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Abstract

I describe the measurement of the W mass using the electron data sample of the CDF
detector’s 1988 — 89 pp collider run at the Fermilab Tevatron. I describe the calibration of
the CDF detectors used in this measurement. I outline the extraction of the W mass, its
statistical uncertainty and studies of the systematic uncertainties involved. The electron
data yields: mw = 79.78 = 0.34(stat.) & 0.36(sys.) GeV/c2. When combined with other
CDF measurements of the W and Z masses we measure sin? w = 0.233 1+ 0.008. I aiscuss

the implications of this measurement on the Minimal Standard Model.
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Chapter 1

Introduction

This thesis describes the study of W bosons and their decay into electrons and neutrinos.
We study the W bosons produced at the IFermilab Tevatron — a proton anti—ﬁroton (pp)
collider — during 1938 — 89. We measure the electrons from W decay with the Collider
Detector at Fermilab (CDT'). The key to the measurement is our understanding of the
systematic uncertainties involved in measuring both the electron (e) and neutrino (v) from

the W decay. Our result is:
myy = T9.78 £ 0.34(stat.) = 0.19(sys.) + 0.30(calib.) GeV/c%. (1.1)

where the second uncertainty is primarily on the neutrino measurement, while the third is
the electron energy calibration uncertainty. The calibration uncertainty cancels in the ratio
of W to Z masses when both are measured with the CDF detector. We improve the precision

of the W mass measurement significantly when compared with previous measurements.

In some sense Fermi invented the W boson when he formulated weak interactions in the
early 1930s. Pauli postulated the existence of a non-interacting particle, the neutrino, in
the process of § decay and Fermi incorporated it in a theory of weak interaction currents
inspired by electrodynamics. This included Fermi’s introduction of a 4-point interaction
responsible for nuclear § decay [1]. That such four point interactions are non-renormalizable

led Schwinger and others (in the late 1950s) to propose massive charged bosons, which



eventually became the I7"#. to mediate the interaction. The large mass was responsible
for the apparent point-like interaction in 3 decay. Shortly thereafter Glashow incorporated
these new particles (and one neutral partner — which became the Z°) in a gauge theory,
unifying the weak interactions with electromagnetism [2]. Unfortunately, the symmetry of
Glashow’s original theory required massless bosons. This was fixed in the late 1960s when
Weinberg (3] and Salam [4] showed that massive bosons could be incorporated through the

use of the Higgs mechanism [5].

At that time the model made definite predictions. The charged bosons were to have a
mass of 70— 80 GeV/c?, while their neutral partner was to have a mass of 80 — 90 GeV/c2.
This mass scale was beyond the reach of any accelerators existing or planned in the early
1970s. Proposals were made, in the mid-1970s, to turn the large ha.drpn accelerators (the
SpS at CERN and the accelerator at Fermilab) into colliders. The European project, the
SppS collider, was commissioned in late 1981 and shortly thereafter the UA1 experiment
reported the discovery of the W bosons [6]. The Tevatron collider was completed three
years later with the commissioning of the accelerator and CDF in 1985. The first observation
of W bosons, with CDF, occurred in 1987 [7] and a first high statistics investigation of

electroweak physics took place in 1988 — 89. This last run provides the data for this thesis.

Along with the discovery of the W boson came the first measurement of its mass: 81+ 5
GeV/c? [6]. Subsequent running resulted in better determinations of the W mass coming

from both CERN experiments. UA1 reports [8] :
mw = 83.5 + 1.0(stat.) + 2.7(sys.) GeV/c>. (1.2)
UA2 reports [9] :
miy = 80.79 + 0.31(stat.) £ 0.21(sys.) + 0.81(calib.) GeV/c2. (1.3)

These can to be compared with the CDF electron result quoted in equation 1.1.

Figure 1.1 shows a typical W boson candidate decaying into an electron and neutrino.

This picture illustrates the way we isolate a sample of W decays. The figure shows a high

2



Figure 1.1: A W boson decaying into an electron and neutrino in the Collider Detector at
Fermilab (CDF). The plot shows pseudorapidity (7 = —Intan(6/2) ) vs. azimuth (¢) in the
plane and transverse energy on the vertical scale. One signature of an electronic W decay
is the apparent energy imbalance created by the escape of a neutrino with large transverse
energy.

energy electron, contained in a single cell of the calorimeter, with no opposite activity to
balance its momentum. W and Z decays are the primary source of electrons with energies
above 20 GeV. Furthermore, the neutrino, from W decay, escapes undetected leaving an
apparent transverse energy flow imbalance *. Figure 1.2 illustrates this, showing the corre-
lation between electron and neutrino transverse energy, characteristic of the two body W
decay candidates. We pursue this further in chapter 4 when the extraction of a W sample

is described.

This thesis is organized as follows. Chapter 2 describes the theoretical predictions for
the W mass as well as the Standard Model physics that can be inferred from its mass.
Included there is a review of W production and decay at a pF collider. Chapter 3 describes
the CDF detector, during the 1988 — 89 data collection period, as it related to measuring
W electron decays. Chapter 4 outlines the W event selection, reconstruction as well as the

calibration of the tracking chamber and calorimeters used in the measurement of the W

* Although the conserved quantity is the momentum perpendicular to the beam direction the calorimeter
measures the energies of particles, hence this effect is commonly referred to as missing transverse energy, Ex.
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Figure 1.2: Correlation of electron transverse (to the beam direction) energy to the inferred
transverse energy of the neutrino. The spectrum is cut at 20 GeV in both electron and
neutrino transverse energy eliminating most of the background to W decay.

mass. Chapter 5 details the extraction of the mass value by comparing the data to Monte
Carlo predictions. Emphasis is placed on the aspects of the model tuned using CDF data,
as well as the details of the fitting procedure. The systematic uncertainties of the W mass
measurement are described in Chapter 6. The work is summarized in Chapter 7, where
Standard Model parameters (and their uncertainties) are extracted from this measurement

and the Z boson mass.



