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Abstract

A measurement of the mass of the W boson in e* e collisions using data col-
lected with the ALEPH detector at the LEP accelerator is presented. Approxi-
mately 450 pb~! of data collected at centre of mass energies between 188.6 and
201.6 GeV during 1998 and 1999 is used for the measurement. The selection of
fully hadronic WW decays using a neural network is described. The reconstruc-
tion of the invariant mass from the selected events is presented, paying particular
attention to the procedure of kinematic fitting and the improvements to the mass
resolution obtained by selecting and reconstructing initial state radiation. The W
mass is extracted from the resulting invariant mass distribution using the method
of Monte Carlo reweighting. The evaluation of relevant systematic uncertainties

is described. The W mass is measured to be
My = 80.453 + 0.090 GeV /c?.

This result is combined with results from ALEPH, the other LEP experiments, and

further measurements to give a world average W mass of
My = 80.436 + 0.037 GeV /c?.

These results are interpreted within the context of the Standard Model of particle

physics and compared with the indirect measurement of the W mass:

Mw = 80.386 =+ 0.025 GeV /c?.
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Chapter 1

Introduction

During the last forty years the theory describing the interactions between funda-
mental particles, the Standard Model of Particle Physics, has survived numerous
experimental tests. Recent collider and non-collider experiments have measured
the parameters of the Standard Model to a high precision. For example, experi-
ments carried out at the Large Electron Positron collider (LEP) have measured the
mass of the Z° boson, My, with a relative precision of 0.002%.

In 1996 the centre of mass energy of the LEP collider was increased from the
Z0 resonance, the LEP1 phase of operation, past the threshold for WW boson pair
production. This phase of operation of the collider, known as LEP2, has allowed
the study of the properties of the W boson, in particular the W mass, My.

The mass of the W boson mass is a fundamental parameter of the Standard
Model. It can be determined indirectly by a global fit to all electroweak data

using the relationship

M3 T 1
M, [1-ZW) = : , 1.1
W ( M3 ) Gpv2'1-Ar 4D

where « is the fine structure constant, Gr is the Fermi coupling constant and Ar

includes the effect of higher order corrections, depending logarithmically on the
mass of the Higgs boson and quadratically on the mass of the top quark. The

current indirect measurement of the W mass is [1].

Mw = 80.386 + 0.025 GeV/c?, (1.2)
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where the error given is the combined statistical and systematic error. A major
goal of the LEP2 physics programme is to make a direct measurement of the W
mass to a similar level of precision as the indirect measurement, thus provid-
ing a test of the Standard Model and allowing the Higgs mass to be constrained
through the effect of the radiative corrections.

At the beginning of the LEP2 programme the collider operated at a centre of
mass energy of 161 GeV, the threshold for WW pair production. The centre of
mass energy of the LEP collider has been steadily increased since that time, pri-
marily to extend the reach of the search for the Higgs boson, reaching an energy
of 202 GeV in 1999. The luminosity delivered by LEP has also increased, such that
about 450 pb™! of data had been collected by the ALEPH experiment at energies
above the WW threshold up to the end of data taking in 1999. At all energies
above 161 GeV the W mass is measured using the technique of direct reconstruc-
tion. The statistical power of this technique, assuming 100% efficiency, perfect

detector resolution and no background, has been estimated as [2]:

100 pb~!
AMyy ~ % ~ 50 MeV /c?4/ -99%’-———, (1.3)

where 'y is the width of the W boson, N is the number of events collected and
L is the integrated luminosity of the data collected. Thus with 450 pb™~! of data
a statistical precision of ~ 25 MeV/c? would be expected, comparable to the
uncertainty on the indirect measurement.

This thesis describes the measurement of the W boson mass using events in
which both W particle has decayed hadronically selected from data collected by
the ALEPH collaboration in 1998 and 1999, at centre of mass energies between
189 GeV and 202 GeV. Chapter 2 describes the theory of W boson production
and decay. Chapter 3 describes the LEP collider and the ALEPH detector. The re-
mainder of the thesis is devoted to the description of the W mass measurement.
Chapter 4 describes the selection of fully hadronic WW events, while Chapter 5
describes the reconstruction of the selected events. Chapter 6 explains the extrac-
tion of the W mass. Chapter 7 describes the calculation of the systematic uncer-

tainties on the measurement. The measurement is combined with other ALEPH
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and LEP W mass measurements in Chapter 8, and interpreted in terms of the

Standard Model. Finally, Chapter 9 summarises the thesis.
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Chapter 2

Theoretical Framework

2.1 Introduction

Particle physics involves the study of the fundamental constituents of matter and
their interactions. This chapter begins with a short introduction to the Standard
Model of particle physics. The physics of W bosons is then explored in more
detail, starting with W pair production and then W boson decay.

2.2 The Standard Model

The Standard Model of particle physics is a gauge theory describing the elec-
troweak and strong interactions of fundamental particles. It is based on the elec-
troweak model of Glashow, Weinberg and Salam [3, 4, 5], the electroweak in-
teractions of quarks being introduced through the GIM mechanism (Glashow,

Iliopoulos and Maiani) [6]. It has the group structure of:
SUB)c®SUR2) e U1)y, (2.1)

where C refers to the colour charge, L to the weak isospin of left handed fermions,
Y the weak hypercharge, U(N) the group of unitary transformations on N ob-

jects! and SU(N) the group of special unitary transformations on N objects?.

1The unitary transformations are those which can be represented by a group of unitary matri-
ces, unitary matrices being those whose inverse are equal to their transpose conjugate: I*U = .

2The special unitary transformations are those which can be represented by unitary matrices
with determinant 1.
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The SU(3)c part of the theory describes QCD and the SU(2);, ® U(1)y part de-
scribes the electroweak interaction. The photon, Z° and W* gauge bosons arise
from the spontaneous breaking of the electroweak symmetry by the Higgs mech-
anism [7]. It is through this mechanism that the Z% and W* gauge bosons acquire
masses. The Higgs mechanism also predicts the existence of a scalar particle,
the Higgs boson, which is the only particle in the Standard Model that has not
been experimentally verified. The Standard Model is described in detail in Refer-

ences [8, 9, 10].

2.3 W Pair Production

At LEP2 the main mechanism for the production of W bosons is pair production

via electron positron annihilation:
ete” - WHW~.
At tree level three Feynman diagrams contribute to this process, the CC03 dia-
grams?®, shown in Figure 2.1. The first two of these diagrams are the annihilation
diagrams, with either a Z° boson or a photon produced in the s-channel. The

third diagram is the conversion diagram with the exchange of a neutrino in the
t-channel.

Each of the W bosons rapidly decays to a pair of fermions, either a lepton and
neutrino or quark and antiquark. The final state is thus four fermions. Besides
the WW diagrams, there are many other processes that can give rise to a four
fermion final state. For example the final state e*e™ v, 7. can be produced by the
following processes:

ete™ — 7970,
ete™ — Were,
ete” — Z%%e™,
+o 0,
ete” — Zele .
To distinguish between final states, those coming from W pair production are

called signal, and those from all other processes background.

3S0 called because there are three charged current processes.
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e W~
Figure 2.1: The CC03 diagrams of WW production. The top two diagrams are the

annihilation diagrams while the third is the exchange diagram.

2.3.1 On-Shell WW Cross Section

‘The cross section for the production of four fermions by the process
ete™ — fi1ff3f4
can be expressed as the sum of a signal and background component:
o =o' (146w +dgcp) + kg - (2.2)

The background component, oy, includes all contributions from non WW pro-

cesses, such as ete™ — W~ e*v.. The WW component has three contributions:

o o'W is the lowest order cross-section, or Born approximation, calculated

using the three CC03 diagrams for W pair production shown in Figure 2.1.

* Jpw accounts for the higher order electroweak corrections such as loop cor-

rections and real photon emission. More detail can be found in Section 2.3.4.

* Socp accounts for the higher order QCD corrections. These apply only for
final states containing pairs of quarks, and one of the biggest effects is hard

gluon emission leading to additional jets in the final state.
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The production of a four fermion final state for WW processes takes place
through a double-resonant WW stage. The W bosons have a finite width so are
off-shell. However, the on shell process where the W width is neglected is a useful
first step in the calculation of the cross section. The cross section can be calculated

analytically [11] for the CC03 diagrams to give the following expression:

me? 1
OBorn = — +0 (), 2.3
Born S Sin4 GW‘B ()8 ) ( )
where 0y is the Weinberg or weak mixing angle and = /1 —4MZ,/s. /5 is

the centre of mass energy, and the sharp dependence of the Born cross section
on this quantity is shown in Figure 2.2. The term proportional to B is due to
the t-channel neutrino exchange diagram, while the s-channel diagrams and s-
t channel interference lead to the term proportional to 83. Close to threshold
B is very small and so the f-channel contribution is dominant. The s channel
contribution grows as the centre of mass energy is increased. At /s = 188.6 GeV
B ~ 0.5 so the t channel process is still the dominant contribution.

In addition to the CC03 diagrams there is also a tree level Higgs contribution
to the cross section, however this is negligible since it is suppressed by a factor of
me /My, where me is the mass of the electron. This contribution becomes more
important at higher energies where its inclusion becomes necessary to avoid uni-

tarity problems.

2.3.2 W Width

The production and decay of each W boson can be described by a Breit-Wigner
resonance. The total decay width of the W boson, I'y, is obtained by summing
up the partial decay widths of the W for each possible final state. A precision
measurement of the W width may then provide evidence for physics beyond the
Standard Model, for example the decay of the W into supersymmetric particles.
The masses of the fermions into which the W decays are small compared to the W
boson mass and so are usually neglected in the calculation of the partial widths,
carried out using the appropriate matrix elements. The same corrections Sy

and dgcp mentioned in the previous section have to be used in the calculation of
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the partial widths. These corrections can be accounted for by parametrising the
lowest order width in terms of the Fermi constant, G, determined from measure-
ments of the muon lifetime, and the mass of the W boson. We then obtain for the

partial widths the following expressions [12]:

GFM3
Twoe = 24
Wty = 6\/_7'1' ( )
for leptonic decays and
GFMW as (M)
TWoga = ¢ 751 — A3 |l ( L — (2.5)

for hadronic decays. The factor of 3 in Equation 2.5 arises because each quark
has three possible colour states. V;; is the CKM matrix which describes mixing
between different quark flavour states, and the factor in brackets is the QCD cor-

rection. Thus we have the following expression for the total W width:

3 2
3G My (1 1 20 M) (MW>> . (2.6)

Tw =
w 2\/57“(

Note the dependence of the W width on the W mass. This dependence is used in
the W mass measurement described in this thesis.

The current world average measurement of the W width is 2.12 +:0.05 GeV/c? [13]
in good agreement with the Standard Model prediction of 2.0927 £ 0.0025 GeV /c? [13].

2.3.3 Off-Shell WW Cross Section

The full treatment of WW production must take into account the finite width
of the W bosons. The leading order cross section can be described as the two-
fold convolution of a hard-scattering cross section with two Breit-Wigner density

functions:

s (v-var)’
o (s) -‘-/0 dSl/O dszp (s1) p (s2) 0° (s,51,52) , (2.7)

where
r (S )

(2.8)
(s — M?, ) +T2(s)

p(s) =
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is the relativistic Breit-Wigner function associated with the W propagators, s is
the square of the centre of mass energy of the initial state electron and positron
and sy, sy are the squares of the invariant masses of the two virtual W bosons.

o9 (s, s1,52) is the leading order cross section for W pair production, calculated
using the CC03 diagrams (taking into account their interference). Thus the on-
shell cross section is just 00, . (s) = 0° (s, MG, M%;).

The width in Equation 2.8 can be expressed in two different schemes as:

[ sxTI'w/Mw running width
[(s) = { TwMw fixed width (29)
Where the masses and widths in each scheme are related through the following
expression [14]:
—2 —_ = __S——M%V+isrw/Mw
(S My + zerw) = 1o+ Ty /My .
The running width scheme is the same as that used at LEP1 in the precision mea-

surement of the mass of the Z° boson and so has been adopted at LEP2 for mea-

(2.10)

surements of the W mass. However, the Monte Carlo generator used in this anal-
ysis uses the fixed width scheme. Thus to make the quoted mass consistent the
following correction must be applied to the measured W mass, M{{7** (which is
equivalent to M) [14]:
2
1 Ty

M = My — =~ = My — 27 MeV/c?. (2.11)
w 2 Mw

The issue of gauge invariance arises in two ways when going from the on-shell
cross section to the off-shell case. The first is that only the CC03 diagrams are used,
instead of the full set of four-fermion diagrams. To include all the diagrams in the
calculation is complicated, however, and the CC03 approximation is sufficient for
current measurements [15].

The second more important source of gauge invariance are the poles that oc-
cur in the resonant diagrams when s = M3, in Equation 2.8. These singulari-
ties can be cured by introducing a finite width in some way, while at the same
time preserving gauge invariance and unitarity. The inclusion of the full set of
four-fermion diagrams solves this problem since the finite width arises naturally
from the imaginary parts of higher order diagrams that describe the boson self-
energies. The two width schemes discussed above are ways round this problem.

These two methods along with others are discussed further in Reference [15].
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2.3.4 Radiative Corrections

Coulomb Correction

The Coulomb correction to the WW cross section is necessary because of the long
range electromagnetic interaction between the W+ and W™. The cross section
tends to be enhanced when the two oppositely charged particles have a relatively
low velocity, v/c <« 1.

For the on-shell cross section the Coulomb correction diverges as the threshold
for W pair production is approached, since to leading order it is (1 + a7t /vg), and
the relative velocity vg = 2 (1 — 4M3,/s) 1z approaches zero at threshold.

For the off-shell case the finite W width screens the Coloumb singularity, act-
ing as a cut-off for multiple soft photon exchange between the W+ and W~. The
perturbative expansion is in terms of a7r\/Mw /Ty instead of a7t/vg [16]. The
correction is approximately 6% close to threshold, but becomes smaller at higher
centre of mass energies. Coulomb corrections could also lead to shifts in the av-
erage reconstructed mass of the W bosons, by approximately 20 MeV/c? in the
threshold region, but becoming smaller at higher energies [17].

Similarly to Equation 2.7 the cross section including the Coulomb correction

can be written as [16]

s r(vE-ve)®
o(s) = /0 dsl/o dsyp (s1) p (s2) 0° (s,51,52) [1 + 8¢ (s, 51,82)] . (2.12)

where 6¢ is the Coulomb correction which to O («) is given by

& [x[* - p?
oc(s,81,52) = 5 {n — 2arctan <2p3? o . (2.13)

Here p is the centre of mass momentum of a virtual W boson and v is the average

velocity of the W bosons in their centre of mass system and can be expressed as
5 _ RY:
0= 4p — 241 — S (Sl +52) — (51 — 52) ) (2.14)
NG - g2

x = /—Mw (E + iT'w) where E = (s — 4M2;) /4My.
Figure 2.2 shows the WW lineshape with and without the Coulomb correction

applied.
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Initial State Radiation

Initial state radiation (ISR) is one of the largest electroweak corrections to the
WW cross section. ISR is the emission of one or more photons from the incoming
electron and positron, leading to a reduced centre of mass energy, and therefore
a different cross section.

The emission of virtual and soft real photons with energy E < w leads to
doubly logarithmic contributions ~ aln (s/m?2) In (s/w?) at each order in per-
turbation theory. The infra-red divergent corrections cancel when hard photon
radiation is added and the collinear (In (s/m2)) logarithms can be resummed
and incorporated into the cross section using either a flux function or a structure
function approach [18]. Both of these approaches assume that the ISR correction

factorises.

In the flux function approach the ISR corrected cross section is given by:
5 dsl
R (5) = / T (x,s)0 (s'), (2.15)
Smin
where s’ is the square of the reduced centre of mass energy, x = 1 — s'/s, and
o is the Coulomb corrected off-shell cross section of Equation 2.12. The radiator

function F (x, s) is given by
F(x,s) =tx'"1 (1 +S(s)) +H(x,3), (2.16)

where t contains all mass singularity terms In (s/m?):

2
t= -;? [m (—é—) . 1} . (2.17)

The S (s) term comes from soft and virtual photon emission and the H (x, s) term
comes from hard photon emission [19].
Alternatively the structure function approach [20] may be used in which the
cross section is given by:
1 1
o9ED (5) = /xmm dxq dxoD (x1,8) D (x2,5) 0 (x1X25,51,52) , (2.18)
1

xgll?l

where

D(x,s)==(1-x)"*1(1+8)+H(x,s), (2.19)

N =+
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and

2
min _ (\/TST_*— \/5)2 min __ (\/5_1"*' \/755)
= At = : (2.20)
S X1S8
The predictions of both schemes for the average energy loss through initial
state radiation are very similar and so the flux function approach is generally
adopted since calculations are numerically faster using this scheme. Figure 2.2

shows the effect of ISR on the WW lineshape.
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Figure 2.2: The cross section for ete™ — WH*W™ as a function of centre of mass
energy, /s, in various approximations:

(i) Born (on-shell) cross section (dotted line),

(ii) Born (off-shell) cross section (dash-dotted line),

(iii) as (ii) with first-order Coulomb corrections (dashed line),

(iv) as (iii) with initial state radiation (solid line).

24 WW Decay

Each of the W bosons produced in a W pair event at LEP2 quickly decays into
a pair of particles, either a quark and antiquark or a lepton and antineutrino, as

shown in Figure 2.3. The measurement presented in this thesis uses those events
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in which both W boson decays into a quark-antiquark pair, the so-called fully

hadronic events.

qj, Ve

qi, ¢

Figure 2.3: W boson decay into quark-antiquark, q;g;, (where the subscripts i, j
denote different quark flavours) or lepton antineutrino, £7;.

2.4.1 Fragmentation

The coloured quarks or partons produced by the decay of a W boson quickly
form colourless jets of particles through a process that can be divided into three

stages:

* Parton Shower: The initial partons split into quarks and gluons. This stage

can be described by perturbative QCD.

¢ Hadronisation: The quarks and gluons combine to form jets of hadrons,

leptons and photons.
* Decay: The particles formed in the hadronisation step decay.

The definitions of these different steps vary between texts, however for the pur-
pose of this discussion they are replaced by the single term “fragmentation”. The
fragmentation of a fully hadronic event is complicated with a final state of many
particles, perhaps more than 50 being produced.

The most complicated step in the fragmentation process is hadronisation. This
is in the regime of non-perturbative QCD and the modelling of this step is based
on phenomenological ideas. The most developed model is the “string fragmen-
tation model” [21] which describes the colour dipole field between the initial qq

pair as a narrow flux-tube or “string”. This tube has a constant energy per unit
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length and so the energy stored in it increases linearly with the quark separa-
tion. Eventually the stored energy may become large enough to create a new qq
pair, thus breaking the string. Adjacent quarks at the end of each string are com-
bined to form hadrons which may subsequently decay. This final decay stage is
simulated using tables of decay modes and branching ratios. The string model
forms the basis of the JETSET Monte Carlo program [22] which is used for event
simulation throughout the analysis described in this thesis.

The HERWIG program [23, 24] is an alternative Monte Carlo event generator
which uses a different hadronisation model. The “cluster fragmentation” model
is used in which jets of quarks and antiquarks are produced from gluon split-
ting and then combined into all allowed colour singlets to form clusters. Each of
these clusters has a mass distribution and spatial size and fragments into hadrons

according to these properties.

- 2.4.2 Final State Interactions

The Monte Carlo event simulation used in this thesis assumes that the W+ and
W™ decay independently, each W system proceeding through the fragmentation
stage without reference to the other. However at LEP2 energies the large width
of the W means that the average separation of the W decay vertices is ~ 0.1 fm,
smaller than the typical hadronisation scale of ~ 1 fm. In the fully hadronic
channel the fragmentation of each W can therefore no longer considered to be
independent. These final state interactions (FSI) can be divided into two different

processes, colour reconnection and Bose-Einstein effects.

