved.

The angular interval between the barrel and endcap parts of the BGO calorimeter
is covered by ECAL GAP filler (EGAP), a lead-scintillator sampling calorimeter which
has a worse resolution. The Active Lead Ring (ALR) is a similar calorimeter covering
the forward angular regions between the coverage of BGO endcaps and the luminosity
monitor 4.5° < 6 (180° — #) < 8.8°.

A more detailed description of the electromagnetic calorimeter can be found in [57].

3.3.3 Scintillation Counters

A layer of plastic scintillation counters located between the electromagnetic and
hadron calorimeters provides time-of-flight measurement of traversing charged par-

ticles, with a better than 1 ns resolution. This information is used to reject cosmic
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muons piercing the detector (and leaving a pair of scintillator hits separated in time),
to identify beam bunchlets when LEP runs in the bunch train mode, and also to

provide an independent trigger for events originating from e*e™ collisions.

3.3.4 Hadron Calorimeter

Most hadrons pass through ECAL which has a thickness of about 0.95 nuclear inter-
action lengths. The hadron calorimeter [58] is designed to absorb and measure the
energy of the hadrons.

Layers of depleted uranium with total thickness of 4-7 nuclear interaction lengths,
interspersed with 10 proportional wire chambers, serve as the absorber material and
shower detectors respectively. The wires in successive layers of the wire chambers are
rotated relative to each other. thus providing 2D shower coordinate measurement.
The wires are readout in cells (towers) each covering ~ 2.5° x 2.5° solid angle in the
barrel region.

The HCAL barrel is divided into 16 modules in ¢ and 9 modules in z, with angular
coverage 35° < 6 < 145°. The HCAL endcaps consist of three rings: an outer ring
and two inner rings, covering the polar angle regions 5.5° < 6 (180° — ) < 35°.

The barrel HCAL is surrounded by the muon filter, a system of brass plates
interleaved with layers of proportional chambers, adding about 1 nuclear interaction
length to the HCAL. Its aim is to absorb the tails of HCAL showers and prevent

them from reaching the muon chambers.

3.3.5 Muon Chambers

The barrel muon chambers consist of eight octants, each containing three layers of
“P”-chambers, measuring the r¢ coordinates, and two “Z”-chambers, measuring the
z coordinate on the muon track. The barrel muon chambers cover the angular range
43° < 6 < 137°. Three additional layers of drift chambers are mounted on the
magnet doors on each side of the interaction point, extending the angular coverage

to 22° < 6 < 158°.
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The momentum resolution o(pr)/pr for muons varies from approximately 2% in

the barrel to approximately 30% in the endcaps.

3.3.6 L3 Luminosity Measurement

The luminosity measurement at L3 is based on small-angle Bhabha scattering, whose
cross section is very large at low polar angles and can be calculated with small the-
oretical uncertainty. The luminosity is derived from the calculated cross section and
the number of eTe™ events counted by the luminosity monitor [59].

The luminosity detector consists of a BGO calorimeter (LUMI) at both sides of
the interaction point with polar angle coverage 31-62 mrad, and a silicon tracker
(SLUM) in front of LUMI, providing better position measurement for electrons and
positrons entering the calorimeter. Bhabha events for the luminosity measurement
are selected as back-to-back energy deposits in LUMI.

The precision of the luminosity measurement by L3 is dominated by systematic

uncertainties for all data sets I used and is about 0.2%.

3.3.7 Trigger and Data Acquisition

After each beam crossing the trigger system decides whether an e™e ™ interaction took
place, in which case the detector signals are read out, digitized and written to tape
(the event is triggered).

Triggering is done in three levels of increasing complexity. The level 1 trigger
consists of five independent triggers using signals from calorimeters, TEC, luminosity
monitor. muon chambers, and scintillation counters, and either initiates digitisation,
or clears the front end electronics before the next beam crossing. After a positive
decision the detector data are stored within 500 ps in multievent buffers, and during
that time all further data taking is stopped (dead time). Negative decisions do not
induce dead time, as the electronics are cleared before the next beam crossing. The
level 2 trigger combines the fast digitized trigger data from all subdetectors for events

which were not automatically accepted by coincidence of at least two level 1 triggers.
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The level 3 trigger uses already fully digitized signals from all subdetectors to refine
the decision of the level 2 trigger.
The level 1 trigger rate varies between 5-20 Hz, and the final event rate written

on tape is about 1-5 Hz.

3.3.8 Event Generation and Detector Simulation

The complexity of the detector makes it impossible to predict analytically the detector
response to any particular physics process. Monte Carlo simulations provide a way
to predict the properties of the events reconstructed by the detector.

Generation of events usually proceeds via two steps. First events, i.e.. lists of
particle types and energy-momentum four-vectors, are created with a Monte Carlo
generator corresponding to a given interaction process or physical model. Then the
generated particles are propagated through a detailed representation of the detector
using the GEANT 3 [60] detector description and simulation tool, which simulates
energy loss, scattering and showering of the particles in the detector material, as well
as the response of each active detector element. Detector imperfections (inactive or
noisy BGO crystals, disconnected TEC sectors. etc.) are included in the simulation
using detector status databases created during data taking. In the end, the simulated
events are used as an input for the same reconstruction and analysis programs that
are used on real L3 data.

Comparison of this reconstructed Monte Carlo data with the originally generated
events allows one to determine corrections needed to interpret the data recorded by

the detector in terms of underlying physics models.

3.4 Energy Flow Reconstruction in L3

The event record written on tape during data taking consists of “raw data,” e.g.,
digitized signals from TEC wires, BGO crystals, HCAL readout towers, etc. A mul-

tistep reconstruction procedure is necessary to transform this information into the
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intuitively understandable form of lists of measured parameters (momentum, charge,
etc.) of reconstructed particles.

The first step involves converting the digitized raw data into physical quantities
such as drift distances or deposited energies, using results of dedicated subdetector
calibration procedures.

In the second step, active element signals are combined within each subdetector
into higher level objects, representing traces of detected particles. Charged tracks
are reconstructed by performing circular fits in the r¢ plane for TEC and SMD hits,
after which the polar angle information for the tracks is obtained from matched z-
chamber hits. Muon tracks are found in a similar way from MUCH hits. Neighbouring
ECAL crystals with energy deposits larger than 10 MeV are combined into “bumps.”
Depending on the pattern of the crystal energy deposits, the bumps are classified
as electromagnetic or hadronic, and the corresponding bump energy estimates are
calculated. Similarly, HCAL hits with energies more than 9 MeV are combined into
clusters.

In the next stage, information from all subdetectors is combined into objects which
give the closest possible approximation to particles produced in the ete~ collision.
ECAL bumps and HCAL clusters are matched according to their angular proximity,
and where possible a TEC/SMD track is associated to the resulting object, called
“A Smallest Resolvable Cluster” (ASRC). Ideally the ASRCs correspond to individual
particles. However, due to the finite resolution of the detector, close-by signals in the
detectors sometimes overlap, resulting in clusters which correspond to more than
one particle. Muon tracks are matched to characteristic minimum ionising particle
deposits in HCAL and to a TEC/SMD track whenever possible.

The last step of the reconstruction starts with the list of reconstructed hadrons,
i.e., ASRCs which are not electromagnetic ECAL bumps, and attempts to obtain
more precise energy estimates for them than would have been obtained by simply
sumining up calorimetric energy deposits. The improved energy estimator is a linear

function of the energies measured in TEC/SMD, ECAL, and HCAL. The energy of
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an ASRC is given by
Easre = D Gi(0)E;, (3.1)

where index i runs over ECAL, HCAL modules and TEC/SMD. and E; is the en-
ergy measured by the corresponding subdetector. Different correction factors G, are
calculated for different regions of | cos@ |. They are determined with a large sample
of Z'— qq events in a minimization which varies the G; parameters, trying to adjust
the sum of energies of all ASRCs and muons in each calibration event to the nominal
value of /s [61].