Chapter 2

Standard Model Predictions for

the W Mass

After Pauli introduced the neutrino to account for the distribution of electron energies seen
in nuclear 3 decay Termi postulated that the process could be described by a four point
interaction [1] with coupling Gr. GF has become known as the ‘weak’ coupling constant.
Today the best determination of Gp comes from the decay of the muon [10] where it is
found to be Gp = 1.16632(4) x 10~° GeV~2. When the four point interaction was replaced
by the exchange of a W boson, the coupling, G, was replaced by: g& /(g% + miy). For

< m%_.y (typical of 8 decay) this reduces to the relation:

2 _ ﬂg%v

miy = . 2.1
: 8GF (2.1)
The electroweak unification ([2], [3] and [4]) led to relation:
b= ¢ 2 2.2
9w = 57 o 2. (2.2)

The electroweak mixing angle, 81y, was measured in the middle 1970s in neutrino scattering
experiments by comparing the rate of neutral current to charged current interactions (for

a Tecent review see [11]). Early experiments [12, 13, 14] measured sin? fyy = 0.29 % 0.06.
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Figure 2.1: Feynman diagrams showing the first order corrections to the a) W and b) Z
propagators introduced by the unknown top quark mass. The unknown top quark mass,

™mt, emerges as a quadratic splitting between these two diagrams and changes the mass ratio
mwy
mg -

Knowing this and the elcctromagﬁetic coupling (™! = 137.0359895(61) measured in atomic

experiments) the GSW model predicted:

2 Ta 242
: = = = (70 + 8GeV . 2.
mw V2G Fsin? ( ev/e’) (2.3)

Since the discovery of the W and Z bosons it has become customary [15] to express the

weak mixing angle sin? fy as the ratio of the weak boson masses:

2
sinfy = 1 (M) . (2.4)
mz

Such a definition is important when considering radiative corrections to the masses and
couplings in the theory. The running of the electromagnetic coupling, e, contributes a
sizeable correction to the predicted the W mass. Electrodynamics predicts that o(Q? =
100% GeV?) ~ 128~1[16], a T% correction from its value measured at Q? ~ 0. Until recently
these radiative corrections have been small compared to the experimental uncertainties
associated with measuring them. Measurements are now sufficiently precise to make these

corrections necessary [17].

Two first order corrections to the W and Z propagators are shown in figures 2.1 and 2.2.
The top quark has not been found, its unknown mass appears in the evaluation of dia-

grams 2.1a and b and differentiates between the W and Z propagators. The dependence on
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Figure 2.2: Feynman diagrams showing first order corrections to the a) W and b) Z propa-
gators introduced by the unknown Higgs mass. Here the splitting is only logarithmic in the
ratio mg/mwz [18].

the top mass is quadratic [18]. The Higgs boson mass is also unknown ~, but the coupling

of a scalar to the vector bosons, shown in figures 2.2a and b, results in only logarithmic

corrections to the couplings [18].

These radiative corrections can be expressed as a relationship between the W mass and
three fundamental quantities of the electroweak theory @, Gr, and sin®6yy. The lowest

order expression in equation 2.3 becomes:

) T 1 (37.281 GeV /c?)?
= = . 2.5
my = V2GFsin® Oy (1 = Ar) sin? fpy(1 — Ar) (2:5)

Ar accounts for the radiative corrections arising from the comparison of the W mass to
the electroweak coupling constants @ and Gp measured at low energy. The predicted
dependence of these corrections on the top quark mass and the Higgs mass is shown in
figure 2.3. The 7% shift, due to electromagnetic radiative corrections alone, is apparent
as myop — 0. This is followed by the progressive, quadratic, cancellation of this correction
(vanishing as myp — 250 GeV/c?) along with the minor perturbation ﬁade by varying the
Higgs mass from 30 GeV/c? to 1 TeV/c?. Recent calculations, including the effect of higher

order corrections, are discussed in [20].

*Recent experimental limits exclude a Standard Model Higgs with mass less than 24 GeV/c? [19]and the

mathematical consistency of the Standard Model demands that the Higgs have a mass smaller than about
1 TeV/c*.



0.08 F=
0.06 [—
J 0.04 —

- ——  mg = 30 GeV

0.02 '~ — —  my=100 Gev
C my = 1000 GeV

0.00 —
"'l 1 i i 1 l i | 1 1 l 1 1 1 ] , [ i
50 100 150 200

In, (GeV/ Cz)
Figure 2.3: The quadratic dependence of Ar on the top quark mass, along with the log-
arithmic dependence on the Higgs mass gives one way of interpreting the measurement of
the W mass within the context of the Standard Model.

In summary, we test the consistency of the Standard Model by comparing different
measurements of the electroweak mixing angle. The contribution of this thesis is a precise
determinationl of the W¥* boson mass and its comparison to other measurements of the
electroweak coupling constants and Z boson mass. With reduced experimental uncertainties

on the boson masses these comparisons constrain the Standard Model.

2.1 W Production in pp Collisions

To lowest order (in as) Ws produced in p collisions come from the annihilation of a quark

and an anti-quark. Figure 2.4a shows the Feynman diagram for the process:

q — W. (2.6)



d g

Figure 2.4: a) Feynman diagram from lowest order W production in pp collisions. Here
a u quark from the proton and a d quark from the anti-proton annihilate to form a W
boson which subsequently decays into a positron and neutrino. b) One of many diagrams
for higher order (in ;) production of Ws in pp collisions. Here the W is produced in
association with a single gluon (g).

This is complicated by the presence of several species of quarks in pj collisions. The

differential cross-section can be written as a sum over quark species:

&(Ta,p) = 05 zezp{cos? Oclu(ze)d(zy) + d(za)u(xp)] + sin? dcfu(zq)d(zp) + 3(zq)u(zs)]}

(2.7)
Here the u,d and s are the quark number densities in the proton (%, d and § are similar
quantities for the anti-proton), the z; are the fraction of the (anti-)proton’s momentum
carried by the quarks and fc is the Cabbibo quark mass state mixing angle. The total W

production cross section can then be written as:

1 1 m3y
o(pp — W) = ,/0 clmaA dzy G(za,zp) 6(Zazp — T) (2.8)

Ifere the only constraints on the momentum fractions, z;, are that they lie between 0 and
1, and they combine to give the W mass. They are inevitably unequal, giving the W a net
longitudinal momentum: piong. = (zq — zb)+/s. This can be a large momentum, and in the
case of W — erv unmeasured. Thus we concentrate on the event kinematics perpendicular
to the beam. There is little motion in this direction before the collision (what there is comes
from the Fermi motion of quarks inside the proton and initial state QCD radiation), so that

after the collision the net transverse momentum should be small.