Colour Reconnection

Colour reconnection is a QCD phenomenon in which partons from different W
bosons are connected. Instead of the original colour singlets q1q, and q3q, it may
be possible to form another set, q1q, and qsq,. These effects could lead to a bias
in the reconstructed W mass. ‘

Colour reconnection may take place in either the parton shower or hadroni-
sation stage of fragmentation. In the parton shower phase the effect can be de-

scribed using perturbative QCD, and is expected to be small [25, 26]. However
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in the hadronisation stage the effect could be larger but here only phenomeno-
logical models exist to describe it. All of these models are based on a space-time
picture in which reconnection is a local phenomenon. Objects are formed at the
hadronisation stage through a local interaction which may combine products of
the two W’s in regions where they overlap.

The JETSET Monte Carlo program contains three models proposed by Khoze
and Sjostrand based on the string hadronisation model [25]. These are based on
different hypotheses of the structure of the QCD vacuum and the confinement

mechanism.

* Model I: After the parton shower phase the strings are described as cylin-
ders and may reconnect with a probability that is proportional to the degree

of overlap of different strings, ¢.
Preco =1 — e“k‘P(PI (2.21)

where ky is a free parameter that can be adjusted to give any desired recon-

nection probability.

¢ Model II: Strings are viewed as vortex lines with thin core regions. Recon-

nection takes place if these core regions intersect.

e Model II: Similar to model II but reconnection is suppressed if there is no

reduction in the overall string length.

The reconnection probability of Model II is partly predicted, however that of
Model I is a completely free parameter. The effects of colour reconnection are
therefore difficult to estimate since the strength is not predicted absolutely.

Colour reconnection has also been implemented in the cluster fragmentation
model in HERWIG. Only colour singlet combinations of partons are allowed to form
clusters. The probability for colour reconnections to take place is governed by a
free parameter.

The Monte Carlo program ARIADNE [27, 28] implements colour reconnection
within the framework of the Dipole Cascade Model [29, 30]. Colour dipoles are

reconnected with a probability (1/N2), where Nc is the number of colours, only
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if the total string length is reduced. Colour indices are randomly (with some
restrictions) assigned to each colour dipole. After each gluon radiation dipoles
with identical indices are allowed to reconnect. Reconnections within and be-

tween different W systems are allowed.

Bose-Einstein Correlations

Bose-Einstein (BE) effects [31, 32] are phenomena arising from Bose-Einstein statis-
tics and account for a significant systematic uncertainty on the measured W mass
from the fully hadronic channel. In fully hadronic WW events a large number
of pions are produced. A consequence of Bose-Einstein statistics is that an en-
hancement of identical pions at small momentum separation, relative to the hy-
pothetical state of uncorrelated production, is expected — almost four times as
many identical pion pairs as in a single W decay. The effect of this is to bias the
reconstructed W mass since low momentum pions from different W’s are pro-
duced closer to each other than in the absence of Bose-Einstein correlations. This
reduces the momentum of the W’s and so increases the measured mass. The size
of the effect is difficult to estimate since the effect is quantum mechanical whereas
Monte Carlo programs are based on classical probabilities.

The BE effect is studied using the two-boson correlation function f (Q), where
Q? = — (p1— p2)2 is the square of the difference in four momenta of the two
bosons. The BE enhancement relative to a reference with no BE effects occurs at

low values of Q? and is given by
£(Q) =1+ FQ, (2.22)

where R is the radius of a Gaussian source of the bosons and A is the incoherence
parameter which is the effective strength and is in therange 0 <A < 1.

The most widely developed model for describing BE effects is the LUBOEI
model [32] implemented in JETSET. In this model the final state particles are redis-
tributed to reproduce the expected two-boson momentum correlations. However
in order to do this the momenta of non-identical particles also has to be shifted in
order to respect energy and momentum conservation. This procedure can intro-
duce spurious long-range correlations which may have implications for the mea-

sured W mass. Other models introduced by the same authors, (BE; and BEj3)
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introduce event weights [33]. In these models bigger weights are given to events
with pairs of equal sign particles closer in momentum. This method arises natu-
rally in a quantum mechanical approach using matrix elements, however it is a

lengthy procedure since all final state particle permutations must be computed.
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Chapter 3

Experimental Apparatus

3.1 Introduction

The Large Electron Positron Collider (LEP) is the largest machine of its kind in
the world. The main purpose of its construction was the study of the Z° and W
massive vector bosons, along with searches for new physics beyond the Standard
Model. ALEPH [34] is one of the four experiments built at LEP to study electron-
positron collisions, the others are DELPHI [35], L3 [36] and OPAL [37].

The first part of this chapter describes LEP and the measurement of the beam
energy of the collider, which is an important component of the measurement of

the W boson mass. The second part of the chapter is devoted to a description of

the ALEPH detector.

3.2 The LEP Collider

LEP [38] is a circular collider of circumference 26.66 km located at the European
Organization for Nuclear Research (CERN) in Geneva, Switzerland, as shown in
Figure 3.1. It is located in a tunnel that varies in depth between 50 m and 150 m
underground, and for geological reasons has a tilt of 1.42%. The accelerator is not
in fact quite circular but consists of eight straight sections, each approximately
500 m long, and eight circular arcs. The electrons and positrons are accelerated
by radio frequency superconducting cavities installed along the straight sections

and guided round the arcs by dipole bending magnets. The beam is contained in
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LEP by a complex system of quadrapoles, sextupoles and corrector magnets, and

made to collide at four interaction points (IPs) around the ring where the four

experiments are located.

Figure 3.1: An overview of the LEP accelerator.

The series of accelerators at CERN which produce positrons and electrons for
injection into LEP are illustrated in Figure 3.2. Electrons are produced by a pulsed
electron gun and then accelerated to 200 MeV by a linear accelerator (LINAC).
A fraction of these electrons are used to create positrons by collisions with a
fixed tungsten target, which produces e*e™ pairs. A second LINAC, the LEP
Linear Injector (LIL), then accelerates the electrons and positrons to an energy of
600 MeV when they are fed into the Electron Positron Accumulator (EPA). The
EPA is a 0.12 km storage ring which separates the particles into bunches and
stores them until an intensity of ~ 100 particles is achieved. The particles are
then injected into the Proton Synchrotron (PS) where they are accelerated to an
energy of 3.5 GeV before injection into the Super Proton Synchrotron (SPS). The
SPS accelerates the beams to an energy of 22 GeV before final injection into LEP.

Once injected into LEP, the electrons and positrons are accelerated to the nom-

inal physics energy by super-conducting NbTi r.f. cavities, and also normal cop-
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Figure 3.2: The LEP injection scheme.
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per r.f. cavities, operating at a frequency of 352 MHz. In 1998 the centre of mass
energy, /s, of LEP was 188.6 GeV [39], and in 1999 the machine operated at en-
ergies between 192 GeV and 202 GeV [40]. In both years a small amount of data
was collected at the Z° resonance for calibration purposes. The data delivered
by LEP and collected by ALEPH is summarised in Table 3.1. The beams have a
revolution frequency in LEP of 11245 Hz, taking a time of 88.9 us per revolution.
The particles in each beam are grouped into four bunches, separated by approx-
imately 22 ps. At the interaction points each bunch is approximately 2 cm long,
190 ym wide horizontally and 4 ym wide vertically. When the beam is not fo-
cused for collisions it is typically 4 mm wide and 1 mm tall. Typical total beam

currents are 6 mA, 750 yA per bunch, corresponding to 3.3 x 10'? particles in

total.
Year Average Data Data ALEPH | Data Used
Vs Delivered | Collected | Collection | for this
by LEP | by ALEPH | Efficiency | Analysis
Gev) | b™) | (b)) (%) (pb™h)
1998 91.0 33 3.1 95.0 3.0
1998 188.6 192.7 179.4 93.1 174.2
1999 91.0 4.2 39 93.0 3.5
1999 191.6 30.7 29.1 95.0 289
1999 195.5 88.1 83.0 94.1 79.9
1999 199.5 91.1 88.3 97.0 86.3
1999 201.6 44.0 42.3 96.1 419
199899 | 188.6-201.6 | 446.6 | 4221 | 945 | 4112 |

Table 3.1: Summary of the data used in this thesis.

3.2.1 Determination of the LEP Energy

The measurement of the LEP beam energy is very important to the W mass anal-
ysis. The energy is used in a kinematic fit, as described in further detail in Sec-
tion 5.2. The consequence of this is that the relative uncertainty on the LEP beam
energy is directly related to the relative uncertainty on the W mass:

LEP
U.MW — UEbeam

MW Ebeam )
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making a precise measurement of the LEP energy crucial.

AtLEP] the beam energy was measured very precisely, to alevel of 1 MeV [41],
allowing the precise measurement of the Z° boson mass. To perform this mea-
surement the technique of resonant depolarisation (RDP) was used [42]. RDP
makes use of the fact that the electrons in the beam can obtain a degree of trans-
verse polarisation through their interaction with the magnetic field, the Sokolov-
Ternov effect [43]. The spin vector will precess v times in one revolution of the

ring, where v is the spin tune and is given by the expression:

— aeEbeam _ Ebeam [MeV]
mec?  440.6486(1) [MeV]’

(3.2)

where Epe,p, is the LEP beam energy, m. is the mass of the electron and a2, =
(ge — 2) /2 is the anomalous magnetic moment of the electron and is known to 20
parts per billion. Thus a measurement of v gives Ep,,,, to high precision.

The method of RDP cannot be used at LEP2, since transverse polarisation of
the beam cannot be maintained at the higher energies used for physics. The beam
energy is therefore obtained by extrapolation of RDP measurements at lower en-
ergies to physics energies. The beam energy is proportional to the total magnetic

bending field in LEP:
e
Epeam = -2_725 f B.d¢, (3.3)

and so magnetic measurements can be used to obtain the beam energy. The mag-
netic field is measured at 16 points around the LEP ring by nuclear magnetic
resonance (NMR) probes inside the bending dipoles. The precise relationship
between these measurements and the beam energy is established by calibration
using RDP at low energies and then extrapolated to NMR measurements made
at LEP2 physics energies. The difference between NMR probe and RDP measure-
ments is shown in Figure 3.3. It can be seen that the differences are small and
stable over years, but non-linear. To check the non-linearity and also since the
NMR probes do not measure the fotal bending field further measurements are
carried out using flux loops. These flux loop measurements are the result of in-
tegrating magnetic field measurements from all 3400 bending magnets, covering

~ 97% of the bending field, however with less precision than the NMR probes.
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The agreement between the flux loop and NMR measurements is shown in Fig-
ure 3.4. It can be seen that there does seem to be some offset between the mea-
surements and this provides the major contribution to the systematic uncertainty
on the beam energy measurement. The total uncertainty on the LEP beam energy

was determined to be 20 MeV in 1998 [44] and 21 MeV in 1999 [45].
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Figure 3.3: Comparison of NMR and RDP measurements, taken from [45].

Once the overall normalisation is fixed, various corrections are applied to the
beam energy to take into account variations as a function of time, such as the
gravitational pull of the moon, temperature effects and leakage currents from the
Geneva-Paris TGV. Corrections also have to be applied to determine the precise
energy at each interaction point due to the exact accelerating RF configuration.
All of these effects were studied in great detail at LEP1 [41] and so contribute a
systematic uncertainty of less than 10 MeV at LEP2.

3.3 The ALEPH Detector

The ALEPH (Apparatus for LEp PHysics) detector was designed to study all

types of Standard Model processes at LEP without restricting searches for new
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Figure 3.4: Comparison of flux loop and NMR measurements, taken from [45].

physics. The detector was thus designed to cover as much solid angle as possi-
ble, with high hermeticity and granularity. In practice a coverage of ~ 3.97r sr
was achieved. The detector is located at experimental point number four of the
LEP ring (near to the village of Echenevex in France), in a cavern 143 m below the
surface. It has the approximate shape of a cylinder of diameter 12 m and length
12 m built around the interaction point, weighing over 3000 tons and having some
700 000 readout channels. The ALEPH coordinate reference system is defined as
follows: the z direction is along the beam direction, positive in the direction trav-
elled by electrons. This is not quite horizontal since LEP is slightly tilted. The x
direction is horizontal and points towards the centre of the LEP ring. The y direc-
tion is orthogonal to x and z and points upwards, deviating 3.5875 mrad from the
vertical. Cylindrical polar coordinates (7, ¢, z) are often used, due to the symme-
try of the detector, along with 6, the polar angle. A cut-away view of the ALEPH
detector is shown in Figure 3.5. The ALEPH detector is described in [34, 46, 47]
and its performance is described in [48].

ALEPH consists of several sub-detectors; the major sub-detectors are arranged
in six cylindrical layers. The inner three layers consist of the charged particle
tracking detectors. A vertex detector surrounds the IP, then a drift chamber which

is also an important part of the trigger system, and finally a large time projection
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chamber extending to a radius of 1.8 m. In order to obtain charged particle mo-
mentum measurements from the tracking detectors a 1.5 Tesla magnetic field is
provided by a superconducting solenoid. Measurement of energy is provided by
the calorimeters. The highly granular electromagnetic calorimeter provides mea-
surements of the energy of photons and electrons, while the large iron hadronic
calorimeter measures the energy of hadronic particles. The iron also acts as the re-
turn yolk for the solenoid. The outermost layer is used to identify muons, which
generally penetrate all of the other sub-detectors. In addition to these six sub-
detectors smaller detectors are installed close to the beam pipe principally to
measure Bhabha scattered electrons and positrons for the luminosity measure-

ment, however, these detectors also increase the coverage of the calorimetry.

3.4 Tracking

3.4.1 Vertex Detector

The Vertex Detector (VDET) [49] is the sub-detector closest to the IP. It is a sil-
icon microstrip device occupying a region whose radius extends from 6.3 cm,
close to the beam pipe, to 11.0 cm, close to the inner tracking chamber, and has a
length of 40 cm. The main purpose of the VDET is to enable the reconstruction
of short-lived particles, mainly those containing bottom and charm quarks, with
a high efficiency. The current VDET was installed at the start of LEP2 providing
improved angular coverage, less passive material and a higher tolerance to radi-
ation than the original VDET. The main physics reason for the upgrade was to
improve the efficiency for finding the Higgs boson, which is expected to decay
predominantly to bottom quarks.

The VDET is constructed from two layers of silicon wafers, having readout
electronics on both sides. Strips running parallel to the beam direction measure
the azimuth angle, ¢, of tracks, while strips running perpendicular to the beam
direction measure the z coordinate. For tracks with a normal incidence to the
detector spatial resolutions of ~ 10 ym and 15 ym are achieved in the r¢ and
z measurements respectively [49]. An angular acceptance of |cosf| < 0.95 is

achieved for tracks required to hit at least one layer of the VDET.
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3.4.2 Inner Tracking Chamber

The Inner Tracking Chamber (ITC) [50] is the second layer of the ALEPH tracking
system. The ITC is a 2 m long cylindrical drift chamber, with inner radius of 13 cm
and outer radius 29 cm. The chamber has 960 anode sense wires running parallel
to the beam arranged in eight layers. The innermost four layers contain 96 wires
each, while the outer layers have 144 wires. Each sense wire is surrounded by six
field wires held at ground potential, defining hexagonal drift cells. Neighbouring
cells share two wires. The cell structure is shown in Figure 3.6. The chamber is
filled with a mixture of argon (80%) and carbon dioxide (20%). A small amount

of alcohol is added to the mixture as it is believed that this may slow the aging

process.

- @ sense wire

cell boundary

O field wire
-‘b— calibration field wire

calibration feed wire

Figure 3.6: The ITC cell structure.

The r¢ resolution of the ITC is determined largely by the properties of the
gas, such as the drift velocity, and is ~ 150 ym for high energy muons [48] and
~ 200 pm for all tracks. The z coordinate of the track is determined by the time
of arrival of the signal at each end of the sense wire, and the resolution is a few
centimetres. A maximum of eight coordinates per track can be provided, giving

a three dimensional readout of the trajectories of charged particles. The drift cells
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are small, with a width between 0.9 and 1.3 cm, so the information provided by
the ITC is available extremely quickly, making the ITC invaluable for first stage of
the trigger system, Level 1 (see Section 3.6.1), and in fact the ITC provides the only
tracking information available to the Level 1 trigger. An r¢ trigger decision is
available in 500 ns and a full three dimensional decision including z information

in~ 2 ys.

3.4.3 Time Projection Chamber

The Time Projection Chamber (TPC) [51] is the main tracking detector in ALEPH.
It is a large cylindrical drift chamber covering a radial region between 31 cm and
1.8 m, filled with a mixture of argon and methane. A cut-away view of the TPC
is shown in Figure 3.7. Electrons produced by the ionisation of the gas by the
passage of charged particles drift towards the ends of the chamber due to the
presence of a highly uniform electric field of magnitude 11 kV/m created by a
central membrane held at —27 kV and annular electrodes situated in the inner
and outer cylinder walls. At the ends of the chamber, the signal is recorded by a
system of proportional wire chambers arranged into 18 sectors, and read out by
a system of cathode pads arranged into 21 circular layers. The r¢ coordinates are
given by the centroid of the signal detected at the cathode pads. The z coordi-
nate is determined by measuring the drift time and using knowledge of the drift
velocity. Up to 21 coordinates per track are provided by the TPC.

A view of part of the end of the TPC is shown in Figure 3.8, showing a cross
section of a wire chamber. A cathode wire plane held at ground potential forms
the boundary of the drift volume. Anode sense wires held at +1250 V collect the
electrons produced in avalanches initiated by the ionisation electrons. Cathode
pads underneath the sense wires collect an induced signal. Above the cathode
wire plane there is a further grid of wires called the TPC gate. This grid is used
to prevent the build up of space charge in the drift region due to positive ions
that result from the avalanches close to the sense wires. If a space charge did
build up then the local electric field would be influenced leading to the distortion

of tracks. In the “open” state the gating wire grid has a negative potential of
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~ —67 V applied to it, making it transparent to the passage of charged particles.
In the “closed” state alternate wires have potentials of ~ —67 4= 100 V applied.
The resulting dipole fields prevent the passage of charged particles. The gate is
opened 2 us before a beam crossing, and if the first level of the trigger system,
Level 1, gives a positive decision then the gate is held open for a further 45 us to
allow the ionisation electrons to be collected. If the Level 1 decision is negative
then the gate is closed until the next beam crossing.

The resolution of the measured coordinates depends on the drift length and
the orientation of the charged particle trajectory with respect to the pads and
wires. The r¢ resolution is 173 um for leptonic Z° decays. The z resolution is
740 pm for tracks with polar angles within 10° of perpendicular to the beam di-

rection [48].

Figure 3.7: The ALEPH time projection chamber.

The TPC also measures energy loss by ionisation, dE/dx, since the magni-
tude of the signals on the sense wires is proportional to this quantity. The dE/dx
depends only on the particle velocity for a given material, so a combination of

this and the momentum of the particle allows the mass and so identity of the
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Figure 3.8: Detail of a TPC multiwire chamber.

particle to be deduced. Figure 3.9 shows the measured dE/dx for a sample of
40,000 tracks, along with the fitted parametrisation for various different particles
and also the average separation between particle types determined from tracks

in hadronic Z° decays.