An additional set of correction factors is obtained for about 3% of events which
have no reconstructed TEC information, e.g., events recorded during short periods of
time in the beginning of each LEP fill when the TEC high voltage is switched off to
prevent possible damage to the detector in case of a beam loss.

Combining in this way the information from the calorimeters, the central tracker,
and the muon chambers, the total energy of hadronic Z” events can be measured with

a resolution better than 10%.
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Chapter 4

Event Selection and Cross Section
Measurement

The first step in my analysis of W boson properties is selection of a data sample
enriched in WTW~— qqqq events. This chapter describes the methods I developed
to select and reconstruct such events, and to measure their production cross section.
It covers online and offline selection of hadronic multijet events, and Monte Carlo
simulations I used to model the signal and background event properties. I describe the
multivariate diseriminators 1 used for separating the WTW~ signal from potentially
high backgrounds. Also addressed are the problems of reconstruction of hadronic jets,
including the kinematic fits of the reconstructed jet parameters, and combination of
the jets into pairs corresponding to the primary W bosons.

This chapter also describes the fit of the neural network output distribution for the
multijet events selected from the data, which I use to determine the etfe"—=WTW~—
qqeq cross section.

I also present the results of applying these methods to the L3 data samples |
analyzed and discuss the systematic uncertainties of these measurements.

The data collected by L3 at /s of 189 GeV is the most statistically significant
dataset used in my analysis. In this chapter I use it, together with Monte Carlo sets

generated at this value of /s, for data-Monte Carlo comparisons.

4.1 Event Characteristics and Main Backgrounds

A four-jet event recorded by the L3 detector, shown in Figure 4.1, illustrates the event

properties I rely on in selecting WTW~™—qqqq events in the data.
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Run # 663205 Event# 3974 Total Energy: 173.13 GeV

Transverse Imbalance : .0515 Longitudinal Imbalance : -.0144

Figure 4.1: End view of a typical four-jet event recorded by the L3 detector.

Hadronization of the two high invariant mass quark-antiquark systems produced
in ete”— WHTW™—qqqq events, results in events with a large number of charged and
neutral hadrons in the final state, the typical number of reconstructed calorimetric
clusters being 50-70.

Fragmentation preserves the clear multijet topology of the W W™ — qqqq events.

Most of them have a distinct four-jet signature giving a clear representation of the
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underlying four quark final state. A small fraction (~10%) of the events appear to
consist of more than four jets because of the gluon radiation off the quarks.

As the collision center-of-mass energies accessible at LEP 2 are not much higher
than the W pair production threshold, the photons radiated off the incoming electrons
typically do not carry a large momentum. This, together with the L3 detector’s
hermeticity and good momentum resolution for hadronic jets, accounts for the low
missing energy and momentum values usually observed in qqqq events.

Semileptonic decays of ¢ quarks coming from W*— ¢s decays, typically produce
low energy leptons well inside jets. As there are no other significant mechanisms to
produce energetic isolated photons or leptons in WHW~— qgqq events, one does not
expect signal events to contain such leptons or photons.

One more important property of WHW~— qqqq decays is due to the smallness of
the W boson width (I'yy =~ 2 GeV) relative to the W boson mass (My =~ 80 GeV).
A consequence of this is the existence in a typical four-jet WHW™—qqqq event of at
least one combination of jets into two pairs with both dijet invariant masses close to
80 GeV.

Unfortunately, several Standard Model processes with non-negligible cross sections
produce events which can fake the apparent characteristics of qqqq events. Below I
describe the background sources which will be corrected for in the subsequent analysis
and the Monte Carlo generators used to model them. I also provide a description of
the Monte Carlo simulation of the signal events, on which my measurements were

based.

4.1.1 QCD Multijet Events

The most important source of background at all the energies considered is due to QCD
radiative corrections to e"e”— qq production. Some relevant Feynman diagrams are
shown in Figure 4.2.

Although production of events with a four-jet topology is suppressed by a factor

a%, the qq production cross section is much larger than the signal cross section, as
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Figure 4.2: Some order a% QCD diagrams contributing to four-jet final states.

shown in Table 4.1, and leads to significant accepted background at all the energies
used in the analysis. Throughout the thesis I will refer to events of this kind as ¢q
events.

An important feature of e*e” — qq annihilation, not present at center-of-mass
energies at or below My, is the presence of so called “radiative returns to Z".” In
such events, emission of an energetic ISR photon effectively reduces the ete™ collision
center-of-mass energy to the Z" resonance and leads to production of a qq system with
an invariant mass ~My together with an energetic photon at a typically low polar
angle.

The PYTHIA 5.7 [62] Monte Carlo event generator was used to simulate q events.
The electroweak part of the process is based on the first order e*e™ — q matrix
element including the v/Z" interference. Initial state radiation is simulated using
the JETSET parton shower algorithm. This is expected to provide an imperfect
description of events with energetic, high-py ISR photons, but it does provide an
accurate simulation of full energy qq events, which are responsible for the bulk of the
background coming from this process.

The JETSET parton shower algorithm is also used to simulate QCD final-state

radiation. To better model the hard gluon emission leading to QCD multijet events,
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the first branch of the parton shower is adjusted to approximate the first order matrix
element qq(~) at this branch, thus taking advantage of both leading log and matrix
element methods. The validity of this approach to the description of multijet QCD
events was extensively tested at LEP 1 [63] and is discussed in Section 4.11.
Fragmentation of the resulting system of quarks and gluons was done with the
LUND string fragmentation model [62] with the parameters determined in studies of

LEP 1 data [64].

V5 [Gev ]

161.0 172.0 182.7 189.0
olete —WTW-—qqqq) [pb ] | 1.76  5.67 7.17 7.59
o(ete —qq) [pb | 147 121 108 98
o(ete—Z2Z%) [pb ] 042 043 059 0.97
o(ete—ete™ hadrons) [pb] | 12300 12900 13400 13700

Table 4.1: Standard Model cross section predictions for ete” — WTW— —
qqqq and various background processes. The e"e” — WTW™ — qqqq cross
section values given are calculated with GENTLE [65] at My = 80.33 GeV.
The prediction for Z°ZY cross section corresponds to a lower cut on fermion-
pair masses of 10 GeV. The prediction for e"e”—ete™ hadrons corresponds
to a lower cut on the hadronic mass of 3 GeV.

4.1.2 Z"Z° Events

At center-of-mass energies above 2 My the diagram shown in Figure 4.3 becomes
important. The ZZ"-mediated four-quark production is suppressed by a significant
phase space factor and relatively weak coupling of Z° to electrons, but the resulting
four-jet events, denoted in the following as Z°Z" events, are indistinguishable from
WHW~— qqqq events on an event-by-event basis and constitute an irreducible, albeit
small, background.

Monte Carlo events of this type were generated with PYTHIA 5.7 [62]. using the
NC02 matrix element (the diagram shown in Figure 4.3). Uncertainties in the simu-
lation of this electroweak process are expected to be small. A dedicated measurement

by L3 [66] confirmed that the Monte Carlo correctly describes the observed rate and
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Figure 4.3: The Z°Z" production di- Figure 4.4: Two-photon hadronic
agraln. event production.

properties of Z°Z" events.