At low energies (for example /s = 630 GeV of the CERN collider) most Ws are produced
in the collision of valence quarks from the proton and anti-proton. Only the valence quarks
carry a sufficient fraction of the proton’s momentum to produce an object with m ~ 80
GeV/c? (on average 1/8 of the proton’s momentum is required of each quark). At the
Tevatron the same is not true. The average momentum fraction carried by the quarks
producing Ws is about 1/20. At these small fractions the relative abundance of sea quarks
allows a larger portion of the Ws produced to come from the interaction of one or more sea

quarks. The relative abundances are studied in reference [21] and shown in figure 2.5.
The primary effect of the admixture is on the polarization of the Ws. The W+ boson
(for example) is a spin one object decaying with an angular distribution of:

do

~ = g, (1 ~ cos§)2. 2.9
dcos b o ) (2.9)

Here § refers to the angle measured in the W centre of momentum frame (see figure 2.6)
between the decay positron and the d quark in the collision. The u quark can come from
either the proton (most likely) or the anti-proton (less likely). It is the relative importance
of the sea quarks in the W production cross-section at the Tevatron which makes this an

issue. Thus we include the resultant decay angular distribution:

20 = oo { F(up) (1 = cosB)? + fup) (L+ cos )}, (2.10)
dcos ¥

in our model of W production, where f(u,) [f(up)] is the fraction of W+s made from «
quarks coming from the [anti-] proton. We define the ratio f(uz) / [f(up)+ f(up)] to be the
“polarization”, P, for later use in our W production model (see section 5.1). The relative
importance of the sea quarks and their effect on the W decay angular distribution (via
equation 2.10) is one of the differences seen between fit masses depending on the choice of

proton parton distribution function (see section 6.2).

So far we have only described lowest order W production. One of the principle compli-
cations of the W mass measurement is the W transverse motion, p;. We restrict ourselves

to the study of Ws with small p;. The production of Ws with finite transverse momentum

10
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Figure 2.5: The W production cross section as a function of the pp centre of mass energy.
The contributions from valence-valence, valence-sea sea-sea quark interactions are shown
separately (from [21]).
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Figure 2.6: The polarization of the W resulting from valence quark production. Single
arrows indicate the particle momenta and double arrows indicate the particle helicities.
When ¢ is measured as shown, equation 2.9 describes the W decay angular distributions.
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is described by diagrams, like that in figure 2.4b, where one or more gluons are radiated as
the W is produced. In principle, this process is calculable within the context of QCD, the
theory of strong interactions. However, at low transverse momenta the gluons radiated are
very soft and QCD calculations become unreliable [22]. Since detector resolution introduces
effects at least as big as the uncertainties in such calculations we treat the study of W p;
phenomenologically. ITere we make no attempt to relate our observations back to the QCD

physics that produced the W p,.

We study the W pt to determine its effect on the energy distribution of the observed
decay electrons. The W p; can also effect W polarization, but this is of lesser importance to
the mass determination. The decay angular distribution (averaged over charges 1) is altered

as follows:

do
dcosd

= 00 (1 +cos?8) + o1 (1 — 3cos? ). (2.11)

However, we expect only a 1% admixture (o1 ~ 0.010p) of this form. We conclude this from
our predicted W p; distribution (see chapter 5) and the calculations in reference [23]. Given
that we study 10% variations of P (see equation 2.10 and subsequent text) by changing
proton parton distributions (see section 6.2) and see no measurable effect on the W mass.

Thus we ignore the effect of this depolarization.

Having produced the W, we now describe its decay into an electron and neutrino. As we
have seen the electrons are produced with a distinctive decay angular distribution (equa-
tion 2.9). Averaging over charges (taking equation 2.11), and ignoring the complications of

the W p; we have:

do = = gy (1 + cos? §). (2.12)
dcosf

Our detection of W decay depends on the observation of a high E: decay electron. We
can re-write equation 2.12 in terms of Ef making use of the Jacobian for the change of

variables from cos# to Ef. Since the electron and neutrino are back-to-back, and of equal

'Oppositely charged Ws have opposite decay angular distributions. Averaging over charges we get:
11 —cosf)? + 1(1+cosd)? = 1+cos®f.

12
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particle.

momentum, in the W frame — a two body decay — we have (neglecting the rest mass of

the electron):

2
- m
E2 — w
4 ?
- 2 -
= E? = TZ"K sin? 4. (2.13)
This leads to the Jacobian:
d cos g —~
cost =2 (2.14)
dE} méy cos f
If we define v to be Zm—% we are left with the familiar expression for the v;:
{ 12—}
= s, (2.15)

dv? ” 2 4J1= v%’
which is shown in figure 2.7. This is the decay energy spectrum in the W frame. For Ws
produced with no transverse motion we have E, = E, preserving the “Jacobian” shape in
the lab frame. The finite W p;, detector resclution and spread of generated masses over
the Breit-Wigner resonance (see equation 5.1) smear out the singularity at v; = 1 leaving

a Jacobian peak of finite height. These effects are described, as they are built into our W

model, in chapter 5.

13



While the £¥ spectrum displays a Jacobian edge, it is smeared by the W p;. By exploiting
the inferred measurement of the neutrino, Y, we can limit our sensitivity to this motion.

We construct the transverse mass, mq, of the electron-neutrino system:

my = /2 Ef - EY (1 cos(¢® — ¢¥) ] (2.16)

This is the three dimensional analog of the product of 4 vectors which give the full invariant
mass. Since the neutrino’s momentum along the beam is not measured ¥, the z components
of the scalar product for the invariant mass are left out. To first order m; = 2E§ preserving

the Jacobian nature of the Ef distribution. We exploit this feature to measure the W mass.

*If a mass is assumed then p% can be determined up to the possible arnbiguity of the two quadratic
solutions the mass constraint implies.
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Chapter 3

Detector and Data Collection

This chapter describes the CDF detector paying particular attention to the tracking cham-
bers and calorimeters we use in the W mass measurement. The 1988 — 89 data collection

period is also described focussing on the triggers used to collect the W data.

The Collider Detector at Fermilab (CDF) is a 5000 T detector (shown in figure 3.1) built
to study pp collisions [24]. The detector provides magnetic analysis of charged particles in
the central region ( 40° < # < 140° ), and hermetic calorimeter coverage to within 2° of the

beamlines ( 2° < § < 178°%, —4.2 < n< 4.2 )~

3.1 Tracking Detectors

Closest to the beam pipe and nominal interaction point were a series of 8 Vertex Time
Projection Chambers (VTPCs). These chambers measured charged particle tracks in the R-
Z plane to within 3.5% of the beam line. Covering a total length of 2.8 m along the beamline
these chambers were used to identify the interaction vertex (or vertices) of the pp collision.

In events with only one vertex its position was measured with ¢ = Imm resolution [26].