3.4.4 Track Reconstruction

Information from all three tracking detectors is used to reconstruct the passage
of charged particles, or “tracks”. Track reconstruction begins in the TPC. Hits in
neighbouring layers are joined together to form track segments, which are then
connected to other segments if the hypothesis that a helix is described is satisfied.
This track is then extrapolated into the ITC and VDET, consistent hits being as-
signed to the track. A final fit is then performed, taking into account the errors on
the tracks, to provide a reconstructed track. Table 3.2 summarises the momentum

resolution of the different stages obtained from Z°® — u*u~ events.
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Figure 3.9: The left figure shows the measured dE/dx versus particle momentum
for a sample of about 40,000 tracks. Each track was required to have at least 150
dE /dx measurements. The fitted parametrisation is shown for electrons, muons,
pions, kaons and protons. The right figure shows the average dE /dx separation in
standard deviations between different particle types as a function of momentum.
This has been computed using all tracks in hadronic Z° decays having at least 50
dE/dx measurements. Taken from Reference [48].
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Tracking Detector | 0;,/p* (GeV/c)™!
TPC 1.2x 1073
+ITC 0.8 x 1073

+ ITC and VDET 0.6 x 1073

Table 3.2: The momentum resolution ¢,/p?, where p is the momentum, of the
ALEPH tracking detectors. Taken from Reference [48].

3.5 Calorimetry

3.5.1 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) detects energy deposited by electrons
and photons and also any energy deposited by hadrons. The ECAL consists of a
4.77 m long barrel around the TPC and end-caps at both ends. The barrel and each
end cap consist of 12 modules, each of which covers 30 degrees in ¢, made from
45 interleaved layers of lead sheets and wire chambers. The ECAL has ~ 40 cm
of lead, corresponding to 22 radiation >lengths, Xo. |

Electrons, positrons and photons which penetrate the lead sheets produce an
electromagnetic shower of electron-positron pairs that is sampled by the wire
planes. The showers produce ionisation in the xenon and carbon dioxide gas mix-
ture that forms an avalanche towards the anode wires, inducing signals on small
cathode pads. The cathode pads are read out in groups, called towers, which
point towards the interaction point, of angular size 0.9° x 0.9°. These 74000 tow-
ers thus have a high granularity, and so give spatial separation of electromagnetic
showers, aiding in particle identification. The towers are further segmented into
three sections along their length, known as storeys, corresponding to 4Xj, 9X,
and 9Xp. This allows the shower profile to be studied, aiding further in particle
identification. An ECAL layer is illustrated in detail in Figure 3.10.

The energy resolution of the ECAL has been studied using Bhabha scattered
electrons, comparing their measured ECAL energy with the track momentum or
beam energy. The resolution has been parametrised as [48]:

o(E)  0.18
E E(GeV)

The signal from the ECAL wire planes is available to the trigger processors.

+0.009. (3.4)
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Figure 3.10: Detail of an ECAL layer.

3.5.2 Hadron Calorimeter and Muon Chambers

The Hadron Calorimeter (HCAL) measures the energy deposited by hadrons and
the trajectories of muons. It is made from iron and also acts as the return flux of
the magnet and the main mechanical support of the ALEPH detector. The HCAL
structure is similar to that of ECAL, being made up of a barrel and two end caps,
however it is slightly rotated with respect to ECAL so that the inactive “cracks”
in the detectors do not overlap, as shown in Figure 3.11.

The principle of operation is also similar to that of ECAL, but the showers
produced by hadrons propagate through nuclear processes rather than electro-
magnetic ones. Hadronic showers are generally more spread out laterally and
also more penetrating, so the calorimeter must have a greater depth than ECAL.
HCAL modules consist of 23 iron layers separated by plastic streamer tubes.
These tubes are coated with graphite and contain eight wire counter cells. The
tube layers are read out with pad electrodes that give an integrated energy mea-
surement and with parallel digitising strips which are used to reconstruct the
shower structure in r¢ in the barrel. The pads are connected together to form

projective readout towers pointing to the interaction point, as in ECAL.
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Figure 3.11: The ALEPH Hadron Calorimeter.

The energy resolution is obtained by studying pions at normal incidence, and

is given by [48]:
o(E)  0.84

E  JEGeV)

Muons have a characteristic signal in both the calorimeters. They leave a sin-

(3.5)

gle trail of hits with no shower development. Outside the HCAL are two further
planes of streamer tubes, known as muon chambers, which act as tracking detec-
tors for muons. In the barrel they are radially separated by 0.5 m, which enables

track segments to be measured with an accuracy of 10-15 mrad.

3.5.3 Luminosity Monitors

The instantaneous luminosity is defined as the ratio of the rate of eTe™ — ete~
(Bhabha) interactions to the theoretical cross-section for this process, which is
known with a high accuracy. The integrated luminosity is defined as the ratio
of the number of these events in a certain time to the cross section. Its value is

important in the calculation of observed cross sections, e.g. the Z® and W*W~
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lineshapes. The cross section for Bhabha scattering is strongly peaked at polar
angles close to the beam pipe, so to aid the cross section measurement three small
specialist calorimeters are installed in this position in ALEPH.

The Luminosity Calorimeter (LCAL) is a lead-wire sampling calorimeter, sim-
ilar in construction to the ECAL. The LCAL consists of two detectors covering a
region with radii between 10 and 52 cm, situated at 4-2.62 m from the IP, making
it sensitive down to angles of ~ 2.6° from the beam direction. The luminosity is
measured by counting Bhabha events which have the characteristic signature of
symmetric back-to-back energy deposits. LCAL provides the primary luminosity
measurement for ALEPH.

The Solid-State Luminosity Calorimeter (SiCAL) extends the coverage down
to a polar angle of ~ 1.4°. It consists of two detectors on either side of the IP that
are constructed from 12 tungsten sheets separated by silicon pads. SiCAL pro-
vided the primary luminosity measurement for the LEP1 period of data taking,
however, at the beginning of LEP2 low angle tungsten shielding was installed to
protect the central trackers from the increased beam related background. This
shielding obscures part of SICAL, providing a source of systematic uncertainty in
the luminosity measurement, and so it is now used to extend the coverage of the
overall ALEPH calorimetry.

The Bhabha Calorimeter (BCAL) has two modules located 7.7 m from the
interaction point, each consisting of 12 tungsten-scintillator layers. The rate of
Bhabha events is much higher in BCAL due to its position, allowing higher statis-
tical precision on the luminosity measurement. However, its position also places
it close to a LEP focusing quadrapole magnet, making it more sensitive to beam
related backgrounds and consequently the measurement has to be calibrated with
LCAL. BCAL is therefore used to provide an instantaneous luminosity measure-

ment and also to monitor the background conditions.

3.6 Data Collection and Reconstruction

3.6.1 Trigger

The bunch crossing rate of the electrons and positrons in LEP is of the order of

45 kHz, too high for ALEPH to record the result of every interaction. Most inter-
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actions are not in fact electron positron interactions but the result of interactions
between the beam and gas in the accelerator or the scattering of off-momentum
particles by collimators close to the IP. To reduce the amount of unwanted data
recorded a trigger system is used. The trigger system is built in three stages, each
stage using more information from the different sub-detectors in order to make
an informed logical decision on whether to keep the data from a particular event.

The three stages are summarised in Table 3.3.

Stage | Decision Time | Rate (Hz) Information Used
Level 1 5 us Few 100 Hit Patterns in ITC
Pad/wire readout
from ECAL+HCAL+LCAL
Level 2 50 ps 10 TPC tracking
Level 3 62 ms 1-3 All sub-detectors

Table 3.3: Summary of the ALEPH trigger system.

The Level 1 trigger makes a quick decision on whether to wait for TPC trigger
signals. If a Level 1 decision is negative then the readout system is stopped and
reset ready for the next event and the TPC gate is closed, otherwise the TPC gate
is left open and Level 2 checks that the tracks in the TPC originate from close to
the IP. If a Level 2 decision is positive then the readout of the entire detector is
initiated, otherwise the readout system is reset. Finally Level 3 looks at all the
sub-detector information using an online analysis program. At the end of this
process the rate of information is such that the events can easily be written to
tape. The trigger system is highly efficient and flexible, being sensitive to both

jets and single particles produced in electron positron collisions.

3.6.2 Data Acquisition

The ALEPH data acquisition system mirrors the ALEPH detector in that it is di-
vided into modules for each sub-detector which readout those particular data,
and then combines these data together to record the whole event.

The readout electronics for each sub-detector is synchronised with the bunch

crossing by the Main Trigger Supervisor (MTS). The MTS communicates with
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each sub-detector’s readout controller (ROC) via their Trigger Signal Receiver
(TSR). The job of the ROC is to initialise the electronics for the sub-detector and to
read out this electronics if a Level 2 decision is positive. At sub-detector level an
event is built by the Event Builders (EB’s), which pass the subevent onto the Main
Event Builder (MEB). The MEB combines all the information about the event be-
fore passing it to an online computer. The Level 3 trigger then decides which
events to keep by applying a basic event selection, before the event is stored on
disk by the Main Readout Computer. Data are taken in a “run” which lasts either
two hours or when 600 MB of data have been stored, whichever happens first.

When a run is finished the data are written to tape.

3.6.3 Event Reconstruction

As soon as a run has been taken the events in that run are reconstructed fully.
This is done using the Facility for ALeph COmputing and Networking (FAL-
CON), running the ALEPH program JULIA [52]. This program converts the signals
readout from the detectors into coordinates and energy deposits, which are then
grouped, by pattern recognition software, into particle trajectories in the tracking
chambers, as described in Section 3.4.4, and energy clusters in the calorimeters.
Particle identification algorithms are also used on track and calorimeter informa-
tion, as well as an energy flow algorithm, described in the next section, which
uses all the information in an event to determine as well as possible the energy
and momentum of individual particles and the whole event. The events are then
stored in data files which can be read in by the ALPHA software package [53] to be

used in physics analyses.

3.6.4 Energy Flow

The energy flow algorithm [48] uses the tracks and calorimeter information to re-
construct a set of energy flow “objects” for use in physics analyses. The overall
energy resolution is improved by making use of as much information as possible
to identify different particles. This includes track momenta, the TPC dE/dx in-
formation, the shape of the showers deposited in the calorimeters and the muon

chamber information.
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The algorithm uses only those tracks with at least four hits in the TPC, or eight
hits in the TPC and one in the ITC if the momentum is greater than 15 GeV/c. The
tracks must originate from a cylinder of length 20 cm and radius 2 cm round the
IP, thus rejecting tracks coming from secondary decays or interactions, such as
v — e*e™, which produce so-called V9 secondary vertices. The absence of hits in
the ITC is used as a cross-check for secondary vertices. Persistent noisy calorime-
ter channels are masked. Fake energy signals from noise in the detector are re-
moved by checking the compatibility of pad and wire signals in the calorimeters.

Charged tracks are extrapolated through the calorimeters and matched to en-
ergy clusters to form a set of energy flow objects called “charged calorimeter ob-
jects”. Electrons and muons are identified using the ECAL shower shape and the
muon chambers, the remaining charged objects are treated as if they were pions.
The energy of the charged objects is calculated using their track momenta and
mass and subtracted from the calorimeter cluster energy.

The remaining energy clusters are then assumed to come from neutral parti-
cles. The ECAL shower shape is used to identify photons and 7° particles. All
other calorimeter clusters are attributed to neutral hadrons. Neutrino energies
can be inferred from the missing energy in the event.

After this process a list of objects is produced which is expected to be a good
representation of the true particles in the event. If the measured energy found
in the calorimeters is summed with no regard for particle identification then the
energy resolution is [48]:

o (E) = 1.2v/E (GeV) (3.6)
for hadronic decays of the Z0. After the algorithm has been run the resolution
is [48]:

o(E) =(0.59£0.03) \/E (GeV) + (0.6 = 0.3) GeV. (3.7)

The list of objects produced by the energy flow algorithm is available for analysis,

and in fact energy flow objects are used as the basis of the measurement described

in this thesis.
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3.7 Event Simulation

Crucial to the W mass analysis presented in this thesis and to many high energy
physics experiments is the simulation of real data using Monte Carlo techniques.
These simulated data (hereafter referred to as “Monte Carlo”) are used to op-
timise and check the analysis at many stages, and many comparisons between
data and Monte Carlo are carried out which lead to a better understanding of the
analysis.

The simulation of data by ALEPH is carried out in three stages. Firstly, electron-
positron interactions are simulated by one of many different programs according
to the particular physics process under study. The programs used for this anal-
ysis are presented in the next section. This simulation is done under the ALEPH
specific KINGAL framework [54], which ensures that the events are all produced
with the same format to simplify further processing. The result of the simulation
is the kinematics of all the particles in the final state. This information is passed
to the second step in the process, the response of the ALEPH detector to the final
state particles. This is done using the GALEPH program [55], based on GEANT [56].
GALEPH simulates interactions between the particles and the sub-detectors and the
response of the sub-detectors to these interactions, producing an output which is
the same as a real event. Finally the events are reconstructed using JULIA in the
same way as real data to produce data files which can be analysed in exactly the
same way. The only difference between data and Monte Carlo files is that the
latter contain information about the true simulated process, thus enabling useful

studies to be carried out.

3.7.1 Physics Generators

The simulation of an electron-positron event typically takes place in two stages.
Firstly the underlying hard-scattering event is generated by one package, giving
as output the leptons and quarks produced in the interaction. A second program
is then used to perform the hadronisation of the event where the QCD processes
involved are simulated. The output of this stage is a set of stable hadrons that
may be seen in the detector. The Monte Carlo packages used in this thesis are

now described.
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Signal Processes

KORALW [57] version 1.21 [58] generates signal WW processes using either the CC03
diagrams shown in Figure 2.1 or the set of four-fermion diagrams giving WW like
final states computed using the GRACE package [59]. The four-fermion diagrams
can be classified according to the final state of the process as shown in Table 3.4.
The simplest cases, denoted by bold type in Table 3.4, are those diagrams involv-
ing either doubly or singly resonant W bosons only. For example, processes giv-
ing rise to a fully hadronic udcs final state involve eleven such diagrams, known
as the CC11 diagrams. These consist of the three CC03 diagrams and eight further
diagrams similar to that shown in Figure 3.12, involving quark-antiquark pro-
duction through a Z° or photon and then radiation of a W by one of the quarks.
Additional t-channel diagrams have to be included for final states involving an
electron and electron-neutrino. Final states involving particle-antiparticle pairs,
denoted by italic type in Table 3.4, have additional diagrams involving Z boson

pair production.

du|sc|etve | ptv, | THye
da |43 111! 20 10 10
e v, | 20 |20 56 18 18

0, |10 [10] 18 | 19 | 9

Table 3.4: The number of Feynman diagrams for WW like four fermion final
states.

el

e u

Figure 3.12: One of the CC11 diagrams of four-fermion production.

Multiple initial state radiation photons with transverse momentum are simu-

lated by KORALW using Yenni-Frautschi-Suura exponentiation, and final state radi-
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ation is generated with a separate package, PHOTOS [60]. The Coulomb correction

is included.

Background Processes

KORALZ [61] is used to generate the major background to the fully hadronic WW
decay, quark-antiquark production. PYTHIA [22] can also be used to generate
this background along with Z°Z° pair production and other minor backgrounds.
Any WW like four-fermion final states are removed from the Z0Z% sample to deal
with the overlap with the KORALW WW sample, although this overlap is extremely

small.

Hadronisation

Hadronisation is carried out by one of two packages. JETSET [22] is used for the
standard Monte Carlo production, while HERWIG [23, 24] is used for systematic
studies.

3.7.2 Other Samples

Additional Monte Carlo is used at /s = 188.6 GeV for studies of the systematic
uncertainties on the W mass measurement, in particular for the studies of the

final state interactions. This is described in detail in Section 7.7.

Monte Carlo Used

The number of Monte Carlo events generated is typically far greater than the

number expected in the real data. A summary of the Monte Carlo data used for

this analysis is shown in Table 3.5.
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Generator Cross Section | Events Generated | Equivalent
Luminosity
(pb) %103 (b
Vs = 188.6 GeV

KORALW WW 4f 16.9 1000 60

My =80.35 GeV/c?

KORALW WW 4f 500 30

My =79.35-81.35 GeV /c?

KORALW WW CC03 16.7 150 9

My = 80.35 GeV /c?

KORALZ qq 100.3 600 6

PYTHIA Z0 70 2.8 90 32
Vs =192 GeV

KORALW WW 4f 17.3 100 5.8

KORALZ qq 95.8 500 5.2

PYTHIA Z° Z° 2.8 50 17.7
Vs = 196 GeV

KORALW WW 4f 17.6 200 114

KORALZ qq 91.0 500 5.5

PYTHIA Z° Z° 2.9 50 17.5
Vs = 200 GeV

KORALW WW 4f 17.8 200 11.2

KORALZ qq 86.6 1000 115

PYTHIA Z0 Z0 2.9 50 175
Vs =202 GeV

KORALW WW 4f 17.9 200 11.2

KORALZ qq 84.5 500 5.9

Table 3.5: Summary of the main Monte Carlo samples used in this thesis.
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Chapter 4

Event Selection

4.1 Signal and Background Characteristics

The first step in the measurement of the W mass is to select those electron positron
interactions in which W pairs have been produced, while rejecting events involv-
ing other physics processes. The hadronic WW events are known as “signal”
and all other events as “background”. A schematic of a fully hadronic W pair
event is shown in Figure 4.1, while an ALEPH event display of a fully hadronic
WW candidate is shown in Figure 4.2. Fully hadronic events are characterised
by the production of at least four jets of hadronic particles, and therefore have a
large multiplicity and a spherical topology. There should be little missing energy
in the event, and so the total energy should be close to the LEP centre of mass
energy.

There are several different physics processes that can give final states similar
to the fully hadronic WW decay, and consequently these may be selected falsely

as an hadronic WW event. In decreasing order of importance, these are:
e*e” —qq
ete” — 797°
ete” > WHW™ — qqlv
ete™ — Z0ete”

ete™ - WTW™ — fvbv




Event Selection 57

Jet3

Jet1

W1 W2 93

Jet2
Jet 4

Figure 4.1: A schematic fully hadronic event.

The biggest contribution to the background comes from the qq process, which
has a cross section of over 100 pb compared with the WW production cross sec-
tion of 17 pb. Over 50% of qq events are characterised by radiative return to the
Z° resonance. In these events enough energy has been emitted by the incoming
electron and positron through initial state radiation that their centre of mass en-
ergy is equal to the Z° mass. Such events have a large amount of missing energy
and an invariant mass close to the Z° mass, or in some cases the ISR photon is
produced in the detector acceptance and a large amount of isolated electromag-
netic energy is seen. A large number of qq events do not possess the typical four
jet topology of hadronic WW events, instead they have a longitudinal two jet
structure. Semileptonic WW decays are characterised by having one energetic
lepton that is usually isolated from the two jets produced. They also have a large
amount of missing energy due to the presence of a neutrino which is not detected
by ALEPH. Fully leptonic W pair events are characterised by two energetic lep-
tons and a large amount of missing energy. Z°Z° events have many different final
states, the ones important to this analysis are the fully hadronic decays in which

both Z° decay to a pair of quarks.
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The goal of the event selection is to use the different characteristics of the
signal and background events to construct an algorithm that can differentiate as
much as possible between them. The algorithm should have a high efficiency for
selecting fully hadronic W pair events, and also a high purity, that is with little

contamination from background processes.

4,2 Selection

The selection of hadronic WW events is carried out in two stages. First a rough
preselection is used to remove a large proportion of background events that are
clearly not signal-like, then a more complicated selection algorithm is used to
separate signal from the remaining background. The rest of this chapter describes

these two steps in more detail.

4.2.1 Preselection

The preselection is designed to remove as much background as possible without
removing signal events, using simple criteria. Selection requirements are applied
to several variables in turn, events being removed at each stage. The criteria used

are as follows:

* “CLASS16”. At the event reconstruction stage the events are classified ac-
cording to different criteria in order to simplify later analysis. CLASS16 was
originally designed to select hadronic events at the Z° resonance, but it can
equally be applied in this analysis. All CLASS16 events must have at least
five good charged tracks within the detector acceptance, and the total en-
ergy of all charged tracks must be at least 10% of the LEP centre of mass
energy. A good track must have at least four hits in the TPC and come
from a region close to the interaction point that is defined by a cylinder
of radius 2 cm and length 20 cm. The polar angle of the track must also
satisfy |cos 6 < 0.95|. The CLASS16 requirement removes low multiplicity
background events such as fully leptonic WW events, but also events not
originating from e*e™ collisions such as beam-gas, beam-beampipe inter-

actions and cosmic rays.
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* |p;z| < 1.5(Myis — Mz), where p, is the z component of the total momentum
of all the energy flow objects observed in the event. M, is the total invari-
ant mass of all energy flow objects. This criterion removes radiative returns

to the Z° resonance in qq events.