4.1.3 ~vv Events

The most copious source of hadronic events at LEP 2 is interaction of virtual Weizsacker-
Williams photons radiated off the incoming electrons, as schematically shown in Fig-
ure 4.4. The electrons are typically scattered by a small angle and escape detection,
leading to hadronic events with large missing energy. Requiring a clear multijet struc-
ture further reduces the accepted cross section for this process. Nevertheless, due to
the very high effective photon flux, the hadronic two-photon cross section is orders of
magnitude larger than that of high-energy electroweak processes. Therefore the back-
ground coming from this source cannot be neglected and will be taken into account
in the analysis.

Monte Carlo simulation of two-photon hadronic events is not very reliable due
to incomplete theoretical understanding of the interaction of virtual photons. The
PYTHIA 5.7 [62] generator, incorporating the vector dominance model (VDM), re-
solved and direct interactions of photons, was used as the main Monte Carlo source of

v+ events. Its predictions were cross-checked with those of PHOJET [67], a dedicated
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two-photon event generator based on the dual parton model (DPM) [68].

4.1.4 Monte Carlo Simulation of W"W —qqqq Events

I rely on Monte Carlo simulations to estimate the effects of my event reconstruction
and selection on WHW ™ events, the purity of the event samples I use in my analysis,
and, most importantly, to infer the W boson parameters under study from the ob-
served four-jet event properties that these parameters affect. Special attention should
be paid to the choice of the WTW ™ Monte Carlo model and the uncertainties that it
implies for this inference.

The KORALW 1.33 [69] event generator was the main source of WFW~ Monte
Carlo events for my analysis. It incorporates the CCO03 subset of ete™ — f,f,f;f,
diagrams with finite W width. The (neglected) interference with other diagrams
leading to the same four-quark states, e.g.. through Z°Z", breaks the gauge invariance
of the procedure in principle. but this effect is small numerically (in the unitary
gauge) [70]. All possible WHW~ four-fermion final states are produced and the full
CKM matrix and QCD radiative corrections to I'(W —qq’) are used.

Multiple ISR photons with finite transverse momenta are generated according to
the O(a?,,) Yennie-Frautschi-Suura exponentiation technique [71]. Coulomb correc-
tions [72] are taken into account as well.

JETSET parton showers and the LUND string model, with the naive singlet color
connection, are used to simulate the QCD radiation off and hadronization of the
quarks produced. Bose-Einstein correlations in the resulting multihadron system are
modeled with the LUBOEI algorithm [73]. Dependence on these particular choices
has to be investigated and will be discussed in Section 4.11.

The EXCALIBUR event generator [74], implementing the full set of ete~—f fofsls
diagrams and not limited to CCO03 ones, has been used in L3 for studies of WHW~—
qqlv events, where this limitation is important. As this is not the case for the four-jet
channel, and because EXCALIBUR's ISR scheme is significantly simplified, I do not

use it for my analysis. For eTe™ — WTW~™ — qqfr, good agreement was observed
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between the KORALW and EXCALIBUR predictions.

4.2 Online Trigger

The conditions required by the L3 online trigger to be satisfied by an event to be
written into the L3 data stream, constitute the first step in the selection of WTW~——
qqqq events. A positive decision from the logical OR of three online Level 1 triggers

is required to select a high energy hadronic event:

e The energy trigger requires either a total energy in the calorimeters of 25 GeV,
or a minimum energy in the barrel region of 15 GeV in both HCAL and ECAL
or 8 GeV in ECAL only. This trigger alone has an efficiency more than 99.9%

for high energy hadronic events.

e The scintillator trigger requires at least 5 scintillator hits within 30 ns from a

bunch crossing, covering at least a 90° angle in ¢.

e The TEC trigger demands at least two tracks with minimum py of 150 MeV and
acoplanarity less than 60°. The latter two triggers have efficiencies in excess of

95% for high energy hadronic events each.

Higher levels of the trigger system reduce the accepted rate of correlated calori-
metric noise, beam-gas and cosmic events by applying tighter cuts on events selected
by only one of the Level 1 triggers, without affecting genuine high energy events.
The overall efficiency of the L3 trigger system for WW~— qqqq events is more than

99.9% and is assumed to be 1 in the following analysis.

4.3 Detector and Data Acquisition Status

Severe malfunctioning of the detector components crucial for my analysis, such as the
calorimeters or the energy trigger, can have a very large effect on the characteristics

and rate of accepted events. Moreover, such time-dependent hardware problems are
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difficult to incorporate in the Monte Carlo production. Therefore, to reduce system-
atic uncertainties related to the performance of the detector, I reject both data and
Monte Carlo events in the runs during which any of the relevant L3 subsystems: the
hadronic calorimeter, the electromagnetic calorimeter, the energy trigger, the lumi-
nosity monitor and the global data acquisition system, were not operating normally
according to the online database. As summarized in Table 4.2, this requirement leads

to only a small reduction in the integrated luminosity I use in my analysis.

Data period ‘ L veosrded [P " | L wiiesss [pD" ] {W/F ) [GeV ]
96A (July — August 1996) 10.90 10.82 161.34
96B (October — November 1996) 10.25 10.22 172.13
97 (July — November 1997) 55.46 55.30 182.68
98 (May — November 1998) 176.35 176.34 188.64

Table 4.2: Total recorded and selected integrated luminosity for the data
sets used in the analysis. The accepted-luminosity averaged center-of-mass
energy is also given.

4.4 Multijet Event Preselection

The online trigger does a good job in rejecting noise and cosmic events, but the output
rate of the combined L3 trigger is still as high as a few Hz. The bulk of the accepted
cross section at this stage, of the order of 50 nb, consists of events which are clearly
incompatible with the W*W~— qqqq hypothesis, such as low-effective-y/s 77 events.
dilepton events and qq events with a large energy missing due to ISR.

My multijet event preselection aims to reject such events and leave a clean sample
of multijet hadronic events suitable for my measurements. This section describes the

criteria I use for this purpose.
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4.4.1 Multiplicity Requirements

I require the selected events to have at least 30 ASRCs with energies above 100 MeV.
This cut does not affect signal events, as shown in Figure 4.6, while reducing the L3
data by a factor of 125.

In addition I require the event to have at least 10 tracks passing the criteria
described in Section 3.4. The purpose of this cut is to remove events with correlated
electronics noise faking large spurious energy depositions in the HCAL. An example
of such an event is shown in Figure 4.5. This cut also has a negligible effect on the

signal. as shown in Figure 4.6.
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Figure 4.5: An HCAL noise event.

The track requirement for the small fraction of events without TEC information is
replaced by demanding an energy of at least 20 GeV deposited in the barrel (central)

part of the electromagnetic calorimeter. Studies of beam-gate events (events recorded
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outside of bunch-crossing gates) showed that this provides an adequate rejection of

HCAL noise events.
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Figure 4.6: Distribution of the num-
ber of reconstructed energy flow ob-
jects. No cuts are applied. Var-
ious processes not included in the
MC prediction account for its dis-
crepancy with the data at this level.
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Figure 4.7: Distribution of the num-
ber of reconstructed tracks, after the
total multiplicity cut has been ap-
plied.

4.4.2 Visible Energy and Energy Imbalance

For the events remaining after the ASRC and track multiplicity cuts, a set of mo-

mentum vectors p; is reconstructed from the calorimetric clusters and tracks in the

central tracker and muon chambers, as described in Section 3.4. In the following I

will refer to these momentum vectors as particles.