*The CDF coordinate system defines the positive z-axis along the direction travelled by the protons. ¢ is
the azimuthal angle around this axis and 8 is the polar angle measured from the beam direction. Differences
in n(= —Intan[f/2]) are approximately Lorentz invariant, applicable to distributions in the polar angle
variable (see also the caption of figure 1.1).
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isometric view of the detector (from [25]).
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Figure 3.2: The layout of wires at the end of the central tracking chamber (CTC). The
grouping into 9 superlayers, and the 45° Lorentz angle can be seen.

In W events the vertex position is used as a reference to compute the transverse energy
(Ey = I'sin[f]) deposited in each calorimeter cell. The distribution of reconstructed vertices
in candidate W eveunts (figure 4.2) is well approximated by a Gaussian of mean 0 cm and
sigma 30 cm. The spread in vertices reflects the beam’s bunch length and collider 3 function,

hence the collision point dispersion.

The Central Tracking Chamber (CTC) [27] surrounded the VTPCs. Both resided iz a
1.4 T solencidal magnetic field. The CTC was designed to measure charged particle tracks
in the R — ¢ plane, to determine their curvature in the magnetic field, and thereby measure
their transverse momentum. The CTC has 84 layers of wires grouped together in nine
“superlayers” (see figure 3.2). Five of the nine have twelve sense wires parallel to the beam
direction. These axial layers are used to determine the track curvature. The other four
layers have 6 wires with 3° stereo to provide the information necessary to determine the 8
of the tracks. All superlayers have cells tilted at a 45° angle with (see figure 3.2) respect

to the radial direction. This compensates for the Lorentz angle of electron drift in the



magnetic fleld, allowing track ionization (electrons) to drift nearly azimuthally, simplifying

the time-to-distance relationship.

The CTC alone provides a momentum resolution of ﬁp%i = 0.0020 x p; (where p; is
measured in GeV/c) for isolated tracks (such as W electrons). The addition of a vertex point
(“beam constraint™) extends the effective tracking radius from 1 m to 1.3 m, almost halving
the effective resolution (which scales as 1/(B [2)) to %’f = 0.0011 x p;. This improvement
in resolution is important for the calibration of the calorimeters described in section 4.2.
Complete tracking information is only available for 40° < # < 140°, thereafter tracks do

not pass through all layers of the chamber and the momentum resolution is degraded.

3.2 Calorimeters

The CDF detector includes three calorimeter systems (Central, Plug and Forward, see
figure 3.1) to cover most of the solid angle around the interaction point. The central region
( ~1.1 <7< 1.1) of the calorimeter is made up of lead-scintillator electromagnetic shower
counters (CEM) followed by an iron-scintillator hadron calorimeter (CHA and WHA). The
desire to maintain constant angular sampling in 7, as well as covering as much of the solid
angle as possible led to the use of gas-proportional chambers as sampling devices outside
the central region. Two systems — the plug electromagnetic (PEM) and hadronic (PHA)
calorimeters (covering from 1.1 < |n| < 2.4) and the forward electromagnetic (FEM) and

hadronic (FIA) calorimeters (covering from 2.2 < |n| < 4.2) — are installed in this region.

The Central Electrorﬁagnetic calorimeter (CEM) [24] is used to measure the energy of
the W decay electron in this analysis. It comsists of 31 layers of polystyrene scintillator
interleaved with 30 layers of lead absorber. Including the outer tracking chamber wall, coil
and calorimeter, 19 radiation lengths of material are presented to electrons. The calorimeter
is broken up into 15° wedges in ¢ (see figure 3.3). Light from the scintillators is read out

through wavelength shifters on both sides of a wedge, in projective slices of the calorimeter
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Figure 3.3: A cutaway view of a central electromagnetic calorimeter wedge. The wavelength
shifters collect the light from the layers of scintillators delineate the tower structure in eta.
Each wedge subtends 157 in 9.

that cover 0.1 units of 7. At a depth of 6 radiation lengths, a proportional chamber with
fine grained (1.5 cm spacing) strip and wire readout helps localise electromagnetic showers.

W electron showers are measured with 3 mm accuracy.

We initially calibrated each of the 478 CEM cells T with 50 GeV electrons in a test-beam.
We preserved these calibrations by referring them to Cs*7 source signals [28]. This provided
a set of calibrations that was good to about 2.5% after many years (see figure 4.8a). We
calibrate in-situ using electrons in the CDF pp collision data. These calibrations are the

subject of section 4.2.

We use the entire CDT calorimeter to the infer the measurement of the neutrino coming
from W decay. In this regard the central and wall hadron, plug and forward calorimeters play
an important role. We calibrate these calorimeters in test-beams with electrons and pions.

We tune the energy scales of the gas electromagnetic calorimeters with electrons available

TThere are 48 wedges — giving 24 segments in ¢ and equivalent structures on each side of the collision
point (see figure 3.1) — each having 10 individual cells. Two cells are not active to allow entry of the solenoid
cryogenics.
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from Z decay. We study the central hadron calorimeter with isolated charged pions in our pp
data [29] (and see below in section 4.3).. We study the other hadron calorimeters’ response
with jet data. In di-jet events little or no energy imbalance is expected. By studying di-
Jjet events with one jet in the central calorimeter and the other in a gas calorimeter the
relatively well known central energy scales are transferred to the gas. Jet fragmentation
studies provide predictions for the fraction of jet energy that should be observed in the
hadron calorimeters. Having previously tuned the electromagnetic calorimeters with Z data
these predictions provide another check of relative hadron calorimeter calibrations. Finally,
studies of spurious energy deposition in the gas calorimeters led to the implementation of
software filters [30]. The measurement of the neutrino is improved by these “clean up”

procedures [31] (see section 4.3 for further details).

3.3 Trigger

The interaction rate during the 1988 — 89 run at the Tevatron collider was 10° times higher
than the CDF data recording capability. It is important to be able to sift the interesting
events from a plethora of “uninteresting” minimum bias events. We accomplished this with
a four level trigger system during the 1988 — 89 run [32]. A description of the triggers
relevant to the collection of W candidates follows. The logic behind these triggers is shown

schematically in figure 3.4.

The lowest level of the trigger — level 0 — selected potentially interesting crossings
by requiring that time of flight counters on either side of the interaction region be hit.
This trigger’s decision was available within 100 ns of the beam crossing and inhibited data
taking during the next beam crossing (one occurred every 3.5 us) while the next trigger

level finished its decision.

The level 1 trigger system computed the energy flow in both the electromagnetic and

hadronic compartments of the calorimeter. For W electron candidates, all events fulfilled
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Figure 3.4: The logic behind the electron and Fy triggers. The different trigger levels are
highlighted. Note the prerequisite nature of the triggers from one level to the next.

the requirement that there be 6 GeV in a single trigger tower ¥ of the central electromagnetic
calorimeter. This decision was made within 7us. If no interesting physics emerged the front

end electronics were reset, in time for the second crossing after the initial level 0 decision.