® y34 > 0.001. y34 is the value of the jet clustering parameter y.,; where
the transition between three and four jets takes place. The parameter y.;
is described in more detail in Section 5.1. This requirement selects events
which look more like four jet events, rather than the two and three jet like
qq events. At this stage the events are forced into four jets using the DURHAM
PE algorithm as described in Section 5.1.

 The fraction of the jet energy due to charged objects must be less than 90%
of the total energy in the jet. This requirement rejects semileptonic WW
events, which often contain a highly energetic isolated charged lepton that

has been classed as a jet.

e The energy belonging to electromagnetic particles in a 1° cone around any
particle must be less than 95% of the total energy in that cone. This require-
ment rejects events in which an initial state radiation photon is produced

within the detector acceptance.

The cumulative effects of the preselection criteria on the 1998 high energy
data sample (see Table 3.1) after CLASS16 selection are shown in Figure 4.3. Also
shown in Figure 4.3 are the same distributions obtained from the KORALW WW,
KORALZ qq and PYTHIA Z°Z0 and Z%e*e~ Monte Carlo data samples generated
at /s = 188.6 GeV listed in Table 3.5. The Monte Carlo distributions have been
normalised to the observed data luminosity and are divided into WW signal, that
is all fully hadronic WW events, WW background, and all other backgrounds.
Good agreement is observed between data and Monte Carlo in the signal region.
The selection criteria applied are shown on the plots by arrows. The performance
of the preselection is shown in Table 4.1. The preselection criteria give a sample
which is ~ 37% pure with negligible loss of hadronic WW events. Good agree-
ment is seen between the expectations, for signal plus background, Monte Carlo

and the observed number of events remaining in the data.
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Figure 4.3: The preselection variables (see text) for the /s = 188.6 GeV data and
Monte Carlo.

(@) |pz] < 1.5 (My;s — Mz) distribution after CLASS16 selection.

(b) y34 distribution for data surviving the cut illustrated in Figure (a).

(c) max (Eg,/Eje;) distribution for data surviving the cut illustrated in Figure (b).
(d) max (E,;/Ej.;) distribution for data surviving the cut illustrated in Figure (c).
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Selection Efficiency | Purity | Events Events
Criteria (%) (%) | Expected | Observed
CLASS16 100.0 7.0 18972 21724
|pz] < 1.5 (Myis — Mz) 99.6 12.6 10546 10849
Y34 > 0.001 98.6 22.0 5991 5955
max (Ecp/Ejet) < 0.9 98.3 23.7 5545 5451
max (Eem/Ejet) < 0.95 97.4 37.4 3485 3293

Table 4.1: Performance of the preselection criteria, applied cumulatively to
CLASS16 events for the /s = 188.6 GeV data and Monte Carlo.

4.2.2 Neural Networks

After the preselection a sample of events is obtained in which signal and the re-
maining background events have more similar characteristics. To separate the
events a more sophisticated algorithm has to be used that takes into account
several different properties of the event at once. Such a multivariate technique
is now common in event selection for high energy physics, combining different
variables in some way to give a single number as output. This number gives an
indication of how probable it is that a particular event is signal or background.
Several multivariate techniques exist, however previous studies at lower centre
of mass energies [62, 63] have indicated that the optimal method for selecting
fully hadronic WW pair events is to use a neural network.

Neural networks are widely used in pattern recognition problems with a large
number of variables, as in the case of event selection. Neural networks may be ex-
pected to have a better performance than other multivariate techniques because
variables are combined in a non-linear fashion, ensuring that the correlations be-
tween the variables are taken into account.

A typical neural network as used for event selection is generally a feed for-
ward network consisting of several layers of neurons. This means that each neu-
ron in a particular layer is directly connected to each neuron in the following
layer, but there are no connections between the neurons in the same layer. The
first layer is the input layer and consists of one node for each of the variables un-
der consideration. These are then connected to neurons in the first hidden layer,

and so on according to how many layers are used. One or two hidden layers




Event Selection 63

are typical. Finally each of the neurons in the last hidden layer is connected to
the output layer, which for event selection purposes generally consists of just one
node giving as output a number that usually varies between zero and unity. The
higher the number the more likely an event is to be a signal event. The output
from each of the neurons is a non-linear function of the weighted sums of the

inputs to it. A typical neural net architecture is shown in Figure 4.4.

Input Layer

Hidden Layers

Output Layer

Figure 4.4: The architecture of a typical neural network.

Neural Net Training

One of the most important steps in the use of neural networks is the training of the
network to differentiate signal and background events. This is when the weights
of the connections between the different neurons are determined. Samples of
Monte Carlo signal and background events are used to perform the training. For
each event in the Monte Carlo data sample the values of the variables used as
input to the neural network are calculated. These values are then input to the
network along with an indication of whether the event is signal or background.

The weights are then varied in order to minimise the error function, which for a
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network with a single output node is defined as:
> 2
E=) (Oi-d), (4.1)
i=1

where N is the number of events in the training sample, O; is the output of the
neural network for event i and d; is the desired output, typically zero for back-
ground and unity for signal events. The minimisation is carried out in an iterative
process, using the gradient descent method.

Once the weights have converged to stable values then the performance of the
neural network has to be validated. This is carried out using different samples
of Monte Carlo events to those used for training. The classification of the event
is not provided to the neural network as input, but instead is compared with the
output. Once this has been done then the neural network is ready to be used for

the classification of real data events.

Neural Net Input Variables

Neural networks are only useful for event classification if the information pro-
vided to them has some discriminating power between signal and background.
The choice of variables to use is thus important and not necessarily straightfor-
ward due to correlations between variables. Studies have shown that good per-
formance can be obtained with the use of 14 different variables [63, 64], relating to
global event properties, properties of individual jets, and WW kinematics. These
variables are listed in Figure 4.5.

Since the training of the neural network is performed using Monte Carlo
events, it is important that there is good agreement between data and Monte
Carlo, particularly in those variables that are used as input to the net. This agree-
ment has been checked and is shown in Figures 4.6-4.9 for events surviving the
preselection criteria. The data and Monte Carlo sample used are the same as that

for Figure 4.3.

| Neural Net Performance

The output of the neural network is shown in Figure 4.10 for 188.6 GeV data

and Monte Carlo. It can be seen that the output peaks at zero and unity pro-
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Global Variables {

4

Jet Properties ¢

N

. WW Kinematics

\

Flavour Tagging {

WD RN e

193]

10
11
12
13
14

Thrust’

Sphericity’

Missing Energy

Maximum electromagnetic energy fraction

of a jet in any 1 degree cone

Maximum charged track energy fraction of a jet
Minimum number of charged particles

inajet

Sum of the four smallest

interjet angles

Angle between 2nd and 3rd jets

(ordered by decreasing energy)

Maximum jet energy

2nd minimum jet energy

Minimum jet energy

2nd minimum jet mass

Minimum jet mass

Probability of an event to be a light quark (uds)
event based on impact parameter significance of
charged particles in the event (anti b-tag)

Figure 4.5: The 14 variables used as input to the neural network. The variables
labelled with t are defined in Appendix A.
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Figure 4.6: Neural network variables 14, (see text). The open histogram repre-
sents the total Monte Carlo expectation, the contribution from WW Monte Carlo

is shaded. Data are shown as points.
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Figure 4.7: Neural network variables 5-8, (see text). The open histogram repre-
sents the total Monte Carlo expectation, the contribution from WW Monte Carlo
is shaded. Data are shown as points.
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Figure 4.8: Neural network variables 9-12, (see text). The open histogram repre-
sents the total Monte Carlo expectation, the contribution from WW Monte Carlo
is shaded. Data are shown as points.
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Figure 4.9: Neural network variables 13-14, (see text). The open histogram repre-
sents the total Monte Carlo expectation, the contribution from WW Monte Carlo
is shaded. Data are shown as points.

viding good separation between signal and background events. There is reason-
able agreement between data and Monte Carlo except for the most signal like bin
where there are less events observed than expected. To perform the separation
a value of the neural net output variable is chosen above which events are kept
and below which events are rejected. The performance of the neural network
may be evaluated using its efficiency, £, for selecting signal events and the purity,
P, of the event sample selected. These two variables may be combined into one

variable, the quality, defined as:
Q=VEP. 4.2)

These three variables are illustrated in Figure 4.11, showing their dependence on
the value of the selection criteria applied to the neural network output. It can be
seen that the quality is reasonably flat over a wide range. One may also look at
the expected statistical uncertainty for the W mass measurement described in this
thesis as a function of the cut on the neural network output, the goal being to min-
imise this uncertainty. This is illustrated in Figure 4.12, and again is rather flat. A

value of 0.3 for the neural network output was chosen as the criteria for deciding
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whether or not to keep events. The performance of the selection at each centre of
mass energy is shown in Table 4.2. A small decrease in performance is observed
as the centre of mass energy increases. This can be explained by the fact that the
training of the neural network was carried out at /s = 188.6 GeV. The table also
shows that the number of events observed is less than the number of expected
events for all energies except /s = 191.6 GeV, as expected from Figure 4.10. This
observation is confirmed by the measurement of the WW cross section [64] which
is 5.5% lower than the GENTLE [65] prediction. Many studies were performed to
try and understand this discrepancy, mainly based on using different selection
algorithms. These included a different neural network with nineteen variables,
a six variable neural network based on charged track information only and a
linear discriminant with six input variables based purely on calorimeter informa-
tion. Several linear discriminants with between four and sixteen variables were
also used. All of these various selection algorithms give a measured cross sec-
tion at 188.6 GeV that is consistently lower than the GENTLE prediction. Recently,
however, new calculations which include full O («) electroweak corrections cal-
culable in the double pole approximation [66] have become available from two
Monte Carlo programs, YFSWW3 [67] and RacoonWW [68]. These calculations predict
a cross section some 2-2.5% lower than the GENTLE calculation. Unfortunately
these Monte Carlo programs could not be used to generate events for this analy-
sis, however the effect on the fitted mass of observing less events than expected is
very small since the measurement depends upon the shape of the invariant mass

distribution and not the normalisation.
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NG 3 P Q | Events Events
(GeV) | (%) | (%) | (%) | Expected | Observed
188.6 | 90.6 | 79.8 | 85.0 1519 1426
1916 | 899 |79.3|84.4 256 276
1955 | 894 | 78.3 | 83.7 728 706
199.5 | 885|772 | 82.6 797 772
201.6 | 882 177.0 824 388 352

Table 4.2: Performance of the selection after requiring a neural network output
greater than 0.3. A small decrease in performance is observed as the centre of
mass energy increases, as explained in the text.

g I
= 1400 i e data
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% 1200 Ml WW background
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& 1000 |-

800 | CuT
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NN14 Output

Figure 4.10: The output of the neural network, showing the discrimination be-
tween signal and background events.
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Figure 4.11: Efficiency, purity and quality of the neural network as a function of
the cut on the output value. The final plot shows the efficiency as a function of
the purity. The selection criteria used in the analysis is indicated by the arrow in
each plot.
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Monte Carlo samples the same size as the data, the bottom plot is the r.m.s. of the
mass distribution for the same samples.
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Neural Net Checks

An important quality of any event selection must be that it does not bias the mea-
sured W mass by having a mass dependent efficiency. This can be checked using
several Monte Carlo samples generated with different W masses. The results of
the check are shown in Figure 4.13, where it can be seen that any dependence on
the input W mass is very small. The second point to be checked is that the choice
of the value of the cut on the neural network output does not bias the measured
W mass. This is checked using Monte Carlo of a known input W mass, and is

shown in Figure 4.14. No bias is observed.
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Figure 4.13: The neural network efficiency as a function of W mass value input
to the Monte Carlo. Little dependence on the W mass is seen. The parameters P1
and P2 are the offset and slope of a straight line fit to the data in the plot. The

x?/ndf of the fit is also given.
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by the dotted line.
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Chapter 5

Event Reconstruction

Once W pair candidate events have been selected all the individual particles ob-
served in the ALEPH detector must be associated with one or the other of the two
W bosons produced in the event, the aim being to to form variables from which

the W mass may be extracted. The most obvious of these variables is the invariant

2 " 2
M, = (Z Ei) - (Z ﬁ:) , (5.1)
i=1 i=1

where the sum is carried out over each particle assigned to the W in question.!

mass:

This process is known as event reconstruction and takes place in several steps,
each of which is described in detail in the following sections. Unless otherwise
stated all the studies in this chapter have been performed using 188.6 GeV data
and Monte Carlo.

5.1 Jet Clustering

The first step in event reconstruction is to cluster the individual objects produced
in an event into so called “jets”. The goal of jet clustering is to reproduce as
closely as possible the jets resulting from the hadronisation process of the quarks
produced by the decay of the W bosons. In the fully hadronic decays considered
in this thesis four primary quarks are produced and so in general four jets of

particles may be expected. Events selected as fully hadronic WW candidates are

n this analysis the particles are the energy flow objects described in Section 3.6.4.
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thus forced to form four jets. Hard gluon radiation takes place in a fraction of
events however, leading to five or even six jet final states. A separate treatment
of these events is not considered in this thesis but may be the source of future

improvements to the analysis.

5.1.1 Jet Clustering Algorithms

Several algorithms exist to carry out the process of jet clustering, but most use a
similar procedure. A “distance parameter”, y;;, is calculated between each pair of
objects i and j in the detector. The pair with the minimum value of this parameter
are combined to form a new pseudo-particle by adding their momenta. This min-
imisation step is repeated until y;; is greater than some predefined cut-off value,
Yeur- The pseudo-particles remaining at this stage are considered to be the jets.
The distance parameter y;; can be defined in many ways, and it is this defini-
tion that distinguishes different jet clustering algorithms. Usually y;; is defined

as some mass variable, M?, scaled by the visible energy in the detector:

ij’
2
M

Yij = g~

vis

(5.2)

The definitions of Mlzj used in different jet clustering algorithms are shown in

Table 5.1.

Algorithm Mass Variable MIZJ
JADE 2E;E; (1 — cos 6;)
DURHAM 2 (min [Eiz, EJZ]) (1 — cos 6;)
GENEVA | EiE; (1 cosby) / (Ei+E;)

Table 5.1: Definition of the mass variable MZZJ for different jet clustering algo-
rithms.

The first jet clustering algorithm was developed by the JADE collaboration [69].
This algorithm uses the invariant mass of the two objects, calculated assuming the
objects are massless. The disadvantage of this approach is that two low energy
objects can be clustered together even if they have a large opening angle. The al-

gorithm may then not be sensitive to gluon jets which tend to be softer than quark
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jets. The DURHAM algorithm [70] in effect evaluates the transverse momentum of
the lower energy object with respect to the higher one, making it more sensitive
to gluon radiation. The GENEVA algorithm [71] is similar to the DURHAM algorithm.

Each of the different clustering algorithms may be modified by using different
methods to calculate the jet four momentum. These schemes are summarised in
Table 5.2. The P and EO schemes form massless jets whereas the E scheme forms
massive jets, the jet four-momentum being simply the sum of the individual par-

ticle four momenta.

Scheme Jet four-momentum calculation

E Ejj = E; +Ej, pij = Pi + Pj

P Eij = |Pijl. Pij = Pi 1

EO Eij = Ei + Ej, pij = Eij (i + 7)) / |Pi + i

Table 5.2: Different schemes of deﬁning the jet four momentum in jet clustering
algorithms.

Two other algorithms exist, LUCLUS [72] and PTCLUS [73], that include an ad-
ditional step in the jet clustering process. In these algorithms once the initial jets
have been formed particles may be assigned to a different jet by consideration of
the particles transverse momentum with respect to the jet.

The choice of jet clustering algorithm was made after studies performed for
previous analyses [62, 63]. Monte Carlo studies were made to compare the re-
constructed invariant mass of a pair of jets with the true generated W mass using
different jet clustering algorithms, considering both the size and resolution of the
mass shift. It was found that the DURHAM algorithm gave the smallest shift and
resolution when used in the “PE” scheme. In this scheme the objects are clustered
into jets using the P scheme, assuming they are massless, as this is found to min-
imise misassignment of objects to jets. The four-momenta of the objects are then
combined to form massive jets as in the E scheme.

After jet clustering the invariant mass of a reconstructed W boson candidate

is just that of a pair of jets, hereafter referred to as the dijet mass.
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5.1.2 Jet Energy Corrections

The whole of this W mass measurement depends on good agreement between
data and Monte Carlo, in particular the W mass extraction, as explained in Chap-
ter 6. It is important that this agreement is checked at different stages throughout
the analysis. The reconstruction of the jets may be studied, in particular the jet
energy. This is carried out using the calibration data taken at the Z° resonance,
shown in Table 3.1. Events with two jets resulting from the fully hadronic decay
of a ZY boson are selected in both the data and Monte Carlo. Since the Z° bosons
are produced at rest the jets are produced with equal and opposite momenta.
The energy carried by each jet should on average be equal to the LEP beam en-
ergy, Epean, however, the measured jet energy will not in general be equal to the
true jet energy due to the response of the detector. To check the simulation of the
detector in Monte Carlo the ratio of the measured jet energy to the beam energy

may be compared to the same ratio in data. The double ratio, R, is formed:

_ (Bjet/ Eveam) g, . (5.3)
(Ejet/ Evean) mc

ThlS ratio is shown in Figure 5.1 as a function of polar angle. If the Monte Carlo
reproduces the data perfectly the ratio should be unity. Small differences between
data and Monte Carlo are seen, particularly in the overlap region between the
barrel and endcap calorimeters, rising to approximately 3% in the regions close
to the beam pipe. To take these differences into account any Monte Carlo data
used in the analysis has its jet energies corrected by this ratio, depending upon

which bin of Figure 5.1 the jet polar angle falls.

5.2 Kinematic Fitting

Kinematic fitting is one of the most important steps in the W mass measurement.
Since LEP is an electron positron collider then in principle both the centre of mass
energy of the event and the total momentum are known. The total energy and
momentum of the observed particles in the detector should be equal to these

quantities, however, detector related effects such as the finite energy resolution
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of the detector and particle losses in the beam pipe mean that this will not be the
case. The kinematic fit exploits the knowledge of the total energy and momentum

in order to improve significantly the resolution of the jets and therefore the dijet
invariant mass resolution.
5.2.1 Kinematic Fit Principles

Kinematic fitting works by varying the energy and momentum of the measured
particles, in this analysis the four jets, until the constraints of energy and momen-

tum are satisfied:

= ZEbeam

-
3

...
i
red

gl
FDi

~

pi =

...
Il
e

The variation of the four vectors is carried out by minimising an appropriate x>
function derived from the measured and fitted four-momenta, whilst imposing
the energy and momentum constraints in a suitable fashion. In addition to these
constraints equal dijet masses may be imposed, since the W bosons are expected
to be produced with approximately equal masses.

Two kinematic fitting packages have been studied, ABCFIT [75] and KINFIT [76],
taking different approaches to the different steps involved in a kinematic fit; these

are now explained in detail.