I define the normalized visible energy E,;; and the longitudinal energy imbalance

E“ as

Evi.s-

pi ;
- (4.1)
Yp; cos b; . (4.2)

Zp,‘
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where the sums are over all the reconstructed particles, /s is the nominal LEP center-
of-mass energy.
The distributions of these two quantities for high multiplicity events selected in

98 are compared with the corresponding Monte Carlo predictions in Figure 4.8.

uN) * Data & 1500 * Data
2 CIWW-sqqqq MC p CJWW-—qqgq MC
= 1000 ** Fqq MC g EAqq MC
= EZ1Other Bekg MC E i EAOther Bekg MC
o 7, 1000 | :
500
500
0 ’;Esi}:?:{sg?‘g;g’oofosoo eletete e S O v %" %" -
0.4 0.6 0.8 1 1.2 1.4 -1 -0.5 (0] 0.5 1
Evis E

Figure 4.8: Distributions of the normalized visible energy and longitudinal
energy imbalance. The discrepancy at low values of E,;, is due to the imper-
fect modeling of ete”—e*e™ hadrons.

I demand the normalized visible energy E, ;s to be more than 0.7 and the absolute
value of the longitudinal energy imbalance E; to be smaller than 0.25. These cuts
reject most of hadronic radiative returns to Z°, which have a preferred value for the
visible energy of %i (0.61 - 0.66 for the energies analyzed in this thesis), and v~
events. They also help reduce background coming from semileptonic WHW~— qqfv
events, as those typically have significant missing energy and energy imbalance due

to presence of neutrinos in the final state.

4.4.3 Lepton and Photon Rejection

Further suppression of radiative return and WHW~ — qqlv events is achieved by

rejecting events with identified energetic photons and leptons.
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Two requirements are applied to select electromagnetic ASRCs.

Firstly, most electrons and photons are fully absorbed in the BGO calorimeter.
Only very energetic ones with an impact point close to a crystal edge deposit some
energy in the HCAL. I demand an %I’ir‘—ﬁ ratio of no more than 10% for an ASRC to
be considered electromagnetic.

Se('ondly,.the shape of the ECAL bump must be consistent with the electromag-
netic hypothesis. A good discriminating variable sensitive to the bump shape is the
E%-L ratio, where Eg(s5) are estimates of the bump energy in the electromagnetic hy-
pothesis, constructed from the erystal energies in the 3x3 (5x5) matrix around the
bump center of gravity. I require the I—b:’— ratio to be more than 0.95 for the selected
ASRCs.

I reject the event if the most energetic ASRCs satisfying these two criteria has an
energy of more than 40 GeV. As shown in Figure 4.9, the high energy part of the

electromagnetic ASRC energy distribution is dominated by radiative qq(~) events

with a smaller contribution from W*W~— qger events. The peak around 69 GeV is

" 2
t.—M,:

25
recoiling against a two-fermion system of an invariant mass close to My, is seen in

due to radiative returns to Z°, where the ISR photon, with an energy of p, =

the detector.

I also select muons which satisfy the quality criteria described in Section 3.4. 1
reject events which contain a muon with a momentum greater than 20 GeV. Figure
4.9 shows the distribution of the reconstructed muon momentum in selected high
multiplicity events. The high tail of the distribution is dominated by W W~— qquv
events.

The signal WHW ™ — qqq events are not expected to have energetic leptons or

photons and are practically not affected by these cuts.

4.5 Jet and W Boson Reconstruction

Most WHW~— qqqq and high energy qq events survive the cuts described above. A

more detailed analysis of the jet structure and the kinematics of the events is necessary
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Figure 4.9: Distributions of the maximal EM bump energy and maximal
muon momentum. The discontinuity in the P, spectrum is due to an artifact
of my data analysis software.

to bring the background level down to an acceptable level. This section describes the
next two steps of my selection of four-jet WHW~= events: the reconstruction of jets

and combination of jets into pairs corresponding to the primary W bosons.

4.5.1 Jet Construction Algorithm

For each high multiplicity event which satisfied the cuts described so far, I combine
particles into jets using the Durham ky algorithm [75]. This iterative combination
procedure starts with the list of N reconstructed energy flow objects and finds the

pair (¢,7) which minimizes the jet resolution parameter

2min(EZ, E?)(1 — cos ;)
YN-IN = V{E;. =, (4.3)

where E; ; are the energies of the particles and 6;; is the 3D angle formed by their mo-

menta vectors. The two particles are combined into a new one with the 4-momentum

P o= pl+p). (4.4)
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The successive combination is repeated until there are exactly four objects left. I call
these resulting objects jets in the context of my four-jet event selection. Studies of
Monte Carlo WHW~— qqqq events have shown that the jet 4-momenta give a good
approximation of the energies and directions of the generated quarks, accurate to
approximately @(10%) and O(1°) respectively, for a typical hadronic jet produced in
a WHW~—qqqq event.

I repeated my whole selection and measurement of the W mass using other jet
algorithms (LUCLUS [76] and Cambridge [77]), which are significantly different from
Durham and each other in their approaches to particle combination. I found no
statistically significant changes in the expected performance of the analysis. This
indicates that for my analysis the detector response to hadrons (calorimeter energy
resolution and granularity), rather than the effects of particle (mis)assignment to jets,
is the factor limiting the jet energy and angular resolution.

For the reconstructed 4 jets, I compute the parameter vi; as described above.
This separation between the two jets closest in the Durham measure is a valuable
discriminator between 4(or more)-jet events and the QCD events with two primary
quarks accompanied by hard gluon radiation. In the latter case the gluons tend to be
emitted with a small transverse momentum with respect to the quark-antiquark axis.
This leads to low momentum jets or jets separated by a small angle. Both of these
situations produce a pair of jets with a small Durham distance between them, while
in WHW~ — qqqq events yz; is determined by the initial quark kinematics, which
usually leads to well-separated energetic jets and large values of y3,. The distribution
of vi; in selected hadronic events is shown in Figure 4.10.

As the jet resolution parameter and, therefore, the combination procedure are not
Lorentz-invariant, I do the computation in the event rest frame system. This prevents
apparent event boosts, due to jet mismeasurements and undetected particles carrying
away significant energy, from causing artificial effects in y3; and other event shape
variables I use later in my analysis.

I reject the events which have y34 smaller than 0.0015. This value can be intuitively

understood as one rejecting events if the least energetic jet is well isolated but has




50 Event Selection and Cross Section Measurement

L‘N)_ * Data
o ] WW—qqqq MC
£ 408 qq MC
S Other Bckg MC
>
i

102

10

; i

Iny,,

Figure 4.10: Distribution of the y3; parameter for selected hadronic events.

an energy of less than ~5 GeV or, alternatively, if all the four jets carry the same

energy, but the angle between the two closest ones is less than ~10°.

4.5.2 Jet Quality Requirements

Having reconstructed the jets, 1 now apply two additional requirements on their
quality.

The first one is motivated by the fact that my rejection of events with photons
performs less than perfectly for events with energetic ISR photons at ECAL edges
or in the EGAP calorimeter that fills the gaps between the barrel and endcap parts
of the BGO calorimeter, or for events with converted ISR photons. As the radiative
return cross section is very high relative to the signal, misidentification of photons
as energetic jets even with a small probability would lead to a significant additional
background. Therefore. I require each jet to have the fraction of its energy associ-
ated with electromagnetic deposits in ECAL less than 98%. The distribution of the

. . : Eit, .
maximal electromagnetic jet energy fraction max =8k for selected hadronic events,
after applying the ys, cut, is shown in Figure 4.11. A noticeable peak at high values

FJ(-t

of max —E€AL is due to misidentified photons discussed above and is well described by
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the Monte Carlo.
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Figure 4.11: Distribution of the max- Figure 4.12: Distribution of the min-
imal electromagnetic jet energy frac- imal jet multiplicity for events which
tion for events which passed the ysy passed the ys, cut.
cut.