The level 2 trigger system was more sophisticated. It was first implemented at the
beginning of the 1988 — 89 run but evolved during that time. The triggers upon which this
analysis relies were present for all of the data taking. With an average of 20us, to make
a decision, more analysis was possible at level 2. The electron and missing energy (E:)

triggers used to record W events are described in more detail.

A trigger tower covers two cells of the central calorirneter in the same wedge, 0.2 units of 5 and 15° in

.
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The second level trigger selected central electrons if: 1) a cluster of transverse energy 3
was found above 12 GeV, 2) a ¢ matched track (from a track processor [33]) pointed towards
the cluster with p; > 6 GeV/c, and 3) less than 12.5% of the energy in the cluster was in
the hadronic compartment of the calorimeter. By studying events passing other triggers
(such as the Ey trigger described below) we found this trigger to be 98% efficient for central
W electrons [34]. Comparisons of this trigger to lower threshold electron triggers revealled
that it was fully efficient fof Ey > 15 GeV [35]. The fact that the trigger exhibits no energy
dependence thereafter leads us to conclude that this selection did not induce a bias in the

W mass measurement which uses only electrons with £y > 25 GeV.

We designed a backup trigger for W decay electrons to exploit the energy imbalance,
characteristic of the escaping neutrino [36]. The net energy flow, computed at level 1, was
required at level 2 to be greater than 25 GeV. There was also a requirement that there be
at least one non-forward cluster (|n| < 2.5) with more than 8 GeV of the transverse energy
in the electromagnetic compartment of the calorimeter. This last requirement removed
spurious Ey sources, which left apparent depositions of energy in the hadron calorimeters.
All central W electrons satisfy the 8 GeV requirement. The E; requirement was too high to
make this an inclusive trigger for W electrons — only 78% of W events are expected to have
E: > 25 GeV, and the effect of resolution on the trigger threshold reduced this acceptance
even further — but the E trigger provided an important check of the electron trigger’s
efficiency in regions of phase space where both should be very efficient (Ey, E¢ > 35 GeV).
The primary goal of the E; trigger was to search for non-Standard Model physics which are

expected to leave large E¢ such as supersymmetry [37].

A level 3 trigger system was implemented during the 1988 — 89 running period. This
consisted of a farm of sixty Motorola 68020 processors, each capable of running the complete

CDF event reconstruction program. All of the raw data was available for decision making.

¥An electron trigger cluster was formed by grouping the transverse energy in adjacent trigger towers of
the EM calorimeter starting with a seed (of more than 4 GeV in a single tower) and stopping when the
transverse energy of all neighboring towers fell below 3.6 GeV.

22



Due to execution time constraints we used streamlined versions of the reconstruction code
to filter the events before they were written on tape. As the accelerator intensity grew over
the course of the run, we added more filters to the lével 3 system. By the end of the running

period level 3 rejected about 60% of the events passing level 2.

The electron trigger ran for much of the data collection period with no level 3 require-
ment. During the latter part of the run we added the requirement that the electron cluster,
identified in level 2, survive the offline reconstruction. With all the raw data available re-
construction occurred with more granularity than was available in the hardware trigger .
The filter also required that there continue to be a 6 GeV/c track associated with the cluster

after more sophisticated, but still two-dimensional, tracking.

The E; trigger was the first to include level 3 requirements. We discovered several
sources of spurious energy imbalance in the 1987 CDF run. We fixed many of these, to
some extent, in the hardware but they remained a non-negligible source of Ey triggers. We
developed filters to recognise depositions of energy likely due to noise in the detector and
to remove this spurious energy. These procedures were executed in level 3 and the Ey I
required to remain greater than 15 GeV. In this way only one F; threshold — the level 2
threshold — was imposed by the trigger. During the last third of the run we enhanced the
Es filter to reject events with back-to-back jets; a significant source of F. If we detected
the remnants of a second cluster within 30° of back-to-back with the leading cluster, and
it had more than 10 GeV of transverse energy, the event was removed as a likely di-jet
mismeasurement. If the F; was greater than 40 GeV no di-jet veto was made. For W events
this results in a small loss of data. The transverse energy distribution of jets associated with
W decays shown below reveals that only 3% have the necessary energy and ba.mck~to-back

configuration to fail this requirement. This will be discussed in more detail in section 4.3.

"Signals from the two phototubes of each CEM cell quadruple the information available over what was
available to the hardware trigger at levels 1 and 2. This allowed the energy sharing among cells (within the
wedge) to be compared to that expected for electrons.

ILike the level 2 F& computation, no event vertex was used, all events were assumed to come from z =0
for the purpose of the trigger.
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Figure 3.5: The integrated luminosity delivered by the accelerator (upper curve) and col-
lected by the CDF experiment (lower curve). The difference reflects the data collection
inefficiency of the experiment.

3.4 Data Collection

We collected the data used in this analysis over a 12 month period from June 1988 through
May 1989. The peak machine intensity grew from initial value of 3 x 10%? ¢cm~2 s~! to
over 2 x 10%° ¢cm~2 s~1, We used the first two months of operation to commission the
first and second level triggers. The data used in this analysis comes from the last 10
months of the run, after the level 2 trigger was stable. The complexity of the detector
and data acquisition systems limited the overall data collection efficiency to about 50%
(see figure 3.5). We attribute some of this (15 — 20%) to the higher than expected peak
luminosities. At luminosities above 10°® collisions occur with significant probability (10 —
15%) in consecutive beam crossings (every 3.5us) while the level 1 trigger was only capable
of making a decision in Tus. The commissioning of the level 3 trigger and the data pipeline
necessary to make it operational also contributed to the loss of efficiency, but the eventual

rejection it provided made up for these losses.
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Our overall trigger rate was limited to 1—2 Hz by the speed we were able to transfer data,
to tape. BEach event record contained 150 kbytes of information. Our final 4.4 pb=1 sample
consists of 4 x 10% events recorded on 5 500 magnetic tapes. We followed data collection
almost immediately by low-rate filtering which stripped out 1% of the most “interesting”
events providing rapid feedback on trigger and detector performance as well as much of the

physics analysis, including this measurement. This selection is the sub ject of section 4.1.1.
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Chapter 4

Event Reconstruction and

Detector Calibration

The selection of our W — ev event sample and the event reconstruction is discussed in this
chapter. We include a description of the calibration of the detectors used to measure the
W mass. This description is broken up into two parts: the calibration of the detectors we
use to measure the electron’s energy, and those we use to measure the underlying event —

an important part of the neutrino’s momentum.