5.2.2 ABCFIT

ABCFIT [75] imposes the constraints through Lagrange multipliers, using an iter-

ative process to minimise the quantity
$(7A) =@-7)" V' T- 7o) +2AF @), (5.4)

- where 7 are the fitted correction factors, 1y the expected correction factors, A the
Lagrange multipliers, f (7) the vector of constraint functions, and V is the covari-

ance matrix.
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The correction factors are three variables for each jet, a;, b, ¢;, that transform
the measured momenta of the jets into the fitted momenta by scaling and intro-

ducing shifts in the 6 and ¢ directions:

ﬁ{it = exp (aj) —ﬁ}neas + bjﬁ? + C].[[‘P (5.5)

where ﬁ? and iZ;P are unitary vectors in the § and ¢ directions perpendicular to
the measured momentum. If the jets were measured perfectly then the correc-
tion factors would all be zero. The jet energy is scaled by the same factor as the

momentum, in other words the jet velocity B is assumed to be constant:

=meas —'f it
p= 1 i (5.6)
E]meas Efit ’

)

The correction factors aj, bj, and ¢j and the covariance matrix V are deter-
mined from Monte Carlo data as described in Section 5.2.4. The correction factors
are parametrised as functions of the measured jet energy and polar angle. They
are assumed to follow Gaussian distributions and thus the value of S at the min-
imum is distributed like a x? distribution. A x? distribution is characterised by
the number of degrees of freedom, defined as the number of measured quanti-
ties minus the number of independent fitted parameters. There are twelve fitted
parameters, the three correction factors for each jet, and four constraints, giving
eight independent fitted parameters. There are twelve measured quantities, the
expected correction factors for each jet, and so the distribution of the minimum
values of S should be described by a x? function having four degrees of freedom.

To minimise S we require that the derivatives of S with respect to the correc-

tion factors and the Lagrange multipliers must both be zero:

i : ‘ (5.7)

The derivatives are calculable analytically and so the minimisation is typically

fast.
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5.2.3 KINFIT

The KINFIT package [76] varies from ABCFIT in both minimisation technique and
imposition of the constraints, which is performed implicitly through the descrip-
tion of the WW decay kinematics. There are 16 measured kinematic variables in
a fully hadronic event, the four-vectors of the four jets. These may be reduced
to a set of twelve independent variables under the assumption that the eventis a

fully hadronic WW decay. These parameters, shown in Figure 5.2, are:

* My, and My,, the masses of the two W bosons, or more properly the in-

variant masses of the two jets assigned to each W.

* § and ¢, the polar and azimuthal angles of W in the laboratory frame. The

direction of W1 must be opposite to that of Wo.

* 07 and ¢j, the angles describing the direction of jet 1 in the rest frame of Wy,
with respect to the direction of W;. The direction of jet 2 is opposite to that

of jet 1 in this frame.

* 03 and ¢3, the angles describing the flight direction of jet 3 in the rest frame
of Wy, with respect to the direction of W,. The direction of jet 4 is opposite
to that of jet 3.

e M, My, M3 and My, the masses of the four jets in the final state.

These twelve variables define a space in which an appropriate x? function is min-
imised. Once the minimisation is complete the variables are transformed back to
give the four vectors of the fitted jets. Since two of the variables in the minimi-
sation space are the dijet masses then the errors on the fitted masses are easily
available after minimisation.

The x? function is constructed using four parameters to describe each jet.

These are:
* AB = A(p/E), the velocity difference between the measured and fitted jets.

* AE, the energy difference between the measured and fitted jets.
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Figure 5.2: Variables describing W pair decay.

e Two components of the transverse momentum of the measured jet with re-

spect to the fitted jet, perpendicular to each other, as shown in Figure 5.3.

— p?, the component lying in the plane containing the beam axis and the

fitted jet.

~ pffn, orthogonal to the plane containing the beam axis and the fitted jet.

Figure 5.3: The parameters p% and p#.

As with the a;, b; and c¢; parameters for ABCFIT the average values and resolu-
tions of these parameters are determined from Monte Carlo simulation. The x?

function has a contribution from each jet:

4
=YX (5.8)
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this being constructed as:

AE' \ T AE’
A’B/ 3 A[SI
Gl e |V e ) ©9)
/
ApY ApY;

Where V is the correlation matrix and the primed quantities are defined as

AEMeas _ AEfit
UAEfii .

AE = (5.10)

The x? function is again characterised by four degrees of freedom since there are
sixteen measured parameters, four for each jet, and twelve independent fitted
parameters. The minimisation is performed using the MINUIT package [77], and
is much more CPU intensive than ABCFIT. The major differences between the two

kinematic fitting packages are:
* Choice of correction factors.
¢ Minimisation technique.

* KINFIT allows the B of the jets to vary while ABCFIT keeps it constant.

e CPU time.

5.2.4 Parametrisation of Corrections

Both kinematic fitting packages depend on correction factors that are applied to
the jets. These corrections depend on the energy of the jet and its direction. The
average values and resolutions are determined using WW Monte Carlo data mak-
ing use of the true jet properties before detector simulation and the measured
properties after detector simulation.

A large sample of fully hadronic WW events is taken from Monte Carlo sim-
ulated data. The DURHAM PE algorithm is used to cluster both the reconstructed
enérgy flow objects and the true particles before detector simulation into four
jets. An association is then carried out between the jets at each level of recon-

struction. The jets are divided into different bins depending on their energy and
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polar angle. The appropriate correction factor is calculated for every jet, e.g.
AB = Bmeas — Btrue for KINFIT or a; = ln( ﬁ;”‘e / ;'9“;?””5 ) for ABCFIT. Distri-

butions of each correction factor are made for each bin, and a Gaussian function

fitted to each distribution. The distributions for the ABCFIT parameters in one bin
are shown in Figure 5.4 along with the fitted Gaussian distributions. It can be seen
that the fits are not perfect mainly due to effects such as the different resolutions
of the particles in the jet such as neutral hadrons and charged particles. The re-
sulting mean values and resolutions of the fitted Gaussian distributions together
with the errors on these values are used to construct two dimensional histograms
in energy and cosine of the polar angle. Finally two dimensional polynomial
functions are fitted to the histograms to obtain descriptions of the energy and po-
lar angle dependence of the correction factors. The measured and fitted values of
the a; parameter are shown in Figure 5.5. The correlations between the correction
factors may be obtained in the same way, or alternatively an average value of the

correlation over the whole energy and angular range may be taken.
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Figure 5.4: Distributions of the ABCFIT parameters 4;, b; and c; for jets in the
range 45 GeV < E < 51 GeV, 0.0 < cos@ < 0.1, together with fitted Gaussian
distributions. The x? of the fit is shown together with the mean and resolution.
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Figure 5.5: Distributions of the measured and fitted mean and resolution of the
ABCFIT correction factor 4;.
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5.2.5 Performance

The performance of the different kinematic fits may be evaluated using Monte
Carlo events, ensuring that a different sample than that used to parametrise the
correction factors is used. Firstly the difference between the dijet invariant mass
obtained after kinematic fitting and the true generated W mass may be examined.
Naively it may be expected that this distribution would have a mean of zero, indi-
cating that the kinematic fit has introduced no bias into the mass reconstruction,
however this is not the case. Instead a small positive bias is expected due to the
presence of initial state radiation (ISR), as explained in detail in Section 5.3. Fig-
ure 5.6 shows the difference between the fitted dijet mass and the true W mass
for both kinematic fit packages, along with the corresponding distributions for
events with an ISR energy less than 0.5 GeV, for which a smaller bias is seen.
It can be seen that the mean and resolution is slightly smaller for ABCFIT than
KINFIT.

The x? distribution, or more usefully, the x? probability distribution of the
kinematic fits may be plotted. If the values of x? obtained after minimisation are
truly drawn from a x? distribution then the probability distribution will be flat.
As Figure 5.7 shows this is largely the case over a wide range of probability, apart
from very small probability values where there is a large peak. This peak indi-
cates that approximately 10% of events do not fit well the kinematic fit hypothesis
of energy and momentum conservation, largely due to mis-measurement of the
event in some way, for example particle losses down the beam-pipe, or initial
state radiation. The fact that the Gaussian description of the correction factors is
not ideal also leads to an underestimation of the resolution on the correction fac-
tors for those events in the tails of the distributions in Figure 5.4, thereby leading
to a large x? value and thus a very small x? probability. Figure 5.8 shows that
the size of the peak in the x? probability in data is well reproduced by the Monte
Carlo simulation. Figure 5.7 also shows that the x? probability distribution of
KINFIT rises slightly for large values of probability. This indicates that the resolu-
tion on the correction factors are overestimated for some events, corresponding
to those events in the core of the distributions in Figure 5.4. This leads to a smaller

than expected x? value.
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Figure 5.6: The difference between the dijet mass after kinematic fitting and the
true W mass. Figures (a) and (b) show the results after ABCFIT, Figures (c) and (d)
the results of KINFIT. Figures (a) and (c) are obtained using all WW Monte Carlo
events selected as hadronic candidates. The positive bias due to initial state ra-
~diation is shown by the results of the fit to the peak position. Figures (b) and (d)
are obtained using just those events with an ISR energy of less than 0.5 GeV. The
bias in the mass is much smaller.
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Figure 5.7: The x? probability distribution for (a) ABCFIT and (b) KINFIT for WW
Monte Carlo events. These plots show a largely flat distribution, indicating that
most events fit the kinematic fit hypothesis well. Roughly 10% of events fail the
kinematic fit hypothesis in some way leading to large x? values and thus a peak
at small values of x? probability.
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Finally the errors on the fitted dijet invariant mass may be studied using the
pull distribution. The pull is defined as

Mwmcas - thrue . (511)
UMWrrzeas

If the error on the dijet mass is well reconstructed by the kinematic fit then the

pulls should be distributed as a Gaussian with a mean of zero and a unit width.
Figure 5.9 shows that this is not in fact the case for either kinematic fitting pack-
age. The width is larger than expected, and the distributions have tails to large
values. This indicates that for at least some events the errors on the dijet masses
are underestimated. There are many different contributing factors to why this is
the case, including the inadequate parametrisation of the correction factors and
the misassignment of particles to jets. In four jet events particles can be wrongly
clustered into a jet with particles coming from the other W boson. The error due
to this effect is not taken into account in the kinematic fitting and would be diffi-
cult to include, involving calculating correlations between the correction factors
from different jets. The fact that the errors are poorly described means that it

would be hard to justify their use in the W mass measurement.

5.2.6 Choice of Kinematic Fit

The choice of which kinematic fitting package to use was based upon their perfor-
mance, as described in the previous section, in particular the dijet mass resolution
and the x? probability distribution. As shown in Figure 5.6 the mass resolutions
are similar, with ABCFIT having the slightly better resolution. ABCFIT also has a
smaller bias when considering those events containing ISR of less then 0.5 GeV.
The x? probability distribution of ABCFIT is flatter than KINFIT, however there
are more events in the peak at low x? probability. The performances of both
packages are relatively similar, and so it was decided to use ABCFIT fit largely
for reasons of computation time. ABCFIT runs approximately 25 times faster than
KINFIT, providing a considerable time saving when considering the large number
of Monte Carlo events that are used in the analysis. ABCFIT is also based directly
on the kinematic fitting package used in previous analyses [62, 63]. Figure 5.8
shows the comparison of the ABCFIT x? probability distribution function for the
V/s = 188.6 GeV data and Monte Carlo; good agreement is seen.
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Figure 5.9: The pull distributions for (a) ABCFIT and (b) KINFIT. This distribution
should be a Gaussian of unit width with a mean of zero. It is clear that this is
not the case, indicating that the errors on the fitted dijet masses are not properly
understood.
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5.2.7 Rescaling

The dijet mass resolution after kinematic fitting can be further improved by rescal-

ing with the LEP beam energy:

E
Mee = Mjj % Ei”j_“"éj , (5.12)

where M;; is the invariant mass of jets i and j. The improvement in the invari-
ant mass resolution after kinematic fitting and rescaling is shown in Figure 5.10.
The rescaled masses are not in themselves better estimators of the dijet masses,

but when combined add more information through their dependence on the W

velocities. This is explained in more detail in Appendix B.
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Figure 5.10: The reconstructed dijet mass resolution for measured jets, after a 4C
kinematic fit and after rescaling with the beam energy.
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5.3 Initial State Radiation

The fundamental idea upon which kinematic fitting is based is that we have
knowledge of the centre of mass energy of the event, assumed to be twice the
beam energy of LEP, and that the total momentum is zero. However this as-
sumption is wrong in a large fraction of cases due to initial state radiation (ISR),
when one or more photons are emitted by the incoming electron and positron.
This leads to a reduction in the centre of mass energy in the collision, and also
the total momentum will not be zero. In many events the energy lost through ISR
will be very small, and so will be indistinguishable from the finite energy resolu-
tion of the detector to the kinematic fit. As a result of higher energy ISR the dijet
invariant mass peak after kinematic fitting will have a positive bias, since the as-
sumed energy is larger than the true centre of mass energy. As long as the Monte
Carlo accurately models the data then this positive bias should have no effect on
the fitted W mass due to the mass extraction technique used in this thesis, Monte
Carlo reweighting, described in Chapter 6. However, the presence of the ISR also
tends to worsen the invariant mass resolution. It may be hoped that an improved
treatment of ISR will lead to an improved invariant mass resolution and an im-
proved statistical error on the final fitted W mass. The presence of ISR also leads
to a degradation in the performance of the kinematic fit. As shown in Figure 5.8
the x? probability distribution is not flat, there is a peak at very low values of
x? probability. This peak corresponds to events that do not fit the kinematic fit
hypothesis, and thus have very large x? values. ISR with energies greater than
0.5 GeV is present in over 50% of the events in the peak, and the higher the energy
of the ISR emitted the more likely the event is to fail the kinematic fit, as shown

in Figure 5.11.

5.3.1 Undetected ISR - Inclusion in the Kinematic Fit

Most ISR is emitted along the LEP beam pipe, since it is produced collinear with
the electron or positron. The ALEPH detector therefore has no chance of observ-
ing these photons. The hypothesis that collinear ISR has been emitted may, how-

ever, be included in the kinematic fit, under the assumption of one photon, as
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Figure 5.11: The ABCFIT kinematic fit x? probability as a function of the energy
lost through initial state radiation. Events where a large amount of energy has
been lost are more likely to fail the kinematic fit.




Event Reconstruction 98

described in [78]. There are two stages to this; the first is to change the constraints

to take into account the ISR:

(v5,0) = (V5= E4,0,0,-py) , (5.13)

where (E,, 0,0, p,) is the four vector of the emitted photon. The second stage
is a modification of the x? of the fit by the addition of an extra term describing
the ISR photon. This could be done by introducing the likelihood concept and

adding a term such as
g (py) = =2In(F (py)) , (514)

where I (p,) is the probability distribution of the ISR as a function of the photon
energy. To lowest order the ISR spectrum is given by [2]:

p (x)dx = BexPeldx, (5.15)

where x = p,/v/s and Be = 2 (In (s/m?) — 1) and has a value of 0.114 at /5 =
188.6 GeV. The probability distribution is shown in Figure 5.12. As can be seen
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Figure 5.12: The ISR probability distribution as a function of ISR z momentum.

this distribution has a pole when x = 0 and so the kinematic fit would always
take as the preferred value p, = 0. One solution to this problem is to use a cut-off

in the ISR energy, excluding photons below a certain energy. However the choice
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of this cut-off is not necessarily straightforward. Another possible solution is to

use the confidence level
C(x) = /oo ply)dy =1 —xPe. (5.16)
x
The function to be minimised is then not anymore a x? but is constructed as:
G(x) = =2In (Pyc (x)) = 2In (C (x)) , (5.17)

in order to properly normalise the two different contributions, where Pyc (x) is
the kinematic fit x> probability. Two fits are performed to take into account the
ambiguity in the ISR probability distribution between the two possible photon
directions.

For simplicity and to avoid modification of the ABCFIT program code the fol-
lowing procedure was used. A small additional piece of code was written which
makes use of the CERNLIB routine RMINFC [79]. This minimises a function of one
variable in a given range, here Equation 5.17 is minimised as a function of the ISR
z momentum. ABCFIT is called with the appropriate constraints, according to the
photon z momentum, and then the correct term to be added to take into account
the ISR is calculated. Figure 5.13 shows the outcome of some different fits using
Monte Carlo events.

Figure 5.14 shows the outcome of many different fits, where the fitted ISR z
momentum is plotted against the true z momentum obtained from Monte Carlo
information. In many cases the fit is successful and manages to fit correctly the
true ISR in the event. However there are also a large number of cases in which
the fit falsely creates ISR when there is actually none present. An example of such
a fit is shown in Figure 5.13, where it is clear that the fit recreates the missing z
momentum in the event and not the true ISR z momentum. It is also clear that
there are some events in which the fitted z momentum is zero but there is ISR
present in the event. Figure 5.15 shows the dijet invariant mass resolution before
- and after performing the fit for ISR, and also the rescaled mass after the jet pairing
algorithm, described in Section 5.4, is applied. The effect of including beam ISR
is to give a negative bias to the reconstructed mass, due to the inclusion of the

“false” ISR. The resolution is only slightly improved.
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Figure 5.13: Examples of including the ISR hypothesis in the kinematic fit for four
different events. The plot shows the values of the likelihood type function which
is minimised. The arrows show the true ISR z momentum, the fitted ISR z mo-
mentum and the overall missing z momentum in the event. Figures (a), (b) and (c)
show good fits where the fitted z momentum is a reasonable representation of the
‘true z momentum. Figure (d) shows an example of an event in which the fitted
momentum is the missing z momentum rather than the true ISR z momentum.
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The expected statistical uncertainty for the whole mass analysis was evalu-
ated using the /s = 188.6 GeV Monte Carlo as described in Section 6.3.1. With
no fit for ISR the average uncertainty for 200 sub-samples of the same luminosity
as the data was 99.5 + 0.2 MeV/c2. After including the hypothesis of beam ISR
for just those events with a bad 4C kinematic fit x? probability (< 0.01) the aver-
age uncertainty was 103.4 & 0.3 MeV/c?. Thus including the hypothesis of ISR

worsens the statistical precision of the W mass measurement and so is not used.
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Figure 5.14: The fitted ISR z momentum plotted against the true ISR z momen-
tum, obtained using WW Monte Carlo events. The left hand plot is for all selected
events, the right hand plot just those with a bad 4C kinematic fit x? probability.

5.3.2 Detected ISR

A significant number of selected hadronic events have an ISR photon that is not
along the z direction but is inside the ALEPH detector acceptance, down to an
angle of 1.4° from the beam in SiCAL. Table 5.3 shows the fraction of events with
ISR in the detector obtained from Monte Carlo studies of WW events. Figure 5.16
shows the polar angle distribution of ISR photons that are within the detector
acceptance. As expected from the ISR probability distribution this is strongly
peaked at |cos 8| ~ 1, but shows that photons are produced throughout the whole

angular range. These photons are included in the jets when they are clustered and
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Figure 5.15: The mass resolution before (left hand plots) and after (right hand
plots) accounting for collinear ISR in the kinematic fit for selected WW Monte
Carlo events with P (x?) < 0.01. The top plots are the result of a 4C kinematic
fit, the middle plots after rescaling, and the bottom plots the result of applying
the jet pairing and mass window algorithm.
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will therefore introduce a bias into the reconstructed dijet mass, and also worsen

the mass resolution.

Photon Total Fraction of | Number of | Fraction of
Energy | Numberof | Selected |ISRPhotons | Selected
(GeV) | ISR Photons | Events (%) | in Detector | Events (%)

> 3 GeV 3024 17 1110 6

> 5GeV 2144 12 777 4

Table 5.3: The number of ISR photons in the detector determined from Monte
Carlo studies of WW events.