Another jet quality requirement demands each jet to have at least 4 particles with
momenta of at least 300 MeV each. This cut rejects events where one jet is faked
by an ISR photon hitting the HCAL below the ECAL acceptance, or by a possibly-
mismeasured single isolated energetic particle. The rate of the latter class of events
is sensitive to the details of fragmentation and is not supposed to be reproduced
reliably by Monte Carlo codes. The value of the energy cut was chosen after studies
of low energy Z"—qq data. The chosen value optimizes the agreement between data
and Monte Carlo, but the agreement remains imperfect because of the difficulties of
properly simulating particle-detector interactions. The distribution of the minimal
jet multiplicity min Ng.300 mev for selected hadronic events, after applying the yg,

cut, is shown in Figure 4.12.
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4.5.3 Constrained Kinematic Fit of Measured Jet Parame-

ters

After applying the rejection described above, 1 am left mostly with genuine high
energy hadronic events without significant initial state radiation. Given an ideal
detector, one would expect these events to be reconstructed with the total energy
within ~1 GeV (typical ISR energy loss) of the nominal LEP /s, and very low
transverse and longitudinal energy imbalance. In a real detector, statistical and
svstematic uncertainties of particle identification and momentum measurement lead
to a rather different picture, with the resolution on the total energy of ~15 GeV and
significant momentum imbalance for high energy hadronic events.

I try to partially correct the jet parameter measurement by means of a constrained
kinematic fit. I choose a new set of values for each jet’s energy and direction {E,0,0}

so that they satisty the energy-momentum conservation constraints

= 0 (4.5)

= 0 (4.6)

AR = Z By fl= E'—z_smﬁ sing; = 0 (4.7)
i=1,4 .

= 0, (4.8)

while minimizing the difference between the new fitted set of parameters and the

measured ones {Eg.0p.¢0}. The measure of the difference I use is a x? defined as

= ¥ Z ’_"“ (4.9)

i=1, 4{1;.9¢}

where the sum is over the measured parameters of the four reconstructed jets. My

choice of constraints is equivalent to fixing the velocities of the jets to the measured
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values. This reduces the number of free parameters in the fit and aims to approximate
the correlation intrinsic in the jet energy and mass measurement. I ignore correlations
between measured jet energies and angles and correlations between different jets,
which is a valid assumption for high multiplicity, collimated, well-separated jets.

The resolutions o, depend on jet energy and polar angle as

N be CE T o
" — 5 = l - J-H._ Y i3 N
- Eyoe+ 50+ o r—g T 49— 30) (4.10)
agg = \/— ag + — (1 m+(]()|9—5| ) (411)
1 1 b Co s
= = 21+ ——2—— + dy|0 — =|?). :
o VEsmo V" *gdt min(6, 7 — 6) +dslf = 317) (4.12)

The parameters a,, b,. ¢,. d, were obtained from studies of ete™— WTW~ Monte
Carlo events [78]. As shown in Section 4.11, the L3 detector simulation provides an
adequate description of the actual detector response.

I do the minimization of the x* by gradient descent with the help of the MINUIT
software package [79]. The constraints are implemented adding a penalty contribution
to the 2

AE? + AP + AP + APl

Axgqc = p (4.13)
0

where the parameter oy is gradually decreased during several iterations of the fit. The
fit I described above is referred to as a 4C fit, according to the number of constraints
used.

The new jet momentum 4-vectors obtained in the minimization satisfy energy-
momentum conservation by construction and greatly improve the measurement of
the jet-kinematics-based quantities which are correlated with the total event energy-
momentum. The large effect of the kinematic fit on the average of the reconstructed
masses of the two W bosons in Wt W™ —qqqq events is shown in Figure 4.13.

Figure 4.14 shows the distribution, in both data and Monte Carlo, of the 4C

kinematic fit probability Py2(x?;c;4), defined as the probability of drawing a value
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Figure 4.13: Distribution of the average reconstructed W mass before and
after 4C kinematic fit for selected WTW™— qqqq Monte Carlo events. The
resolution on the average mass is improved from 9 GeV to 1.5 GeV by the
fit.
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Figure 4.14: Distribution of the 4C kinematic fit probability.

higher than the observed x? from the x* distribution with 4 degrees of freedom. The
data are well described by the Monte Carlo in the whole range of the fit probability.

The flatness of the distribution for WHW~—— qqqq events indicates correctness of the
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parametrization of the jet errors I used. The peak at low values of the fit probability
consists of events in the non-Gaussian tails of the measured jet momentum distribu-
tion, mostly due to particle and shower losses, and events with significant initial state
photon or final state gluon radiation, with a small admixture of W*W~—qqrv events
with the 7-lepton decaying hadronically, that passed the rejection described above.
I reject such mismeasurements by demanding the events I consider in the following
analysis to have a P 2(x?,c:4) of at least 0.1%.

Energy-momentum conservation equations (4.5-4.8) are not the only constraints
one can reasonably apply to a WTW™ — qqqq event. The experimental statistical
error on a reconstructed W invariant mass, typically of the order of 10 GeV, is much
larger than the Breit-Wigner width of the produced W boson, I'y &= 2 GeV. I can
exploit this property of genuine WHW~ events and assume, once I have combined the
jets into two jet pairs, that the two reconstructed W bosons (jet pairs) have equal
masses. This gives me an additional constraint which I use in a 5C fit.

The 5C fit is performed for each of the three possible combinations of the jets
into pairs. The decision on which pair combination is most likely to represent the
two primary W bosons is taken at a later stage in my selection and is described in
Subsection 4.5.4.

I form the ith jet combination (/=1,3) by assuming that jets 1 and 7 + 1 come
from the same W, and the other two jets come from the other one.

The penalty addition to the x? (4.13) is modified to assure that the two W can-

didates have equal reconstructed masses after the fit,

. , (B 4 By ~ 22)
AxX%500 = Axe+ 1 (:21 B, (4.14)
(0]

As computed with the jet momenta obtained in the 5C fit, the two dijet pairs have
the same mass m”“. My measurement of the W mass described in Chapter 5 is based
on the analysis of the distribution of this quantity. The W boson masses I obtain after
the 4C kinematic fit, two for each jet combination, are more difficult to use for this

purpose because of the significant (negative) correlation between them, introduced by
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the fit, and non-parabolic errors, introduced by the constraints (non-linear in mj%).

m®C efficiently combines information contained in m{%, taking the above details into
account and providing a single My estimator per jet combination.

An additional benefit of the 5C fits is the set of the fit probabilities, computed
for the x? distribution with 5 degrees of freedom. The fit probability Py2(x%5c;5),
is a powerful test of the hypothesis that the ith jet combination maps correctly onto

the original W bosons. The set of the probabilities Py2(x?5¢:5),

; (i=1,3) can also be

used to solve the combinatorial problem of choosing the combination of jets with the

highest likelihood of correct mapping, as discussed in the following Section.

4.5.4 Jet Combination Algorithms

A problem unique to the WHW™ — qqq channel is the presence of three possible
ways to form two dijet systems in each event. The knowledge of which combination
corresponds to the two @’ pairs coming from the two W bosons is important for
my analysis and especially for the measurements of the W mass and WHW—~/Z°
couplings. The ambiguity cannot be resolved for each and every event, but one can
devise statistical methods to exploit kinematic properties of WHW™ — qqqq events
and to make choices with much higher efficiency than the % obtained with random
picking.