4.1 Event Selection

Although we could not trigger solely on the Fy signature of the neutrinos * from W decvay,
we based our final W event selection on the E; signature. The selection was a three pass
process. During the first pass reconstruction and data filtering we selected an inclusive Et
sample from the raw data-tapes. Next, we selected an inclusive W sample, by vplacing loose
electron criteria on the E; events. Finally we selected those events used to measure the W

mass, applying stricter criteria to improve our understanding of their measurement.

*At the trigger level the F: threshold was too high to allow for an inclusive W — e v trigger. Offiine we
lower this threshold by adding other criteria.
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4.1.1 Inclusive E, Sample

We reconstruct the energy flow in all raw data events to include the event vertex informa-
tion, and require 1) the Fy T be greater than 20 GeV. A Monte Carlo simulation shows that
95% of W events with an electron in our central detector satisfy this E¢ requirement(7],
leaving only a small fraction of the original background. We further require 2) that the
E¢ significance ( Es/ \/m ) be greater than 2.4, a cut of more than 4o in azimuthally
symmetric (“minimum bias”) events where the E comes from measurement resolution alone
(see figure 4.11 and discussion). Here “sum E,” refers to the scalar sum of all the transverse
energy in the event. This cut helps eliminate poorly measured di-jet events. Having a
much larger cross section (= 100x) than W production, di-jet events can have an appar-
ent imbalance but will also have a relatively large sum Ey, reducing the significance (see

figure 4.1).

We require 3) the events to have at least one cluster of energy with F; greater than 15
GeV. Our “jet” clustering algorithm starts with seeds, single cells of the calorimeter, with
energy greater than 3 GeV. It then adds to the cluster all cells within a cone of 0.7 radians
(opening angle = \/m) having energy greater than 0.1 GeV, computing the energy
weighted centroid of the cluster. The procedure iterates (starting with the centroid rather
than seed cell) grouping energy inside the cone until the centroid stabilizes. Further details
can be found in [31]. We require 4) the leading cluster to have at least 5% of its energy
in the electromagnetic calorimeter to reduce the number of noise-like events with energy
confined to asingle detector. Finally, a requirement that there be 5) no cluster opposite the
leading one, with Ey > 5 GeV, within 30° of azimuth reduces the residual di-jet background.
Even when mismeasured, di-jet events generally leave some jet activity opposite the leading
cluster of energy. Ve use these criteria to begin the selection of potential W candidates.
We achieve a factor of 60 reduction from our initial data-sample. We are left with 65 000

events (from 4.4 pb™!) and remain about 80% efficient for selecting W candidates which

''The details of the F: calculation are found in section 4.3, below.
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Figure 4.1: The E; significance (described in the text) for a sample of di-jet events (dotted
histogram) and our W sample (solid histogram). This comparison shows how we remove
events which have substantial Ey, but also a large sum Fy. The relative normalizations of
the samples is arbitrary.

leave an electron in our central detector [7]. This event sample also lends itself to searches

for exotic physics processes which leave large Ey [37].

4.1.2 Inclusive W Sample

To isolate a W sample from the inclusive E; events we make some requirements on the
electron. To ensure that we have a well measured electron we restrict ourselves to events with
electron candidates depositing their energy in the central calorimeter. Our requirements
are as follows. 1) We only accept events whose highest energy cluster is located in the
central detector (|| < 1.0). 2) The fraction of that cluster’s energy in the electromagnetic
compartment must be greater than 85%. Finally, 3) we require a track of momentum, P,
pointing at the cluster with E/P < 2. These last two requirements are easily satisfied by
real electrons (see for example figure 4.3a and figure 4.9). These requirements produce our

inclusive central W electron sample of 3400 events. Figure 4.2 shows the vertex distribution
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Figure 4.2: The event vertex distribution (along the beam line; z) for the inclusive W decay
candidates. Note that interactions can occur up to one meter from the nominal interaction
point. These events are not hermetically contained by the calorimeter and must be removed
from the final event sample, we require |z| < 60 cm.

for these events.

4.1.3 W Mass Sample

We apply further cuts to obtain a sample suitable for measuring the W mass. Because
significant QCD backgrounds persist at low Ey, we make more stringent cuts of 1) Ef > 25
GeV and 2) BY > 25 GeV. Doing this we lose 20% of the inclusive Ws. Being at low Ef
these do not contribute significantly to the measurement of the W mass (see section 6.5).
Restricting ourselves to higher energy electrons reduces residual backgrounds. By studying
the fraction of photon conversion candidates which pass these cuts we deduce that back-
ground in our mass sample was reduced from 4% to less than 1% [38]. We make fiducial
cuts on the electron to ensure that its shower is well within the active part of the calorime-
ter. We require the centroid of the strip chamber shower associated with the electron be

3) more than 1.5° away from central wedge boundaries, 4) 12 cm or further from the arch
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separation at 90° and 45 cm away from the central-plug boundary of the calorimeter. To
reduce the probability of a high p; parton escaping detection completely we 5) accept only
events whose vertex is within 60 cm (20) of the nominal interaction point (see figure 4.2).
We reduce backgrounds further by rejecting events where 6) a soft track accompanies the
candidate electron track making an apparent low mass pair (indicative of a photon con-
version). We also demand that electron candidate tracks have sufficient hits in the VTPC
(inside the CTC) to further reduce the background from photon conversions in the mate-
rial between VIPC and CTC. This costs us less than 3% of the candidates. Studies of
identified conversions in parts of the detector where there is little or no material (to cause
1;eal conversions) [39] indicate that our loss is consistent with all of these events being good
electrons. 7) The requirement that one, and only one, track be pointing at the electron seed
cell reduces the sample a further 3%. Finally, we 8) require that there be no stiff tracks
(other than the electron track), with p; > 10 GeV/c, in the event. We find two such tracks
(in different events) with p; > 40 GeV/c and no others. These are consistent with being
Z — e*e~ candidates where one of the electrons was lost in a crack of the calorimeter. This
leaves us with 1 700 events in our sample. The electron characteristics of these events are

shown in figure 4.3.