An algorithm was developed to select ISR photons within the detector accep-
tance, based upon their energy and angular isolation from other objects. Photons
produced as part of the hadronisation process are expected to be close to other
objects in the detector, and generally of low energy. ISR photons are not influ-
enced by hadronisation and so more are produced with a greater separation from
other objects. The high energy ISR photons are those that introduce larger biases
in the reconstructed mass so it is more important to be able to select these. The
variable used to describe the isolation of the photon is simply an angle « that is
defined as the angle between the photon and the closest energy flow object to it.
The energy spectrum and isolation angle of all photons and ISR photons only are
shown in Figure 5.17. The criteria chosen to select ISR photons depend on the
location of the photon in the detector, so if the candidate photon falls either in
SiCAL or LCAL it is required to have an energy greater than 3 GeV and an isola-
tion of cos & < 0.99, corresponding to an angle of approximately 8°. In the ECAL
ISR photons are harder to identify due to the much larger number of hadronisa-
tion photons and so a minimum energy of 5 GeV is required with an isolation
of cosa < 0.95, corresponding to approximately 18°. The performance of this
selection is shown in Table 5.4.

Once a photon is selected as an ISR candidate then it is removed from the re-
construction process, so that the four jets are clustered without it. The constraints

used in the kinematic fit must be modified as:

(E,7) = (Vs —Ey, —Py) . (5.18)
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angular acceptance in WW Monte Carlo events selected as fully hadronic candi-
dates.
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Figure 5.17: The energy and isolation angle distributions of all photons (left) and
ISR photons (right) in WW Monte Carlo events selected as fully hadronic candi-
dates. It can be seen that a greater proportion of ISR photons have a high energy
and larger isolation angle than for hadronisation photons. The difference in the
scales of the y-axes should be noted
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Detector Selection Total Number | Matched | Efficiency | Purity

of Photons to ISR (%) (%)
Selected
SICAL E > 3 GeV 234 122 100 52
+cosa < 0.99 117 99 81 85
LCAL E >3 GeV 1067 170 100 16
+cosa < 0.99 239 143 84 60
ECAL E > 5GeV 33784 326 100 1
+ cosa < 0.95 188 148 45 79
| ALL | | 544 | 390 | 63 | 72 ]

Table 5.4: Efficiencies and purities for ISR photon selection, determined using
WW Monte Carlo events selected as fully hadronic candidates. Here the effi-
ciency is defined as the fraction of all ISR photons which are selected and the
purity is the fraction of photons selected which are true ISR photons.

The rescaling is performed in the rest frame of the four jets using the correct beam
energy.

Figure 5.18 shows a clear improvement in the reconstructed mass resolution
after selecting and removing ISR candidates, both in terms of resolution and bias.
After carrying out the mass extraction process the average statistical uncertainty
on the W mass is reduced from 99.5 4+ 0.2 MeV/c? to 98.2 + 0.2 MeV/c?, thus
although the improvement is small it was decided to use this ISR selection in the
reconstruction step of the analysis. Figure 5.19 shows comparisons of the data
and Monte Carlo expectations for the photon energy, angular separation, «, and
angular distribution. Reasonable agreement is observed. In the 188.6 GeV data

70 ISR candidates are observed, whereas 66 are expected from Monte Carlo.
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Figure 5.18: The mass resolution before (left hand plots) and after (right hand
plots) selecting and removing ISR photons observed in the ALEPH detector, ob-
tained from WW Monte Carlo events containing an ISR candidate photon. The
top plots are the result of a 4C kinematic fit, the middle plots after rescaling, and
the bottom plots the result of applying the jet pairing and mass window algo-

rithm.
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Figure 5.19: The comparison between data and Monte Carlo simulation for the
ISR photon energy, angular separation, cos &, and angular distribution, cos 6, for
hadronic WW candidate events containing an ISR candidate photon. The Monte
Carlo distributions are represented by the histograms and are separated into sig-
nal, ie true WW events, and background, non WW events.
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5.4 Jet Pairing

Once the kinematic fit has been performed the next step is to assign each of the
four jets to one or the other of the two W bosons. There are three ways of doing

this, neglecting differences between the W+ and W™, as shown in Table 5.5.

Combination W, W,
1 Jet1 +Jet2 | Jet3 + Jet4
2 Jet1l+Jet3 | Jet2 + Jet4
3 Jet1l + Jet4 | Jet2 + Jet 3

Table 5.5: Different jet pairing possibilities.

The algorithm used by ALEPH at 183 GeV [80, 62] was based upon the differ-
ence between the two invariant masses formed by the jets assigned to each W,
the angle between these jets, and also cuts applied to the dijet invariant masses
(the mass-window criterion). For this analysis a new algorithm has been devel-
oped in which the CC03 matrix element is used in place of the dijet invariant mass
difference [81]. The combination chosen is the one with the largest value of the

matrix element squared:

’M (M T ol vt pivt, ) i

, (5.19)

where M(,i,f is a reference mass chosen to be 80.35 GeV/ c?, T(K,f is the correspond-

ing Standard Model prediction for the W width, 2.094 GeV /¢, and p! is the four-

momentum of the j-th jet. The first combination is rejected if it has the smallest

sum of dijet opening angles, and the combination with the second largest ma-
trix element squared is chosen instead. Both masses must lie between 60 GeV /c?
and 86 GeV/c? and at least one of the masses must lie in the range 74 GeV/c? to
86 GeV/c2. If the first combination does not satisfy the mass window condition
then the second combination is chosen if it satisfies the mass window and does
not have the smallest sum of dijet opening angles. If the second combination fails
these requirements then the event is rejected. The combination with the largest
matrix element squared is chosen in 90% of selected events and the second com-
bination 10%. The final number of selected and observed events is summarised
in Table 5.6. The number of observed events is less than the number of expected

events as explained in Section 4.2.2.
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NG I3 P Events Events
(GeV) | (%) | (%) | Expected | Observed
188.6 | 76.4 | 84.7 1214 1093
1916 |73.5|85.7 194 206
1955 | 70.2 | 86.2 519 487
1995 | 65.4 | 86.5 525 494
201.6 | 63.1 | 86.7 247 208

Table 5.6: The expected and observed number of events after all selection cuts.

5.5 Invariant Mass Distribution

After reconstruction of the events a final invariant mass distribution is obtained.

Figure 5.20 shows a comparison of this distribution for data and Monte Carlo

simulation with an input W mass of 80.35 GeV/c?. Reasonable agreement is seen,

although it is clear from this plot that the data prefers a higher value for the W

mass. The W mass is actually extracted from a two dimensional distribution as

shown in Figure 5.21, where the data and Monte Carlo distributions are plotted

separately to show the fluctuations in the data sample that are smoothed out in

the Monte Carlo.
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Chapter 6

W Mass Extraction

6.1 Mass Extraction Methods

Several different techniques exist for extracting the W mass from the reconstructed
dijet invariant mass distribution. A brief description of some of these is now
given before the technique of Monte Carlo reweighting as used in this analysis is

described in more detail.

6.1.1 Breit-Wigner Fit

An analytical function such as a double Breit-Wigner is used to fit the invariant
mass distribution. In general the fitted function will not be able to describe the
experimental distribution perfectly due to effects such as initial state radiation,
background contamination and detector resolution. This fact leads to a bias in
the fitted W mass which must be corrected for using calibration, whereby Monte
Carlo samples generated at several different W mass values are treated as data
and their W mass fitted. The response of the fitted W mass to the W mass at
which the Monte Carlo is generated is then found. This calibration provides a

source of systematic uncertainty in the measurement.

6?1‘2 Convolution

The convolution method is an extension of the simple Breit-Wigner fit, taking
into account the detector response. An analytical function describing the under-

lying physics of the event is convoluted with a function describing the detector
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resolution on an event by event basis. Generally the physics function is more
complete, and is often the differential cross section in terms of the two invariant
masses, usually including an ISR description. This method uses a lot of compu-
tation time, making stability and systematic checks difficult. Although as much
information as practical is included the convolution method also needs calibrat-
ing. Studies have shown this method to be not quite as statistically powerful as

the Monte Carlo reweighting technique [82].

6.1.3 Monte Carlo Interpolation

A large number of Monte Carlo samples are generated with different W masses.
The event selection and invariant mass reconstruction is carried out for each of
these samples in order to obtain an invariant mass distribution that can be di-
rectly compared with that obtained from the data. A x? quantity that describes
how well the data distribution fits the different Monte Carlo distributions is con-
structed and then the best estimate for the fitted W mass is obtained by interpo-
lation between the Monte Carlo W mass points. This method has the advantage
that the Monte Carlo and data events are treated in exactly the same way so that
no calibration is needed. The major disadvantage of this method and the one that
stops it being used in practice is the huge number of Monte Carlo events needed,

taking far too much computation time to generate.

6.2 Monte Carlo Reweighting

Monte Carlo reweighting is the method used to extract the W mass in the analysis
described in this thesis. It follows directly from Monte Carlo interpolation, but
the technique of reweighting removes the need for many different samples of

Monte Carlo events.

6.2.1 Principle

A large sample of Monte Carlo events are generated at a reference W mass, M;f,f ,
and the invariant mass distribution obtained in the same way as for the data.

This distribution can be made to correspond to the invariant mass distribution
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obtained from a sample of Monte Carlo at a different W mass, M, by reweight-
ing. The reweighting is carried out on an event by event basis, the weight for
each event being calculated using the CC03 matrix elements for the event. These
matrix elements depend on the W mass, W width, and four-momenta of the four

fermions produced by the WW decay. Since the weight, given by
2
- IM (MO Tl ph v vt ]

ref ref 3 .4 27 (6.1)
‘M (Mw Ty 'pil'pizfpi’pi')

w; (Me\/' F;f,f)

is an event weight, distributions other than the invariant mass may be reweighted,
possibly allowing for improvements in the statistical uncertainty on the measured
W mass by fitting several mass dependent distributions at once. Previous stud-
ies [62] have shown that the effect on the fitted mass of using the CC03 matrix
element instead of the full four fermion matrix element is negligible, a difference
of approximately 3 MeV/c? was observed at /s = 172 GeV [62], whilst taking
less computation time to calculate.

Invariant mass distributions are produced by the reweighting technique cor-
responding to W masses in the region between 79 GeV/c? and 82 GeV /c?, sepa-
rated by 25 MeV/ c2. These distributions are fitted to the data distribution, with
linear interpolation to masses intermediate to those generated. This interpola-
tion has a negligible effect on the fitted W mass and greatly speeds up the fitting
process [62]. Previous studies have shown that the statistical precision of the mea-
surement may be improved by using a two dimensional mass distribution [62] in
place of a one dimensional distribution. Each dimension in this distribution is
one of the two reconstructed masses obtained after the 4C kinematic fit, rescaling
and jet pairing procedure. The alternative to using a two dimensional distribu-
tion is to reweight two one dimensional distributions independently and then
combine the results taking into account the expected correlation between the two
fitted masses, and in fact this method was used for the low statistics measure-
ment at /s = 172 GeV [83]. When the two dimensional distribution is used the -
improvement in the statistical precision arises because the correlations are taken
into account on an event by event basis. At /s = 183 GeV the improvement in

the expected precision of the measurement was 10% [62].
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6.2.2 Construction of Probability Density Function

The Monte Carlo reference invariant mass distribution is the sum of two sepa-
rate distributions, one for signal and one for background, each binned separately.
Each event gives a single coordinate on the two dimensional mass plane (M;, M5)
which is then reflected about the diagonal of this plane in order to reduce sta-
tistical fluctuations in the probability density function. The probability density
function for a data event to have a particular invariant mass coordinate is then
taken as the sum of the signal and background distributions:

Nj (Miy) N

+ Py (Mgv)

pdficta = pdfsignar + Paforg = Ps (Miy ) — s ag, 2
ata signa g 5( W) Af]-Ntsot A}Iéthbot

where (i, j) is the signal bin in which the event falls and (k, I) is the background
bin. The area of the bin is A and is defined as (5Mf X 5M]5) and (6M! x SM?) for
signal and background respectively. The number of background events found in
the bin (k, 1) is N,fl ; for signal the number of events in the bin (7, j) depends on the
W mass that the distribution has been reweighted to:
N/
N;, (M%,) = ) Wiew (Mgv) . (6.3)
fevt=1
Nir]fef is the number of events in bin (i, j) when the events are unweighted and
MY, = M\r:,f . The event weight, w;sy, is taken from Equation 6.1. N§, and N&,
are the total number of signal and background events on the (M;, M) plane. P
is the signal purity, the background purity is just P, = 1 — Ps. The signal purity
is defined as: 10 (M3)
Py (M&/) o z Ajfev j Y o 6.4)

where & and &, are the efficiencies for selecting signal and background events

respectively and o; and o3, are the signal and background cross sections. The WW
cross section depends on the W mass and so this dependence has to be included
in the probability density function to ensure the correct signal to‘backgrouhd nor-
malisation. In the region where the fit is performed the variation is small and is

parametrised with a parabola around M, — M\r,f,f . The parabola has the form
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2
Os (M8v> = O <M€f,f> (1 +a (M\ON - M‘r/f,f> +b (Mev - M\r:,f) ), and is deter-
mined using the GENTLE package [65]. The variation of the WW cross section with
the W mass is shown in Figure 6.1. The efficiencies are determined from Monte

Carlo and are assumed to have no dependence on the W mass, as was shown in

Section 4.2.2.
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Figure 6.1: The parametrisation of the WW cross section as a function of the
W mass, for centre of mass energies between 188.6 GeV (bottom curve) and

201.6 GeV (top curve).

6.2.3 Binning of Probability Density Function

The probability density function is binned separately for signal and background.
This binning must be carefully chosen in order to minimise possible bias from the
finite nurhber df Monte Carlo evénts ﬁsed to constfuct the p.d.f. while at the same
time maximising the sensitivity to the W mass. As Figure 5.21 shows, the mass

window criteria used in the jet pairing algorithm make the mass distribution fall
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into three different regions; the peak region and two tails. Previous studies [62]
have shown that instead of using a fixed binning a better solution is to use a
variable bin size for each of the three regions, demanding a minimum number of
events in each bin. The minimum number of events in each bin, N}}“”, determines
the size of the bins. An initial binning is chosen which requires the same number
of events in each bin, separately for each of the three regions. The number of bins
is then adjusted iteratively until the number of events in each bin is greater than
the minimum, Nl.’]’.’i".

The minimum number of events required has to be chosen carefully. If it is too
large then sensitivity is lost in the measurement, while if it is too small the mea-
surement becomes biased towards the reference mass used in the Monte Carlo.
Studies have shown that the optimal number of bins to use is N{}’i" = 200 [63].
Figure 6.2 shows the binning used for signal and background. The regions most
sensitive to the W mass are those where the bin size is smallest. Also shown in
Figure 6.2 are scatter plots of the masses used to build the probability density

function; the correlation between the two masses for the signal can be seen.

6.2.4 Maximisation of Likelihood

To find the best estimate of the W mass the probability density function obtained
in the previous section is used to construct a likelihood function that depends
upon the reconstructed invariant masses for each data event and the Monte Carlo

W mass:
Nevt

L (Mw) = [ T pdfaata ( '1M12|M3v) : (6.5)
i=1

Ney: is the number of data events. This likelihood is then maximised to find the
fitted value of the W mass. In practice the quantity —21In £ is minimised using
the MINUIT package [77].

The statistical uncertainty on the fitted W mass is by convention taken as the
68% confidence level region, as this corresponds to one standard deviation of
a Gaussian distribution. In the limit of large sample sizes the logarithm of the
likelihood is a parabola, with the minimum of —21In £ at the fitted W mass. The

statistical uncertainty may then be calculated analytically by inverting the second
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Figure 6.2: The top plots show the binning used for signal (left) and background
(right). All bins contain more than the minimum of 200 entries. The bottom plots
show the scatter plots of the Monte Carlo used to construct the probability density

function for signal(left) and background(right).
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derivative of In L. In practice the 68% confidence level region is determined nu-
merically, its boundaries occurring when the likelihood is one unit greater than
at its minimum. The likelihood for the data fit at \/s = 188.6 GeV is shown
in Figure 6.3. This calculation of the fit uncertainty assumes that the errors are
Gaussian and that the response of the analysis to the true W mass is linear. These

checks are described in the following sections.
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Figure 6.3: The quantity —2 In £ (see text) as a function of the W mass. The fitted
mass is given by the minimum of this quantity. The parabolic behaviour of the
likelihood is clearly shown.

6.3 Monte Carlo Studies

6.3.1 Expected Statistical Uncertainty

In order to test that the fit uncertainty is a correct estimate of the statistical un-
certainty on the W mass it is necessary to carry out many simulated experiments

using Monte Carlo data. Many samples of Monte Carlo are used of the same size
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as the fitted data sample. The W mass is extracted from each of these samples
in the same way as for the data. The distribution of these fitted masses should
have a mean consistent with the W mass that the samples were generated with.
The r.m.s. of the fitted mass distribution is called the “expected error” and is an
estimate of the statistical uncertainty on the fitted mass. This value should also
be consistent with the average value of the error distribution of the fits. The sta-
tistical uncertainty on the fitted data should also be compatible with the expected
error. The distributions of masses and errors are shown in Figure 6.4. It can be
seen that the fitted mass is consistent with the W mass used as input to the Monte
Carlo, 80.35 GeV/ ¢, and with a Gaussian distribution. The r.m.s. of this distri-
bution is taken as the expected statistical uncertainty on the fitted W mass. It
can also be seen that the positive statistical, negative statistical and parabolic un-
certainties are all consistent with each other and with the expected uncertainty
obtained from the r.m.s. of the mass distribution. The statistical uncertainty on
the expected error is given by 100.7/4/2 x 200 = 5.0 MeV/c? while that on the
average uncertainty is 2.1/+/200 = 0.1 MeV /c?, a factor of fifty smaller. Thus the
average uncertainty is usually used to compare the statistical power of different

analyses.

6.3.2 Linearity Check

As explained in Section 6.2 one great advantage of the method of reweighting is
that the method does not need calibrating. This can be tested by fitting a large
sample of Monte Carlo events as if they were data. The fitted mass should be the
same as the mass used as input to the Monte Carlo, within the statistical uncer-
tainty on the measurement, showing that the analysis is unbiased. The analysis
should also have a linear response, that is the fitted mass should reproduce the
true mass when it has a different value from the W mass used as input to the
Monte Carlo reference. This can be tested using several samples of Monte Carlo,
-each generated at different input W masses. Samples of Monte Carlo were gen-
erated with 11 different W masses between 79.35 GeV/c? and 81.35 GeV/c?, a
straight line fit to the fit results shows that the analysis is indeed linear, as shown

in Figure 6.5, with no bias.
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Figure 6.4: Fitted W mass and fit errors from 200 subsamples of Monte Carlo
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6.4 Data Fit Results

The results of the fit to the 1998 and 1999 data are shown in Table 6.1, together
with the expected errors. The expected errors have been calculated according
to both the observed luminosity and the observed number of data events. The
observed uncertainty is compatible with the expected uncertainty for the same
number of selected events. The fitted masses have had 27 MeV /c? added to them
to account for the difference in the running width and fixed width schemes as
explained in Section 2.3.3. The observed uncertainty on the fitted mass is quoted

as the mean of the positive and negative fit uncertainties.

Vs | Fitted | Statistical Expected Expected
Mass | Uncertainty | Uncertainty Uncertainty
for measured for observed
luminosity | number of events
GeV | GeV/c? | GeV/c? GeV/c? GeV/c?
188.6 | 80.551 0.108 0.101 +£0.005 | 0.104 4 0.005
191.6 | 80.270 0.268 0.237 +£0.012 | 0.230 +£0.011
195.5 | 80.447 0.142 0.132 +£0.007 | 0.144 £+ 0.007
199.5 | 80.311 0.157 0.148 +0.007 | 0.148 £ 0.007
201.6 | 80.471 0.246 0.210 £0.010 | 0.239 £0.012

Table 6.1: Results of the fit for the W mass from data, showing the observed and
expected statistical uncertainties for the measurements.

6.5 Stability Checks

6.5.1 Neural Network Cut

The fitted mass as a function of neural network output cut is shown in Figure 6.6.
The fitted mass is stable over a wide range of values for the cut.