In my analysis several algorithms of finding the correct jet combination in WHW——

qqqq events were used for different purposes:

e The Am algorithm starts with rejecting the combination with the lowest sum of
the reconstructed W masses ¥m = m{¢ + m3, as this combination is unlikely
to represent the two W bosons. Out of the remaining two combinations, I
choose the one with the smallest difference of the reconstructed W masses Am

= |m{¢ — m3“|.

e Alternatively, one can choose the combination with the highest ¥m as the most
likely to be the correct one. In a WTW~— qqqq event, random jet combinations

typically do not have invariant masses as high as M.
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e [ can improve the ¥m algorithm by using the decision variable of a more general
form ¥'m = o min m{$+max m{S. The parameter a optimizing the performance

is found to be close to 2 at all the energies considered.

e The x? algorithm orders the combinations according to the probability of the 5C
kinematic fit described in Subsection 4.5.3. Incorrect combinations are expected
to have low kinematic fit probabilities. as they do not usually satisfy the equal

mass constraint.

There is a good data-MC agreement in the variables these algorithms rely on, as

shown in Figure 4.15.

V5 [GeV ]

Algorithm | 161.0 172.0 182.7 189.0
Am 5% 66% 0% 2%
Ym 81% 68% 48% 36%
¥'m 83% T4% 61% 54%
32 52% 58% 61%  62%

Table 4.3: Correct combination efficiency of the jet combination algorithms
used in the analysis, at different center-of-mass energies.

The performance of the algorithms, defined as the probability of choosing the
correct combination in a WTW™ — qqqq event selected with the cuts described so
far in this Chapter, was determined with Monte Carlo events generated at different
center-of-mass energies, and is shown in Table 4.3. The performance of all considered
algorithms varies considerably with energy, because of the significant changes in the
kinematics of the WW™ events as the center-of-mass energy rises from the threshold
to higher values. The Am algorithm is the most efficient one at higher energies. Closer
to the threshold it suffers from the limited phase space which significantly affects the
underlying Breit-Wigner distribution. The ¥m and ¥'m algorithms’ performance,
while the highest near threshold, decreases rapidly as the center-of-mass energy and
the rate of random high-invariant-mass combinations increase.

I use the ¥'m and Am algorithms in the analysis of the 161, 172 and the 183,
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Figure 4.15: Distributions of (a) Am, (b) ¥m, (¢) ¥'m, (d) Py2(x*5¢:5) for
selected multijet events. Three combinations per event are shown.

189 GeV data respectively, to find the preferred jet combination for the purposes
of the WFW~ production cross section measurement and the analysis of anomalous
couplings described in Chapter 6. The choice of the combination algorithm is more
complicated in the case of the W mass measurement, and will be discussed in Chapter
5.

There is an intrinsic uncertainty in the performance definition due to the ambiguity
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of mapping reconstructed jets onto the generated quark momenta. Using different
mapping algorithms, I checked that the uncertainty is of the order of 1% and can be

neglected.

4.6 Preselection Summary
The preselection I described so far consists of the following requirements:
e Nusre = 30
® Nargpx = 10 or Narrx = 0 and Egcar varre > 20 GeV
e BEyis > 0.7
e |Ej| <0.25
e max Fgy < 40 GeV
e max P, < 20 GeV

e yu > 0.0015

jet

o
=

e max E{-:-‘J%%L < 0.98
e min Ng-300 mev = 4
o P2(x%c:4) > 0.1%

The results of applying these cuts to the data and Monte Carlo samples 1 consid-
ered are summarized in Table 4.4. The preselection achieves efficient rejection of the
background events clearly incompatible with the W*W~ — qqqq hypothesis. Good

agreement between the data and Monte Carlo is observed at all considered energies.
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Data period

96A 968 9T 98
75 mc [GeV ] 161.0 172.0 182.7 189.0
g(ete —=WHW-—qqqq) [%] 94.0 93.7 92.2 92.9
e(ete > WHW-—qqer) [%] 3.1 1.3 9% | 1.1
g(ete > WHW-—qqur) [%] 0.4 0.1 0.2 0.1
g(ete —=WW-—qgrv) [%] 2.7 2.5 2.3 23
olete™—qq)ace [Pb ] 10.5 8.2 6.3 5.8
o(ete™—=Z2%) e [pb ] 0.136 0.132 0.211 0.393
o(ete"—eTe ™ hadrons)a.. [pb | 0.07 0.03 0.03 0.01
Nielected 138 142 797 2402
Nasit s 135 + 12 142 + 12 741 + 27 2384 + 49

Table 4.4: Efficiencies for different WTW~ event classes, SM background
cross sections and number of data events accepted by the preselection cuts.
Also given is the standard deviation on the total number of selected events
expected in the SM.

4.7 Neural Network Discriminator

The cuts described so far reduce the accepted (@ cross section by a factor of 17 and
the accepted v~ cross section by a factor of 10°, but the backgrounds are still large
relative to the WHW™— qqqq signal cross section.

Moreover, after the rejection I am left with a clean sample of high energy hadronic
multijet events with no clear-cut characteristics that would allow me to reject them
without cutting into the sample of W"W~—qqqq events I aim to select.

Nevertheless, one can attempt to combine the information contained in several
variables x; (i=1,N), each not effective enough on its own, into a more efficient mul-
tidimensional discriminator F(7).

Accepting events with all the discriminating variables above their thresholds (cuts)
is equivalent to using a discriminator with the very special form of a multidimensional
f-function 6(x, — x{™, ... ry — x%") which ignores potentially important correlations
between the variables and is not necessarily optimal. Analysis of the differential cross
section dd—" would in principle make full use of all the available information, but

T1:-:dTN
is numerically complicated for all but prohibitively small values of N by the limited
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available Monte Carlo statistics.

A compromise between the two approaches is reached by the artificial neural
network method. 1 chose to use a feed forward neural network with one hidden
layer [80] to separate WHW~—qqqq from the dominant QCD ¢q background.

The discriminating variable, referred to as the neural network output, is defined

=1.15 j=17
where the activation function g(x) is

1
g = 4.16
g(x) R (4.16)

xj are 7 input variables, normalized to be in the [0,1] range, and the weights «a;,
connecting the 15 nodes of the hidden layer with the output, and /3;;, connecting the
hidden layer with the 7 inputs, are determined during the neural network training.
The chosen neural net configuration provides for an efficient projection onto the dis-

criminant of the information contained in —% — of a very general form, while taking

dzy...dryn

correlations between the input variables into account. I found that increasing further
the number of input variables. nodes in the hidden layer or the number of hidden
layers does not lead to an increase in the neural network performance.

The following 7 variables were identified as having the most discriminating power

and were used as inputs to the neural net:
e log vy, the logarithm of the Durham measure introduced in Subsection 4.5.1.

e spherocity of the event

.4 Z'partz’clrs E;sin#; 9
min(— 7 ) il
nom Zpurtides i

8 (4.17)

obtained by the minimization of the expression which can be intuitively under-

stood as the normalized total transverse momentum relative to the event axis



(=)
b

Event Selection and Cross Section Measurement

Events/0.03

CNS * Data
E 200 ] WW-—qqqq MC
= * 4 qq MC
g [ 7] Other Bckg MC
L
100
-6 -5 -4 -3 2
Inys,,
Figure 4.16: Distribution of the y3; distance after the preselection.
which varies during the minimization. Spherocity assumes values from 0, for
an event which consists of two exactly back-to-back jets of particles, to 1, for a
completely isotropic event. The spherocity and y34 were computed in the event
rest frame.
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Figure 4.17: Distribution of the spherocity after the preselection.

e E..in and E, ... the energies of the least and most energetic jet in the event.
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Figure 4.18: Distribution of the W mass difference m
combination found with the Am algorithm after the preselection. The distri-
bution is asymmetric because of my ordering of the reconstructed W bosons
(the first jet pair contains the most energetic jet by construction).

after the 4C kinematic fit. In a QCD qq event the least (most) energetic jet is

usually due to the gluon (quark) coming from a qq(~) branching. resulting in a

typically large energy difference between the two jets. The energy is split more

evenly between jets in a W™W™— qqqq event. Close to the W"W~ threshold
My

each of the four jets has ideally an energy close to =5*.