We make two other cuts to get the final mass sample. After studying the effects of
internal and external radiation (see section 4.2) on the energy-momentum matching of
electrons [42] we restrict further study to electrons with E/P < 1.4. This limits the radiative
correction in the energy scale (see section 4.2). Further, we choose to study a sample of
W electrons which has little or no other coherent energy flow (ideally no other energetic
prompt partons). To reduce our sensitivity to such partons we restrict ourselves to events
with no calorimeter energy clusters (other than the electron) with Ey(jet) > 7 GeV (see
figure 4.4). Even with this cut our measurement of this additional energy is one of the

limiting factors in the W mass precision. This is discussed in section 6.3.

We are left with 1131 electron events after applying these last two cuts. We also have

31



o)
w

150

100

Numbar par 0.2 X

P= IR P O

o

-

Q.02

0.04 0.08 0.08 0.1
HAD/EM fracticn

i00

80

g

Number par 0.2

20 §

N PP EPUPTPTIR TSP ot

2 4 ] a 10
R-—-d¢ shower profile )f

o
St

100

T

80

TTT

80

40

Number per 0.5 mm

70

llIlEllitlIl

[+]

Lt o]

NN

PRI PR, o1, SPOU

-2

-1 [+] 1 2
R-d¢ track matching (cm)

oy
e 1850
ol A
T
]
o
u 100
g
% 5o \l]
Py | T - -
-0.1 [+] Q.1 0.2 0.3
Lateral Shower Profile
d)
9
[=]
g
a
H
g
z %
. L A P B v
1] 2 4 8 a8 10
Z shower profile x'
H 7
80—
f 80 [~
A
b —
it
20 -
o bl |

Z track matching {cm)

Figure 4.3: Six different variables used in the inclusive electron search plotted for our
W — ev mass sample. The arrow in each figure shows a typical cut in each variable. The
E; signature along with very “loose” electron cuts (E/P < 2, and HAD/EM < 0.15) are
sufficient to produce this sample. We use distributions like these to determine the efficiency
of these cuts when applied in other analyses [35, 40, 41].
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Figure 4.4: The “jet” p; spectrum associated with electron W candidates. Attempting to
measure extra partons (responsible for such jets) degrades the neutrino resolution. We cut
out all W candidates with associated jets above 7 GeV/c pt. Our jet clustering threshold
is about 5 GeV, the spike at 0 represents W events where no Jjet cluster is found.

a sample of W — pv, candidate events. The detailed selection of these events [43] is
different from the electron candidates, however the final kinematic selections (pf' > 25
GeV/e, Bt > 25 GeV and Ey(jet) < 7) are the same, producing a comparable sample
and allowing a parallel mass analysis. These are the event samples we use to measure the
mass of the W boson. The calibrations done to improve the electron and neutrino energy

measurements are described in the next two sections.

4.2 Electron Energy Corrections

We use the central electromagnetic calorimeter to measure the energy of the electrons in our
sample. The testbeam calibration [28] provides a good starting point for the calibration of
the calorimeter, but further fine tuning is possible with the sample of electrons in our data.
Our aim is to use electrons in our data as a source of well measured particles with which to

calibrate the detector. Although we set the energy scale with the electrons in the W sample,
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in doing so we make no use of the kinematics of W decay. The W sample provides a pure
" (> 99%) sample of electrons with well known production properties. The calibration relies
on the comparison of two independent measurements of the electron (tracking chamber and
calorimeter) and is reasonably independent of the kinematic distribution of the electrons 5,
After adjusting cell-to-cell variations with the inclusive electron sample, we use the W
electron sample itself to set the overall calorimeter energy scale, making it agree with the

tracking chamber scale (see figure 4.9).

First, we calibrate the tracking chamber. This begins with the determination of timing
offsets, drift velocities and a beam position on a run by run basis. The beam centre is
determined with 5um accuracy for a 50 um beam size. We align the chamber using charged
particle tracks in minimum bias events. The tilted geometry of the drift chamber cells
means that each track provides a measurement of the drift-time relationship. This data
is collected online and provides calibration parameters for the first pass reconstruction.

Having reconstructed tracks with this alignment we find 180 #m average axial residuals and

*One exception to this statement is that possible calorimeter non-linearities (of O(0.015 %)/GeV) can
effect electrons of different energies. The ramifications of this are discussed below.
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average stereo residuals of 225 um.

Remaining tracking chamber distortions fall into two categories: 1) overall magnification
due, for example. to mechanical loading and 2) azimuthal misalignments introduced in the
assembly of the chamber. An overall dilatation of the chamber is equivalent to an error in
the magnetic field strength. Surveying the nominal wire locations with 50pm precision and
mapping the absolute magnetic field to +0.05% allows the tracking chamber’s mass scale § to
be set very accurately a-priori. We check for residual chamber dilatations using our sample
of J/¢ and T di-muons (see figure 4.6). The J/t mass agrees perfectly, within its 0.03%
statistical error and the T mass is 0.1+ 0.1% high. The consistency of these measurements

leads us to conclude that the tracking chamber mass scale is known to 0.2% [44].

The other concern, azimuthal alignment errors, can affect the chamber’s resolution at

high momenta, and can lead to charge dependent sagitta errors of the type:

1

L _ 1 + .+

P - Fe T & (™, u™) (4.1)
1 1 1

= = - e e, u” 4.2
2 P 1 (e7,pu™) (4.2)

By comparing energy to momentum for electrons and positrons (comparing equations 4.1
and 4.2, to equation 4.4 (below) for the electron energies and keeping only first order small

quantities) we get:

1 1 E E, _
TS 3<Es (}5(6+)—1—5(e ))- (4.3)

By equalizing E/P for electrons and positrons and requiring that they emanate from a
common beam spot, we determine 166 wire-layer azimuth offsets (one for each wire-layer
at each end of the chamber less two overall phases). We use cosmic rays, which provide
branches of equal momenta but opposite charge, to verify the alignment. Figure 4.5 shows

the improvement in curvature matching of cosmic ray branches after the alignment. The

$The measurement of the mass of a neutral particle (like J/%, T or 7) involves measuring both a positive
and negative decay lepton’s momentum. This leads to a cancelation of charge dependent momentum scale
errors, without affecting the mass scale. The mass scale is applicable to measuring the average momentum
of any sample of tracks have an equal number of positives and negatives, such as the Wa.
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Figure 4.6: a) A sample of .J/% and b) T di-muons which we use as a check of our tracking
chamber’s mass scale. From the agreement between our measured masses and the world’s
average masses we conclude that our tracking chamber is absolutely calibrated to 0.2%.

alignment does not change the mass scale of the chamber, it only improves the resolution
at high momentum. When a beam constraint point is included on a track the chamber’s
resolution — after the alignment — is %i = 0.0011 x p; (for p¢ in GeV/c), or about 1.3

GeV/c¢ for a2 35 GeV/c track typical of W decay electrons.