6.5.2 Kinematic Fit

The complete reconstruction step was repeated using KINFIT instead of ABCFIT
to do the kinematic fitting. A difference in the fitted mass of 10 MeV/c? was

observed.
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Figure 6.6: The measured W mass as a function of the cut on the neural network
output.

6.5.3 Mass Window

The fitted masses for different values of the mass window criteria are shown in
Table 6.2. The table shows that the fitted W mass is stable for a wide range of mass
windows, as is the average statistical uncertainty determined from Monte Carlo.
This is explained by the fact that although an increase in the mass window selects
more events these events lie in the tails of the reconstructed mass distribution and

so have little sensitivity to the W mass.
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Tail Peak Njata Fitted Expected Average
Region | Region Mass Uncertainty | Uncertainty
(GeV/c?) | (GeV/c?) (GeV/c?) MeV/c?) | (MeV/c?)
60-86 74-86 1093 | 80.551 £0.108 101£5 98.2 +0.2
60-86 65-86 1132 | 80.559 £ 0.110 95+5 98.6 +0.2
60-86 70-86 1120 | 80.549 £ 0.108 94+5 98.1+0.2
50-86 74-86 1141 | 80.546 +0.109 98 +5 98.0+0.2
64-86 74-86 1063 | 80.545 £ 0.109 101 £5 98.2+0.2
68-86 74-86 1002 | 80.553 £ 0.109 95+5 98.2 +0.2
70-86 74-86 960 | 80.556 +0.108 104 +5 98.24+0.2
72-86 74-86 911 | 80.561 +0.110 97 £5 98.4+0.2
60-90 74-90 1287 | 80.591 £ 0.107 100 £5 97.4+0.2

Table 6.2: The effect of varying the mass window on the fitted mass. Also shown
are the number of data events, Ny,,, and the expected and average statistical
uncertainties determined from 200 Monte Carlo samples of the same luminosity

as the data.
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Chapter 7

Systematic Uncertainties on the W
Mass Measurement

The systematic uncertainties on the W mass are now very important, since the
stage has been reached where the combined W mass from the four LEP experi-
ments has a systematic uncertainty larger than the statistical uncertainty [84], and
the statistical uncertainty will be reduced further with data taken in the year 2000.
Much work is ongoing to gain a better understanding of these uncertainties, es-
pecially that due to fragmentation. This chapter describes the estimation of the
uncertainties important to the analysis in this thesis, with emphasis on methods
that have been improved since previous ALEPH W mass measurements, such as
those used in the estimation of effects due to the ALEPH detector. The author’s
contribution to the results in this chapter is in the calculation of the systematic
uncertainty due to finite Monte Carlo statistics, that due the uncertainty on the

LEP energy measurement and the detector related effects.

7.1 ISR

The modelling of initial state radiation in the main Monte Carlo used in the anal-
ysis, KORALW, is performed to second order in the leading log approximation,
O (a*L?), where L is the logarithm In (s/m32) as described in Section 2.3.4. To
estimate the effect of higher order terms, O («>L?), a sample of KORALW W pair

events are weighted by the ratio of the first and second order matrix elements
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squared. These events are then treated as data and the W mass obtained com-
pared with that obtained from the same unweighted events. The difference in
masses is taken as an upper limit on the effect of the missing higher order terms;

the difference is of the order of 5 MeV /c? [85].

7.2 Background

The expected amount of background remaining in the data sample after all anal-
ysis cuts (neural net selection and jet pairing) is about 15%. The relatively small
data sample therefore makes it difficult to compare the properties of the data
and Monte Carlo background events. A technique developed for previous anal-
yses [86] is used that compares Z° data and Monte Carlo. This procedure uses
a similar preselection to this W mass analysis to select events in the 1994 Z°
data and Monte Carlo. The shape of several variables and the overall number
of events are then compared. The effect of any discrepancies between data and
Monte Carlo on the fitted W mass is evaluated by varying the background p.d.f.
used in the reweighting step appropriately. A 5% variation in the number of back-
ground events is applied. The estimated uncertainty on the measured W mass is

of the order of 5 MeV /c? [87].

7.3 Monte Carlo Statistics

As explained in Section 6.2.3 the finite number of Monte Carlo events used to
build the reference p.d.f. contributes a systematic uncertainty to the measured
W mass. The method of calculating the uncertainty for this measurement was
developed for previous measurements [62] and follows an analytical approach,
described in detail in Appendix C. The method is based on the fact that each bin
in the reference probability distribution function has a different sensitivity to the
W mass as the reference distribution is reweighted. The statistical contribution

from each bin is calculated, and leads to an estimate of 5 MeV /c? for the uncer-

tainty.
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7.4 Detector Effects

The technique of reweighting relies on a good Monte Carlo simulation of both
the underlying physics processes and the response of the ALEPH detector to these
events. The simulation of the detector therefore has to be investigated in detail
for possible discrepancies between the Monte Carlo simulation and the real data,
and to ensure that these discrepancies are understood.

The technique used to estimate the uncertainties due to detector related effects
is the same for all sources of uncertainty under investigation. A large sample of
Monte Carlo events is used in place of data in order to increase the precision of the
estimate, and to reduce the effects of statistical fluctuations due to the small size
of the data sample. The W mass of this Monte Carlo sample is measured using the
normal analysis. The detector related effect under investigation is then applied to
the sample and the measurement of the W mass repeated. The difference in the

masses is taken as the systematic uncertainty.

7.4.1 Jet Energy Corrections

As explained in Section 5.1.2 corrections are applied to the energy of jets in any
Monte Carlo used in the analysis. These corrections are derived from Z° calibra-
tion data taken at the start and end of each year’s data taking and Monte Carlo
simulation. The systematic uncertainty on the W mass due to these corrections is
estimated by varying randomly the bin to bin correction factors by their statistical
uncertainty, which is about 0.3%, and taking the largest shift in the measured W

mass as the systematic uncertainty. This is found to be about 5 MeV /c?.

7.4.2 Calorimeter Simulation

The jet corrections described in the previous section are obtained after the energy
flow algorithm has been run and are applied to the jet as a whole. The individual
calorimeter energy depositions are treated in a similar way by considering differ-
ences between Z° data and Monte Carlo. The corrections obtained are applied to
Monte Carlo and the energy flow and jets recomputed along with new jet energy

corrections before finally estimating the systematic uncertainty on the W mass.
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The simulation of the calorimeters in the Monte Carlo assumes that their en-
ergy calibrations are constant with time, however this is not the case and the
calorimeters are constantly monitored to study the variations. The size of the fluc-
tuations during 1998 were of the order of 0.4% for ECAL and 1.5% for HCAL [88].
Since the jet energy corrections are determined using data taken at the start and
end of the data taking period then they also do not take the variations into ac-
count. A random smearing of the energy depositions in the calorimeters by these
amounts is therefore applied to a Monte Carlo sample and the energy flow re-
peated.

The systematic uncertainty due to applying both the rescaling and smearing

of the calorimeter energy deposits simultaneously is estimated to be 10 MeV/c?.

7.4.3 Jet Energy Resolution

The jet energy resolution, og,,, is also studied using 79 data and Monte Carlo, in
the same way as the jet energy itself. The compafison of 1998 Z° data and Monte
Carlo jet energy resolutions is shown in Figure 7.1 together with the comparison
of the jet energies. It can be seen that the statistical uncertainty of the comparison
of the resolution is greater than that for the jet energy and is at a level of about
2%, but reasonable agreement is seen over the whole angular range except for
the low angle regions at |cos 8] > 0.95. Here the discrepancy is as large as 10%.
Therefore, the jet energies of a Monte Carlo sample are randomly smeared by
the appropriate amounts, depending on the jet polar angle, and the systematic

uncertainty on the W mass estimated. This is approximately 7 MeV /c?.

7.4.4 Jet Angular Bias

Any angular bias due to misalignment of the detector would be very hard to de-
tect. Hadronic Z° decays produce two jets that are back to back and we have no

knowledge of their true production angle. The charged particle tracking detec-

~ tors and the ECAL are, however, aligned independently. It is therefore possible

to study if there is any possible source of discrepancy between data and Monte

Carlo in the angular measurement by looking at the different components of jets.
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The ratios are determined from 1998 Z° peak data and Monte Carlo. The largest
discrepancies between data and simulation are seen in the low angle regions.
Taken from [88].
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The two largest components are charged particles, measured by the tracking de-
tectors, and photons measured by ECAL. The polar angle difference between the
photonic and charged particle components of jets, Opagrons — Ophotons, 1S examined
using Z° peak data and Monte Carlo simulation. Figure 7.2 shows this difference
as a function of polar angle. It can be seen that the difference is less than 2 mrad,
which is the statistical sensitivity of the measurement. Studies using higher statis-
tics from the 1994 Z° data taking period show that the difference between data
and Monte Carlo is small except in the region of the overlap between the endcap
and barrel calorimeters. The result of a fit to the 1994 data is shown by the line
in Figure 7.2. The systematic uncertainty on the W mass due to a 2 mrad angular

bias is estimated to be less than 5 MeV /c2.

mrad
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Figure 7.2: The difference of data and Monte Carlo for the quantity 0,400 —
6 notons as a function of jet polar angle, determined from 1998 79 data and Monte
Carlo. The line is a functional fit to higher statistics data from 1994, showing the
discrepancy observed in the overlap region of the barrel and endcap calorimeters.
Taken from [74].
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7.4.5 Jet Angular Resolution

The fact that Z° decay jets should be back to back can be exploited to study the
angular resolution of the jets. It is found that the resolution is slightly better in
the Monte Carlo simulation than the data [88]. An additional random smearing
is thus introduced to the jet angles in the Monte Carlo to account for this discrep-
ancy. The systematic uncertainty on the W mass due to this smearing is small,

less than 5 MeV /c?.

7.4.6 Charged Particle Tracking

The tracking detectors that measure charged particles are aligned with each other
using the Z° calibration data. Small systematic differences between positive and
negative charged tracks are observed in the data. These differences are propor-
tional to momentum, and so are more important for the W mass measurement
using semileptonic W decays which relies on the accurate measurement of a sin-
gle high energy lepton. Corrections determined from Z° — u*u~ events are
applied to data events to account for the distortions. In order to estimate the sys-
tematic uncertainty on the W mass due to these corrections the corrections are
applied to a sample of Monte Carlo events and the measured W mass compared

with that obtained with no correction. The effect is about 3 MeV /c?.

7.5 LEP Energy

As explained in Section 5.2 the LEP beam energy enters directly in the kinematic
fit, and also after fitting in the rescaling of the dijet masses by the beam en-
ergy. Any uncertainty in the measurement of the LEP beam energy therefore con-
tributes an uncertainty to the measured W mass. Through the rescaling formula
it may be expected that the fractional uncertainty in the beam energy translates

directly to a fractional uncertainty on the mass:

LEP . ; ~
UMW —_— gEbeam (7 1)
Mw E ’ '

W beam

This is tested by taking a sample of Monte Carlo, changing the LEP energy in the

kinematic fit and rescaling steps and fitting the W mass. Figure 7.3 shows that the
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relationship between the mass obtained and the LEP energy assumed is indeed
linear with a gradient as expected. The total uncertainty on the LEP beam energy
was 20 MeV in 1998 [44] and 21 MeV in 1999 [45], translating into uncertainties
on the W mass of 17 MeV /c? in both years.
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Figure 7.3: The fitted W mass as a function of the LEP centre of mass energy
(points). The result of a straight line fit to the points with slope P2 and offset P1
is shown on the plot as the solid line.

7.6 Fragmentation

In the fully hadronic WW decay channel the fragmentation of the decay partons
into jets needs to be well simulated, because reconstructed jets are used to form
the invariant mass distribution from which the W mass is extracted. The Monte
Carlo used throughout the analysis uses the JETSET fragmentation model [22].

The systematic uncertainty on the fitted W mass due to this model is very difficult
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to estimate since the effect of the fragmentation model is convoluted with the
detector resolution and features of the analysis such as jet clustering and pairing.

The method used to estimate the uncertainty for this analysis involves com-
paring the JETSET model with that of another Monte Carlo package, HERWIG [24,
23]. The HERWIG fragmentation parameters are optimised using Z° data [89]. Stud-
ies of fragmentation related properties, mainly those related to the jets such as
jet mass, derived from WW data and Monte Carlo show that this HERWIG tun-
ing describes the data as well as the JETSET tuning [89]. A large sample of WW
events, some 600,000, is generated using KORALW and then fragmented using both
JETSET and HERWIG. This sample is then split into several smaller samples and the
W mass evaluated for each sub-sample and each fragmentation model using the
normal analysis. The mean difference between the measured W masses, JETSET
—HERWIG, is taken as the systematic uncertainty due to the fragmentation model.
This is calculated to be —30 4 10 MeV /c? [90].

Studies are continuing to understand further this systematic uncertainty as it
is currently the largest uncertainty on the LEP combined W mass. This is because
it is taken as fully correlated between all decay channels, experiments, and years.
The efforts are focussed on studying different distributions related to fragmenta-
tion, such as jet mass. The Monte Carlo distributions can be reweighted to exactly
reproduce the data distributions. The weights can be propagated through to the
invariant mass distribution and the W mass shift evaluated. The largest shift ob-
served is of the order of 20 MeV /c? for both the HERWIG and JETSET Monte Carlos.
However, the source of the overall difference between JETSET and HERWIG is not

understood using this technique as the mass shifts observed for each variable are

similar for each model [91].

7.7 Final State Interactions

Two possible sources of systematic uncertainty that only affect the fully hadronic
decay channel have been suggested. These are both final state interactions that
are not simulated by the standard KORALW Monte Carlo used for the analysis. They

arise because the decay of a W typically takes place over a shorter space-time
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distance than the hadronisation scale, leading to a possible overlap of the two
decays of the W bosons produced in the event.

The first effect is colour reconnection between the final state partons [25].
Theorists have suggested that the effect of colour reconnection is expected to
be small during the perturbative phase of hadronisation, but could possibly be
large during the non-perturbative phase. The only models existing for the non-
perturbative phase are purely phenomenological, but currently provide the only
means to estimate the systematic uncertainty on the W mass.

The second final state effect is that of Bose-Einstein correlations between iden-
tical hadrons produced by different W bosons [32], typically pions. The enhance-
ment of the production of pions close in momentum space has already been ob-
served in Z° decays at LEP1 [92] and semi-leptonic WW decays at LEP2 [93].
The closeness of the W’s during their decay leads to the expectation that the pro-
duction of identical pions from different W’s could also be enhanced, possibly
leading to a systematic bias in the measured W mass. Again, the only models
for Bose-Einstein correlations are phenomenological. All values quoted in the

following section may be found in Reference [94].

7.7.1 Colour Reconnection Effects

The estimation of the systematic uncertainty on the W mass due to colour re-
connection is performed using many different phenomenological models in the
different Monte Carlo fragmentation packages JETSET, ARIADNE and HERWIG.

JETSET includes the Sjostrand and Khoze models SK1, SK2 and SK2’ [25]. A
sample of events is generated with KORALW and then passed through the stan-
dard JETSET fragmentation package and all three modified versions, before being
passed through the ALEPH detector simulation.

In the SK2 model colour strings are seen as vortex lines with thin cores. Re-
connection takes place if the cores of two strings cross each other. SK2’ varies
in that reconnection only takes place if the overall string length is shortened by
the reconnection. The shift in the W mass of these models is evaluated to be

+6 4 8 MeV /c? for SK2 and +4 + 8 MeV /c? for SK2’.
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In the SK1 model strings are seen as cylindrical bags with a Gaussian decrease
in the colour field density in the transverse direction, which is approximately
of the hadronic size. The probability for a particular event to be reconnected
depends on the overlap, I, of the colour fields. The probability, Py, is taken as
Preco = 1 — exp (—kjI), where k; is a free parameter of the model. A sample of
connected and unreconnected events can be made by only taking a reconnected
event if the value of Py is larger than a random number generated between zero
and unity, otherwise the unreconnected event is kept. If the fraction of events is
required to be the same as for the SK2 model, ~ 29% at 188.6 GeV, then k; = 0.65.
The shift observed in the W mass is then measured to be 4+-30 + 10 MeV /c?.

The events generated with KORALW were passed through the ARIADNE package
using no colour reconnection and using the models AR2 and AR3 [28]. ARIADNE
uses the Dipole Cascade Model [29, 30] in which the string length is determined
in terms of a parameter, A, defined as A = } In (ml2 / m%) where m; is the in-
variant mass of the string segment i and m,, sets a typical hadronic mass scale.
Reconnections between strings are allowed if the total A is reduced, multiple re-
connections are allowed and also reconnections within the same W. The models
differ in that AR?2 restricts reconnections to gluons with energies below the W
width, I'wy, while AR3 does not. However, gluons above this energy are pertur-
bative and have been shown to be radiated incoherently by two initial colour
dipoles [29, 30]. AR3 is therefore theoretically disfavoured. It is also ruled out
on the grounds that distributions such as the charged particle multiplicity do not
agree between data and Monte Carlo. Only AR2 is considered therefore, and a
mass shift of +21 & 10 MeV /c? is observed, corresponding to 51% of events being
reconnected.

The HERWIG model was used with a reconnection probability of 1/9 corre-
sponding to 1/N2, where N¢ is the number of colours. A shift of +20 +10 MeV//c?
is observed.

The largest shift, and therefore that quoted for the systematic uncertainty on
the W mass, is for the SK1 model, 30 MeV/ 2. Tt should be noted however that
the reconnection probability is only chosen so that it agrees with the other JETSET

models. Studies are ongoing to try and rule out some of these phenomenological
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models, or at least some part of them, using all the WW data collected. It is hoped
that this will lead to an upper limit for the systematic uncertainty due to colour

reconnection.

7.7.2 Bose-Einstein Correlations

The model considered for Bose-Einstein correlations is the LUBOEI model [32],
implemented in JETSET. The model shifts the final state momenta of identical
bosons in order to reproduce the two pion correlation function. However, once
this is done the other final state particles also need shifting in momentum in order
to restore energy and momentum conservation in the event. The model needs
tuning in order to represent the data correctly and this is done using LEP1 Z°
data.

A sample of events was generated with KORALW and hadronised in three differ-
ent ways: standard JETSET, JETSET with the LUBOEI model for particles from the
same W and JETSET with LUBOEI for all particles. The samples were then passed
through the ALEPH detector simulation in the usual way. The uncertainty due to
Bose-Einstein correlations is quoted as the mass shift between the first and third
samples, measured to be +29 4 21 MeV /c?. If the second sample is used instead
of the third then a shift of only —3 + 21 MeV/c? is observed, consistent with
zero. The quoted uncertainty of 30 MeV /c? is conservative since recent measure-

ments seem to disfavour Bose-Einstein correlations between pions from different

W’s [93].

7.8 Summary and Combination

Table 7.1 summarises the systematic uncertainties on the W mass measurement.
The table is split into two parts, those uncertainties that are correlated between
the measurements made from the different WW decay channels and those that
~ are uncorrelated. It can be seen that the dominant uncertainties are those due to
final state interactions, fragmentation, and the LEP beam energy. The latter two -
are the more important, however, due to the fact that they are taken as corre-

lated. All these uncertainties are still being studied in the hope of gaining a better
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understanding of them and their correlations. For this reason the preliminary re-
sults from the 1999 data (given in Section 6.4) are quoted using the uncertainties

calculated for the /s = 188.6 GeV data.

| Source | AMy (MeV/c?) |
Correlated Uncertainties
Jet energy corrections 5
Jet energy resolution 7
Jet angular bias/resolution 5
Calorimeter simulation 10
Charged tracking 3
Fragmentation 30
ISR 5
LEP energy 17
Uncorrelated Uncertainties

Reference MC statistics 5
Background contamination 5
Colour reconnection 30
Bose-Einstein statistics 30

| Total Systematic Uncertainty | 57 |

Table 7.1: The systematic uncertainties on the W mass measurement from the
tully hadronic channel, calculated using the 1998 data and Monte Carlo.
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Chapter 8

Combination of W Mass Results and
Interpretation

The fitted W masses obtained using the method described in this thesis from
the 1998 and 1999 data including the statistical and systematic uncertainties are
shown in Table 8.1, where the systematic uncertainty has been broken down to
show the contributions due to final state interactions and the measurement of
the LEP beam energy separately. The 1998 result is the final ALEPH result and
has been published in [74] while those for the 1999 data are preliminary results
prepared for the 2000 spring conferences [95].