1€ -m*“, for the jet combination chosen with the

signed m*“ mass difference m’
Am algorithm. This is small in magnitude for signal events and unlimited for

the background.

100
M,L-M, 2 [GeV]

4C

1-miC, for the jet

® (... the smallest angle found between any two reconstructed jets. It is expected

to be large for W"W~ — qqqq events and small for qq events due to QCD

dynamics.

e < M, >, the average mass of the two jets (hemispheres) reconstructed when the

Durham recombination proceeds to combine all the particles into two jets. For
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Figure 4.19: Distribution of the minimal jet-jet angle #,,;, after the preselection.

Events/3 GeV

qq events the two jets will hopefully correspond to the two primary quarks and

have relatively low mass each, while it is impossible to split a typical WTW~——

qqqq event into two low-mass systems.
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Figure 4.20: Distribution of the average hemisphere mass after the preselection.

Distributions of some of the neural network input variables are shown in Fig-

ures 4.16-4.20. There is a good agreement between the data and the Monte Carlo
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predictions.

The neural network is trained, i.e., the weights @ = {a,, 3;;} are optimized, to
produce N values close to 1 for Monte Carlo WHW~ — qqqq events and 0 for ¢q
events. Training is achieved by using the back propagation algorithm which adjusts

the weights in a gradient descent minimization

7] i} o (4.18)
w o — W —n— y
?(')‘u"'
of the classification error
£ = Z (N_Mar_qel)2 (419)
MC events
= ), N+ > W-R (4.20)
qq MC events WHW— MC events

The classification error £ is computed on a large (training) sample of Monte Carlo
events with qq and WTW ™ events mixed in the proportion expected in the selected
data samples. The optimization was redone for each energy point used in my analysis,
resulting in four different neural networks used for the four data samples I analyzed.

The distributions of the neural network output for data events accepted by the
preselection at different energies are compared to the corresponding Monte Carlo
predictions in Figure 4.21. The signal-background separation achieved is superior to

that which is possible with any other single variable.

4.8 Selection of WHW™—qqqq events

The neural network provides an efficient means of selecting the clean four-jet event
samples 1 use for the measurements of the W mass and triple gauge boson couplings
described in Chapters 5 and 6.

Demanding accepted events to have the neural network output above some thresh-
old Ny, reduces the amount of background by a further factor of 4-10 and brings

the purity of the selected WTW~™— qqqq events to an acceptable level. The value of
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Figure 4.21: Distributions of the neural network output for the data events
selected in (a) 96A. (b) 96B, (¢) 97. and (d) 98 and the corresponding Monte
Carlo predictions. The Monte Carlo distributions are normalized to the cross
sections determined in Section 4.9.

the N cut N, was chosen at each energy point to optimize the expected statistical

error of the WHW™— qqqq cross section measurement obtainable with the achieved
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selection,

, o WTW-— qq
Ac(WTW™—qqqq) \/ Ivur ce pted & IV, aci’epted

T+W — aaa e ( WH+w- raq
0(\7\ W _’(l(l({(l) Nu((‘eptrd Nnrmpted ( urrfp!ed)

(

). (4.21)

The optimal value of the cut was found to be close to 0.6 at all energies considered.
The performance of the selections achieved and the results of applying them to the

L3 data, are given in Table 4.5.

Data period
96A 96B 97 98
/5 vc [GeV ] 161.0 1720 1827 189.0
g(ete = WTW-—qqqq) [%)] 79.4 83.8 85.2 84.0
c(ete = WHW-—qqer) (%] 0.4 0.2 0.2 0.3
elete > WHW-—qqur) (%] 0.0 0.0 0.0 0.0
e(ete > WHW-—qqrv) (%] 0.5 0.7 0.7 0.6
o(ete™—=qQ)acc [P ] 0.94 1.15 1.16 1.13
olete™—Z"2%) . [pb ] 0.045 0.067 0.151 0.316
ST 14 57 168 1393
NsM exp. 265 628 414 £ 20 1391 £ 37

Table 4.5: Efficiencies for different WHW™ event classes, SM background
cross sections and number of data events accepted by the neural network
selection. Also given is the standard deviation on the total number of selected
events expected in the SM.

4.9 Measurement of the W"W~ — qqq Cross Sec-
tion

One could proceed to extract the WTW™ — qqqq cross section from the number of
events which passed the neural network selection, corrected for accepted background
and selection efficiency. That would not be an efficient use of all the available in-
formation though, as such an approach effectively treats equally all selected events

irrespective of their likelihood of being WHW™ — qqqq. This likelihood can indeed
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vary from almost 100% for events with a A close to 1, down to much lower values for
events with A just above N ,i,.

[ attempt to use this additional knowledge in the determination of the WHW-——
qqqq cross section by using a maximum likelihood fit of the A distribution for events
which passed my preselection.

I divide the [0,1] range into Ny,s = 40 equal bins and find the W W~ — qqqq and

(I cross sections by maximizing the binned likelihood

InLy = Z (dilnp; — p;) + Z Z (M In by = E5i); (4.22)

i=1,40 j=1.Nasc i=1,40
where d; is the number of data events in the ith bin, Mj; is the number of Monte Carlo
events of class j in the same bin, and #;; are auxiliary parameters varied during the
maximization. In my fits index j spans the Ny = 5 Monte Carlo event classes which
contribute to the neural network output distribution (W*W™—qqqq. WW—qqfr,
qq. Z"Z°, and ete —eTe” hadrons). The total Monte Carlo prediction for bin i. p;

is given by

. tai
pi = £ Z __preselectwnaj ¥ ) (4 23)

g} e
j:l.NAI(‘ Zizl‘fvh-um t-ll

The chosen form of the likelihood takes into account the statistical fluctuations
of the bin-by-bin Monte Carlo predictions due to the finite available Monte Carlo
statistics. ;; can be interpreted as the (unknown) prediction of Monte Carlo j in bin
i, i.e., the mean of the Poisson distribution a random drawing of which produced Mj;.

A very convenient property of the likelihood (4.22) is the possibility of performing
the optimization in Np,s X Nacs dimensions defined by the ¢;; variables analyti-
cally [81]. The maximization for W"W~™ — qqqq and qq is performed numerically
with the help of the MINUIT software package.

As was noted before, both the WHW~— qqqq and qq cross sections were varied
in the maximization. The aim of leaving the (q cross section free is to decrease the

sensitivity of the measured WTW~— qqqq cross section on the QCD prediction for
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the multijet g event rates. In effect, any changes that affect the rate normalization
of preselected qq events without affecting the shape of the A distribution for them.
will not introduce any bias into the measurement of the WW™— (qqq cross section
with floating o(ete™—qq).

The more efficient use of the information contained in the data A distribution,
by the maximum likelihood fit, leads to a gain of about 5% in the expected statistical
accuracy of the measurement, compared to the simple event counting measurement.

The results of the fit performed on the data are reported in Table 4.6.

Data Period | o(qqqa) [pb ] o(qqa@su [pb] o(q@) [pb] o(q@su [pb ]

96A 0.8570% ~ 167.9° 5% 147
968 5327 567 120.6%122 121
97 8300 747  109.275Y 108
98 ok 7.59  104.573% 98

Table 4.6: ete = WTW ™ —qqqq and ete” — qq cross sections determined in
neural network output fits. Statistical and Monte carlo statistics errors are

combined. Also included are contributions due to measured cross section cor-
relations. The Standard Model cross sections calculated with GENTLE are
also given for comparison. The threshold cross section is strongly dependent
on My and is not given.

There is a good general agreement between the measured WW™ — qqqq cross
sections and the Standard Model expectations calculated with the GENTLE semian-

alytical code [65].

4.10 Rarity Analysis

As a cross-check, I use another method of measuring the WHW™— qqqq cross section
using the same 7 variables that were used as neural network inputs.

I repeat the fit described in the previous section with another multidimensional
discriminator, rarity [82]. The neural network input variables, already normalized to
be in the [0,1] range, are transformed if necessary as r; — 1 — x; so that they assume

high values for the W*W~— qqqq signal and lower values for the qq background. An
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auxiliary variable F, computed for an event d is the fraction of W "W~ —qqqq Monte

Carlo events with z; < d; for all i,

N (1
Fldy,....dy) = g ) / / = qqqq) dzy...dTy. (4.24)
)

d.I] .dxr N

The rarity R is defined as the integral probability of F,

R(dy, ... dy) =

1 1 ! do(qaag |
P f _._O-((qu).()(]:(dl..d]v) _‘F(Il‘"":Iw.N))(l:I‘lu-d:rN. (‘4'25)
a ( qqq(tl) 0 dx { s d'J'N

The rarity distribution is flat. by construction, for the W*W~— qqqq signal, and is
concentrated at low values of R for background.

This discriminator is different from the neural network in its use of the information
contained in the spectrum ﬁ”—d-l— A difference in the results of the fits using the
two discriminators would indicate incorrect modeling by the Monte Carlos I used of
the correlations between the neural network input variables.

The results of the fits using the rarity distributions shown in Figure 4.22 are
reported in Table 4.7 and are in good agreement with the results obtained in the
neural network output fits.

Another measurement [83] using the same differential cross section, based on the
minimal spanning tree method (a multidimensional generalization of the runs test)
gave consistent estimates of the WW™ — qqqq cross section and confirmed the

compatibility of the data with the Monte Carlo simulations.

4.11 Analysis Uncertainties

The WHW~— qqqq cross section measurement method described in this chapter relies
on Monte Carlo simulation of the neural network output distribution for signal and
background events, as well as the preselection efficiency for WHW = events. Imperfect

modeling of these quantities might lead to a bias of the measured cross section. In
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Data Period | o(qqqq) [pb]  o(q@a@)sm [pb ] o(qq) [pb] a(q@)sm [pb ]

96A 074555 1.76  166.075¢ 147
968 5.6070 24 567 12581107 121
97 b.d?‘fgj? 717 1105%S 108
98 ToO5e 7.59  103. 4+3 | 98

Table 4.7: efem— WTW™ — qqqq and e*e” — q cross sections determined
in rarity fits. Statistical and Monte carlo statistics errors are combined.

Also included are contributions due to measured cross section correlations.
The Standard Model cross sections calculated with GENTLE are given for
comparison.

this section I give estimates for the most important effects which might contribute to
such a bias.

I consider three main categories of systematic errors: the ones due to imperfect
modeling of signal event properties, uncertainties of the rate and properties of ac-
cepted background events, and uncertainties due to mismodeling of the L3 detector
response, common to both signal and background.

Most of the uncertainties are expected to be much smaller than the statistical
errors of the measurements. One cannot evaluate such biases in the usual way of
checking the stability of the result with respect to variations of selection ecriteria
or other technical parameters of the measurement. Such variations would lead to
changes of the selected data sample and to statistical variations which would be large
compared to the systematic effects under investigation. Therefore, I estimate all
systematic errors by varying parameters of Monte Carlo models and then repeating
the measurements with modified Monte Carlo samples but without changing the data.

The errors were reevaluated for each data-taking period. In the text I quote
numbers relevant for the measurement at /s = 189 GeV. Estimates for other data

periods are very similar and the differences are indicated whenever necessary.
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Figure 4.22: Distributions of the event rarity for the data events selected in
(a) 96A, (b) 96B, (c) 97, and (d) 98 and the corresponding Monte Carlo pre-

dictions. The Monte Carlo distributions are normalized to the cross sections
measured in this section.

4.11.1 Modeling of the Detector Response

Mismodeling detector behaviour affects properties of both signal and background

events. The corresponding systematic errors are correlated with those of measure-

ments using WHW~— qqfr events. Fortunately, one can gauge, and put tight limits
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on such mismodeling using a well-understood control sample of hadronic events.

The data collected during calibration LEP runs at the Z° peak provides such
a sample. The Zmediated g production has a cross section of 30 nb and is the
dominant process in eTe~ collisions at /s &~ 91 GeV. Employing the event selection
described in [84], it is possible to select Z°— qq events with efficiencies in excess of
99% and with an admixture of background events, mostly from Z°—7%7~ decays, of
approximately 0.3%. The selected high statistics, kinematically unbiased, and virtu-
ally background-free samples of qq events are a good probe of the detector response
to jets of hadrons.

To estimate possible imperfections of the Monte Carlo description of the detector
behavior, I compared the data summarized in Table 4.8, with the corresponding MC

predictions.

Year | L sected [PP™'] (V5 ) [GeV] NM

selected
1996 1.17 91.1100 35519
1997 2.17 91.2378 65324
1998 3.01 91.3123 90512

Table 4.8: Total selected integrated luminosity for the data sets used in the
analysis. Accepted-luminosity averaged center-of-mass energy and number
of selected qq events are also given.

e In order to judge possible detector miscalibration I study the angular depen-
dence of the energy flow using the selected sample of q events. I measure the
total energy of the particles deposited in a unit of solid angle, normalized to the
event center-of-mass energy and averaged over the qq sample. I assume cylin-
drical symmetry of the detector, and sum up the energy in rings equidistant in
cosf. The ratio of the distributions thus obtained for data and MC is shown in
Figure 4.23.

I estimate the effect of the jet energy scale miscalibration by redoing the cross
section measurement after correcting energies of all reconstructed particles in

the MC samples [ use by the found ratio. The procedure leads to a change of
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the fitted WTW™— qqqq cross section of 0.02 pb.
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Figure 4.23: Angular distribution of Figure 4.24: Angular distribution of
average jet energy in Z"— qq events. jet energy variance in Z°— qq events.
Ratio of the data and MC distribu- Ratio of the data and MC distribu-
tions is shown. tions is shown.

e A similar mismatch is found in the modeling of jet energy resolutions. Fig-

ure 4.24 shows the ratio of the spreads (variances) of the energies of jets de-
posited in cos @ rings.

I estimate the effect of the mismatch by redoing the cross section fit after smear-
ing reconstructed jet energies in MC events with Gaussian random noise of the
magnitude chosen to reproduce the resolutions found in data. This leads to a

(negligible) change of the fitted W*W~—qqqq cross section of 0.003 pb.

Another way to estimate possible systematic cross section biases due to detector
miscalibration comes from studying the subdetector composition of jet energies.
The correction factors applied to raw deposited energies. to compute a particle
energy as described in Section 3.4, differ in data and MC by on the order of
3% for ECAL and 10% for HCAL clusters. One can take the difference of the

corrections as an estimate of the calibration uncertainty.
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I redo the analysis after applying the data correction factors to Monte Carlo
events, i.e., ignoring this difference, to estimate the possible influence of detector
miscalibration/mismodeling. I observe a shift in the fitted W™ W™ — qqqq cross
sect