Vs Mw Ostat Osyst OFsI U1EP
(GeV) | (GeV/c?)
188.6 80551 4+ 0.108 + 0.035 =+ 0.042 + 0.017
191.6 80.270 + 0268 + 0.035 + 0.042 + 0.017
195.5 80447 4+ 0142 + 0.035 + 0.042 + 0.017
199.5 80.311 + 0157 4+ 0035 + 0.042 + 0.017
201.6 80471 4+ 0246 + 0.035 + 0.042 + 0.017

Table 8.1: The W mass from the fully hadronic decay channel for the 1998 (/s =
188.6 GeV) and 1999 (/s = 191.6-201.6 GeV) ALEPH data.

These may be combined to give a value of the W mass for the 1998 and 1999
data of ‘

My = 80.453 £ 0.070(stat) = 0.035(syst) = 0.042(FSI) + 0.017(LEP) GeV/c?.
(8.1)
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8.1 ALEPH Measurements

The results obtained in this thesis may be combined with those from the semi-
leptonic and fully-leptonic decay channels and previous measurements using the
method of direct reconstruction made at LEP centre of mass energies of 172 GeV [83]
and 183 GeV [80]. The combination is done taking into account the correlated
and uncorrelated systematic uncertainties as shown in Table 7.1, firstly consid-
ering the mass values from the fully-hadronic channel (M;l,g) and other channels
(Mxn_zlq) as different physical parameters in order to investigate if there is a sig-
nificant difference due to final state interactions. The resulting average values

are [95]:

Myl = B80.467 + 0.064(stat) & 0.035(syst) =+ 0.042(FSI) + 0.017(LEP) GeV/c?,

MC\‘,’""4” = 80.435 =+ 0.063(stat) 4 0.045(syst) + 0.017(LEP) GeV/c?,

with a x%/ndf of 7.81/6. The W mass measurements from the fully-hadronic
channel are shown in Figure 8.1. Previous measurements at centre of mass ener-
g’ki’es of 172 GeV [83] and 183 GeV [80] are shown together with the measurement
at 189 GeV from the 1998 data and at 192-202 GeV from the 1999 data given in
Table 8.1. The 1999 values have been averaged to give a single data point in Fig-
ure 8.1 labelled as 19X GeV. The average value of the measurements from the
four different centre of mass energies is also shown. The uncertainties shown in
Figure 8.1 are formed by combining all the statistical and systematic uncertainties
in quadrature.

A second fit is then performed to extract the difference between the two mass
values when the systematic uncertainties due to final state interactions are not

included. This gives a result of [95]:
Myl — My = 4£0.032 £0.091 GeV/c?, (8.2)

to be compared with the 0.042 GeV /c? uncertainty due to FSL. Thus the difference

is not significant.
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02/03/2000
ALEPH - Preliminary - 172+183+189+19X GeV
My, (GeV) aqaq

172 GeV . 81.300 £ 0.480
183 GeV 80.461 = 0.189
189 GeV 80.551 ¢ 0.122
19X GeV 80.384 £ 0.107
ALEPH 80.467 + 0.085

yP/dot=7.816

80.0 81.0

M, (GeV)

Figure 8.1: The measurements of the W mass using the method of direct recon-
struction for the fully hadronic decay channel.
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A final combination may be made to a single W mass parameter and including

the result obtained from the WW cross section at 161 GeV [96] to give a value
of [95]:

Myw = 80.440 + 0.044(stat) £ 0.040(syst) + 0.020(FSI) + 0.017(LEP) GeV /c?,
(8.3)
with a x2/ndf of 8.67/8, as shown in Figure 8.2. The measurement from the fully-
hadronic channel has a smaller weight than that from other channels because of
the large uncertainty due to final state interactions, and the weight of the cross

section measurement is very small.

8.2 LEP Measurements

The ALEPH W mass measurement may be combined with those made by the
other LEP experiments, DELPHI [97, 98, 99, 100, 101], L3 [102, 103, 104, 105, 106],
and OPAL [107, 108, 109, 110, 111] again taking into account the correlations in the

systematic uncertainties, to give a combined LEP W mass of [112]

Mw = 80.427 +0.046 GeV/c?, (8.4)

as shown in Figure 8.3.
The difference between the masses from the fully-hadronic channel and all
other channels may be determined, neglecting uncertainties due to final state in-

teractions, and is found to be [112]

AMyw = 0.005 + 0.051 GeV/c?, (8.5)

which is compatible with zero.

8.3 Tevatron Measurements

The Tevatron collider at Fermilab near Chicago is a proton anti-proton collider
with a centre of mass energy of 1.8 TeV. W bosons are produced by qq annihi-
lation. The large QCD background means that only those events in which the

W decays to either an electron or a muon are considered. The lepton momentum
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02/03/2000

ALEPH - Preliminary

M,, (GeV)
Hadronic mass 80.467 + 0.085
Leptonic mass 80.435 + 0.078

Direct reconst. 80.449 4 0.064

Cross-section — 80.140 £ 0.352
ALEPH 80.440 £ 0.063
Kfdof =8.7/8
80.0 81.0
M, (GeV)

Figure 8.2: The ALEPH average W mass. The hadronic mass is referred to as

Még and the leptonic mass as sz,m"‘lq. The direct reconstruction value is the
weighted average of these two measurements. The point labelled as cross-section
is extracted from the threshold WW cross section [96]. The average of this mea-
surement with the direct reconstruction measurements gives the ALEPH average
W mass. The individual uncertainties are the total combined statistical and sys-
tematic uncertainties.
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LEP Preliminary : Summer 2000

ALEPH L 80.440+0.064
DELPHI $0.380:40.071
L3 80.375+0.077
OPAL 80.485+0.065
LEP 80.4271+0.046
80.0 $1.0
M, [GeV]

Figure 8.3: The LEP average W mass at the time of the 2000 summer conferences.
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distribution is measured together with the transverse momentum of the neutrino,
inferred by the large missing momentum of the event. The W mass is determined
through the direct reconstruction of the transverse mass distribution of the event.
The systematic uncertainties on the measurement are dominated by the calorime-
ter energy scale and the modelling of the proton decay remnants. The measure-
ments from the two experiments CDF [113, 114] and DO [115] are combined with
that from the UA2 experiment [116] at CERN’s SPS to give a hadron collider W

mass average of
My = 80.452 + 0.062 GeV /c? . (8.6)

The Tevatron collider and experiments are currently undergoing an upgrade which

will allow for higher luminosities and thus a reduction in the uncertainties on this

measurement.

8.4 World Average W Mass

The LEP average W mass may be combined with the hadron collider W mass to

give a world average W mass of [1]
Mw = 80.436 + 0.037 GeV/c?, (8.7)

as shown in Figure 8.4. Also shown on this figure is the indirect measurement ob-
tained from the neutrino-nucleon scattering experiments CCFR [117] and NuTeV [118].
These experiments measure the quantity sin® 8y = 1 — M2, /M2 from the ratio of

neutral current to charged current neutrino-nucleon cross sections.

8.5 Standard Model Constraints

The indirect determination of the W mass is the result of a global electroweak fit
using Equation 1.1. This fit uses as input measurements made at many experi-
ments such as the Z mass from LEP and SLD, the value of sin? 8y from NuTeV
and CCFR neutrino-nucleon scattering and measurements of the top quark mass

from CDF [119] and DO [120] to give a fitted W mass of [1]

Mipdirect — 80,386 + 0.025 GeV/c?, (8.8)
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W-Boson Mass [GeV]

pp-colliders —s— 80.452 + 0.062
LEP2 88— 80.427 + 0.046
Average -0~ 80.436 + 0.037
| ¥2/DoF: 0.1/ 1
NUTeV/COFR——b— | 8025+ 0.11
LEP1/SLD/VN/m, 80.386 + 0.025
l 8l0 | I8C;.2‘ ‘801.4‘ '85.6'
my, [GeV]

Figure 8.4: The world average W mass at the time of the 2000 summer confer-
ences. The value labelled pp-collider is the average hadron collider W mass
measurement from Equation 8.6 and that labelled LEP2 is the LEP average mea-
surement from Equation 8.4. Also shown are the measurements obtained from
neutrino-nucleon scattering experiments NuTeV and CCFR and the indirect mea-
surement (labelled LEP1/SLD/vN/m;) obtained from a global fit to electroweak

data as described in the text.
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as shown in Figure 8.4. The direct and indirect measurements are also shown in
Figure 8.5, confirming the Standard Model prediction is correct at the one-loop
level. Also shown on this figure are the Standard Model predictions of the Higgs
mass as a function of the mass of the W boson and the mass of the top quark. It is
clear that a light value of the Higgs boson mass is favoured. The direct W boson
measurement can be included with all the other Standard Model parameters in a
fit for the Higgs boson mass. The difference of the x? of this fit to zero, Ax?, is

shown in Figure 8.6. The minimum value of this x? gives a Higgs mass of [121]
My = 60732 GeV/c?. (8.9)

The one-sided 95% upper confidence limit on the Higgs mass is 165 GeV/c?.
These results can be compared with the result of direct searches for the Higgs

boson which set a lower limit of 113.3 GeV/c? on its mass [122].
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Figure 8.5: Comparison of direct (dashed line) and indirect (solid line) W mass
measurements. Also shown are the predictions for a range of Higgs boson masses
as a function of the W mass and top quark mass.
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Figure 8.6: The change in x? as a function of the Higgs mass (see text).
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Chapter 9

Summary and Conclusions

The direct measurement of the mass of the W boson is of fundamental physical
importance, providing an experimental test of the Standard Model of particle
physics and providing constraints on the mass of the only particle of the Standard
Model yet to be observed, the Higgs boson. This thesis describes a measurement
of the mass of the W boson in the fully hadronic decay channel with data collected
by the ALEPH detector during 1998 and 1999.

The similarities between W pair signal events and the mainly qq background
mean that the most efficient way of selecting signal events is with a multi-variable
neural network, giving selection efficiencies of around 90% and purities of around
80% for centre of mass energies between 188.6 GeV and 201.6 GeV.

Once the events are selected the W bosons are reconstructed from their decay
products. The first step in this process is jet clustering using the DURHAM PE al-
gorithm. A kinematic fit is used to improve the dijet invariant mass resolution
by applying the constraints of energy and momentum conservation. Allowing
for collinear initial state radiation in the kinematic fit is found not to improve the
overall mass resolution. The selection and treatment of initial state photons in
the detector does bring an improvement and reduces the expected statistical un-
certainty on the W mass measurement. The mass resolution is further improved
by rescaling by the LEP beam energy. The jets are paired by considering the CC03
matrix element for each possible combination of dijet pairs, and then using infor-

mation from the dijet opening angles and a window applied to the dijet invariant
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masses. The end result of the reconstruction process is a two dimensional mass
distribution that is constructed for both data and Monte Carlo simulated data.

The W mass is measured by comparing the two dimensional invariant mass
distribution for data with many distributions from a large Monte Carlo sample
of events. These distributions are obtained by reweighting according to the ratio
of CC03 matrix elements, and used to build a probability density function. The
W mass is taken to be the value which maximises a log-likelihood function built
using this probability density function. The value obtained in this way is shown
to be unbiased and its statistical uncertainty in agreement with Monte Carlo ex-
pectations. The stability of the measured mass is checked for variations in the
neural network selection cut, the mass window and the kinematic fit.

The systematic uncertainties are discussed paying particular attention to de-
tector related effects, fragmentation and final state interactions. The W mass from

fully hadronic events selected from data taken in 1998 and 1999 is found to be

My = 80.453 & 0.070(stat) + 0.035(syst) =+ 0.042(FSI) =+ 0.017(LEP) GeV /c?.
9.1)

This measurement is combined with ALEPH, LEP and other W mass measure-

ments to give a prelimnary world average W mass of
Méireet — 80.436 + 0.037 GeV /c?, 9.2)

which is in good agreement with the indirect measurement of the mass obtained

from Standard Model fits to electroweak data from various experiments of
Mipdireet — 80).386 + 0.025 GeV /c?. (9.3)

The measured W mass when used with measurements of other Standard Model
parameters favours a light mass of the Higgs boson.

The data collected during the year 2000 will reduce further the statistical un-
certainty on the LEP W mass measurement. The understanding of the systematic
uncertainties then becomes crucial, in particular those due the modelling of the
fragmentation and the final state interactions. If this understanding is forthcom-
ing then it may be hoped that the precision on the direct measurement of the W

mass will be as high as that on the indirect measurement.
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Appendix A

Neural Network Variables

The neural network used for selecting fully hadronic WW signal events uses
global event shape variables as some of its input variables. These are variables
which condense the information about the many different particles in an event
into a single variable which is often dimensionless. Two such variables are thrust

and sphericity, which are now described.

‘A1 Thrust

The thrust, T, is defined as the sum of the lengths of the longitudinal momenta of
the final state particles relative to the axis n which maximises this sum:
T Zf\i]\} [npil (A1)
Yiz1 il
where N is the number of particles in the final state and p; is the momenta of the
i particle. T lies between 1/2 and 1, with T ~ 1 for a dijet eventand T ~ 1/2
for an isotropic event. Thus fully hadronic WW events are expected to generally

have lower values of thrust than qq events.

A.2 Sphericity
The sphericity tensor S*f is defined as

Sa,B Zl ITII)}T (AZ)
Y.ilq1lpi
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where a, 8 = 1,2,3 correspond to the x,y,z components of the momentum re-

spectively. The sphericity S is then defined as

S = g (A2 +As), (A.3)

where A, g are the eigenvalues obtained from diagonalising the sphericity tensor.
S lies between 0 and 1 with S ~ 0 corresponding to a dijet event and S ~ 1
corresponding to an isotropic event. Thus fully hadronic WW events are expected

to have generally higher values of sphericity than qq events.
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Appendix B

Rescaling

The improvement in the dijet mass resolution obtained by rescaling is most easily
illustrated by considering the case of on shell W bosons produced close to the
threshold for WW pair production. If the two dijet invariant masses obtained
after a 4C kinematic fit are Mqp and Mas4 then the rescaled masses are defined in
terms of the LEP beam energy, E; as:

Mige = By g (B.1)
Mg = E M

where the dijet energies Eq; and E34 are the sum of the individual jet energies:

Eiy, = E1+E
Eszy = E3+E4. (B.2)

Firstly assume that there are no experimental errors in the invariant mass recon-
struction so that M, = Mirzuel Ep = Egrzue and P12 = ﬁﬁgw.

Considering the two-body kinematics of the dijet system then it must be true
that

E1z + E3q = 2E, (B.3)

and since p1p = —paq, then it follows that | ;‘7’12{2 = | p‘34|2, thus taking the differ-
ence of the square of the invariant masses
= 12 = 12
M%z - M§4 = (E%z = |P12] ) - (15%4 — |Paal )
Ef, — E3, (B.4)
= (E12+Es4) (E12 — E34) -
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Substituting for E34 from B.3 into B.4,

Mi, — M3,

Eip = Ey + T y (B.5)
and substituting for E, from this result into B.1 gives an expression for the rescaled
mass:

M, M2, — M3 M3, — M
resc E1r — 12 34§ M 1 — 12 34 , )
12 ——Elz ( 12 ——*—————4Eb 12 “__—4131,1512 (B.6)

showing that the rescaled mass is a function of both dijet masses My, and May.
Now introduce experimental error by considering the case where a particle

with a small amount of energy 4 is assigned to jet 1 instead of jet 4:

Ei = Etrue +6 Es= Eirzte -5 (B.7)
ﬁ ﬁtrue + 5 ﬁ‘l — ﬁztlme . 5 (88)

Assuming again that the energies and momenta of the particles are measured

perfectly then we have that
My, = Eb-Ph
N2
— (Etrue +5)2 . (ﬁgrzue +5)
— (Eiréle)z +52 - l—oirzue _ '5‘ +2Etrue§ Zﬁtr"e,5
~ (MIe)? 4 25ED, (B.9)
since i < Ei close to threshold. The jet energy is
E%Z — (Etrue + 5)2
~ (Efe)® 4 25Ele, (B.10)
assuming 62 ~ 0. The ratio of dijet mass and energy is then
true 2 Epp
M, (Mi)® (1+26 M%Z)
E2 true\2 Ep\
b (B (1+2082)

(B.11)

with the approximation Ej, & E!}* to zero order in 6. Rewriting B.11 in terms of

a single argument in J,

Mn) ( M””e) Ef, — M3,
— ] = 1+20E1p—4%—=-% ], B.12
( Elz Etrue 12 E%ZM%Z ( )
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the ratio is given approximately by

<@>x My 1+-ﬁ5-.ﬁ2~ . (B.13)
B )~ ) ' B e |

This can be written in terms of the boost of the W in the lab frame, By = p/E and
-1
v=(1-p8%)"2 =E/M, to give

MlZ N M?zue 7)) >
(k) = () (1 0w o9

Thus the relative error on Mj,/Eq2 is suppressed by the factor (')//SW)2 by rescal-

ing.
If B.14 is substituted into B.1 then the rescaled mass becomes:

true true
e~ wipe(1- CELZOE) (1 2 )

4E,E!e
resc\true J 2
~ (M5 1+ —.(vBw) | . (B.15)
E12
Now consider the effect of the error on the 4C masses before rescaling by rewrit-
ing B.9 as
6
My = M3 (1 +— ) B.16
Y (B.16)
The reduction in errors when using the rescaled masses is thus
) o
—_ . B.17
<M12 >/ <E1 (vBw) ) ﬁz (B17)

To summarise, the rescaled masses M{5¢ and M55 are not in themselves bet-
ter estimators of MY and MEj*. For the case of on shell W’s close to threshold
rescaling significantly improves the dijet resolution because the effects of misas-
ignment of particles are reduced. For the case of Breit-Wigner decay of W’'s at

higher energies rescaling adds more information through the use of the W veloc-

ities.
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Appendix C

Uncertainty due to Finite Monte
Carlo Statistics

The systematic uncertainty of the W mass due to the finite number of Monte Carlo

events used to build the reference mass distribution can be computed using the

fact that each bin in this distribution has a different sensitivity to the W mass.
The contribution to the uncertainty on My from the invariant mass bin i is

AO’i

5o oMy (C.1)

AMyy =

where 0; is the differential cross section over the ith bin in the invariant mass m:

do

o; = Zl—nzdm (C.2)
This can be estimated as
N;
0; = Yk (C.3)
with an error of
_ VN;
Ao; = E (C4)

where N; is the number of events in bin 7, £ is the integrated luminosity and £ is

the selection efficiency.

The probability density function for an event to have an invariant mass m is

defined as

p(m) = da/dm’ oy = /~—~dm (C.5)
(C.6)
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and can be approximated as

= N1
Pz “NT'Ami'

(C.7)

where N7 is the total number of events and Am; is the width of the invariant mass

bin i.
Taking the derivative of this with respect to My and making use of Equa-
tion C.3,
api . __1_ 0 Ni . 1 8(7,' ( C 8)
oMy N7 oMw \Am;)  orAm; oMy’ '

where o7 is the total cross section. Making use of this together with Equation C.4
the contribution to the uncertainty on My from each invariant mass bin from

Equation C.1 can be written as

v N; 1 1
" i i Nr (©9)
U'TAmim Amlmﬁ

AMy =

Thus assuming that the contribution from each bin is independent the final
uncertainty on the W mass due to the finite number of Monte Carlo events used

is given by

(AM{-’,’V)Z - . (C.10)
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