As a check of the tracking chamber calibration we compare the Z mass we measure with
our Z — pTu~ sample to that measured at LEP. Our result is: mz(up) = 90.71 £ 0.45
GeV/c? [44]. For comparison we average the measurements of the four LEP experiments
([45, 46, 47, 48]) to get: mz = 91.10 + 0.06 GeV/c?. This is consistent with our assertion
that the chamber mass scale is known to 0.2%. We do not use this information to refine

the tracking chamber mass scale.

Having calibrated the tracking chamber we transfer this calibration to the calorimeter.
There are several subtleties in the reconstruction of electron energies. Electron showers,
in the central calorimeter, span 1 to 3 calorimeter cells in a single wedge. For a cluster

to expand beyond one cell the neighboring cell must have more than 100 MeV of Ey. To
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Figure 4.7: The L/P distribution for 17 000 inclusive electrons which we use to correct
cell-to-cell miscalibrations in the central electromagnetic calorimeter.

compute an electron energy we use at most two cells of the electromagnetic calorimeter .
These choices are a matter of definition. Here we calibrate the calorimeter using these
conventions. A response map across the face of each cell, determined in the testbeam [49],
gives a correction based on the shower position measured by the strip chambers. This
correction accounts for light attenuation, the effect of cracks and shower leakage. It is

accurate to £1% over the fiducial volume we use.

Calorimeter cell miscalibrations can lead to offsets of the form:
L = E(’,me (]. + E) (E+., e—), (4.4)

Here the offset, ¢, is common to electrons and positrons. We combine 4.1,4.2 and 4.4 to
solve for e:

+9 = 2 (BEH+2E). (43)

B =

We exploit equation 4.5 for €, both to correct cell-to-cell miscalibrations (see figure 4.82) and
to tie the overall energy scale of the calorimeter to the tracking chamber’s mass scale (see
figure 4.9). We adjust the gains in individual calorimeter cells by equalizing the average E/P

in each cell, using a sample of inclusive electrons with E; > 15 GeV. E/P for this sample

"The third cell contains very little energy from the electron shower and has, on average, more underlying
event energy.
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Figure 4.8: a) The cell-to-cell corrections we apply relative to the testbeam calibrated and
source monitored gains. There is an overall shift of 1.7% in the average calibration of the
calorimeter with a spread of 2.5%. b) The statistical uncertainty on setting each of the
cells. The average setting error of the individual cells is 1.7%.

is shown in figure 4.7. We require the fraction of the electron candidate’s energy leaking
into the hadron calorimeter (HAD/EM) be less than 0.04 (see figure 4.3a), the energy
sharing among cells in the cluster be consistent with the sharing observed at the testbeam
(LSHR Il < 0.2 see figure 4.3b), the showers seen in the strip chamber be consistent with
testbeam showers (x? < 10 for 9 degrees of freedom in each view (z and z) see figures 4.3c,d)
and the track and shower positions match (62 < 1 cm; 6zsin@ < 8 mm) to select a sample
of inclusive electrons. We further require track momentum to shower energy matching,
0.7 £ E/P < 1.3, and the pulse height ratio, r, between the two views of the strip chamber
be within 40% of nominal. This results in the selection of 17 000 electron candidates.
The selection is not highly restrictive, leaving 4% background. These background hadrons
can shift the mean E/P, but influence all cells similarly. The rapid convergence in the

comparison of equations 4.1 and 4.2 to equation 4.4 (we iterate only once as a check)

The variable used to make the comparison, LSHR, is a sum over neighbouring calorimeter cells:
> [Ei(obs.) — Ei(pred.)]/c normalised to the measurement uncertainty, where the predictions come from
the testbeam. Since the measurement can fluctuate above or below the prediction it is possible for LSHR
to be positive or negative. More details can be found in reference [50].
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reflects the precision of our intial calibrations and alignments (figure 4.8a shows typical es).

Remaining contributions to the CEM resolution include the uncertainty in the response
map and time variations in the cell gains over the course of the run (averaged over in the
inclusive electron E/P study). We expect these effects taken together to add less than 1%
in quadrature to the 1.7% statistical cell setting uncertainty from the inclusive electrons
(see figure 4.8b). We use a 2% energy independent contribution to the CEM resolution in

our model of the electromagnetic calorimeter (see section 5.1 and equation 5.2).

The absolute setting of CEM energies comes from a comparison of E/P for W electrons
to a prediction which includes radiative effects. The energy does not exactly match the
momentum because electrons radiate in the detector lowering the observed momentum.
The W decay can also have associated internal radiation. While the calorimeter measures
most of the radiated photons (see section 6.1), the tracking chamber measures only the
momentum of the charged track. Thus E/P > 1 on average. We compare the W data to a
radiative W decay Monte Carlo [51] along with a full detector simulation. The agreement

in shape is good (see figure 4.9).

We tried several methods of extracting the absolute scale, all of which yielded similar
results. From the integral distribution (figure 4.10) we choose to consider only electrons
with E/P < 1.4. This ensures that at the cutoff our measurement is not dominated by
detector resolution. Truncating at 1.4, we find that the simulation predicts a 2.5% shift in
the mean E/P. To reproduce this in the data requires re-scaling all CEM energies by 1.017

(a 1.7% adjustment in the overall calibration).

The tracking chamber mass scale is known to 0.2%. The tracking chamber and calorime-
ter resolutions lead to a measurement uncertainty in E/P. With 1800 W electron candidates
we are left with an 0.23% statistical E/P matching uncertainty. Studies of the simulation
and radiative calculation, including the loss of photons in the magnet coil and the amount
of material present in front of the tracking chamber lead us to assign an 0.25% systematic

uncertainty to our prediction of the radiation. Thus we are left with an overall systematic
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uncertainty on the energy scale of:

_\/o.zo'gtracmg) + 02375 p g1a0) + 0-25%4 corroctions) = 0-39%. (4.6)

We consider two further complications. First, some of the energy from the event under-
lying the W ends up in the same cell(s) as the electron being measured. Estimates of the
size of this effect reveal that on average of 50 MéV ends up in each electromagnetic cell **.
We choose to leave the underlying event contribution when we match E to P. Knowing that
the underlying event contributes 0(0.2%) to the electron energies in vector boson decay we
ignore it both in the calibration and the mass measurement — it cancels to first order. We
note that the underlying event energy contribution to W and Z electrons is similar and thus

also cancels in the measurement of the mass ratio.

Second, calorimeter non-linearities can effect the measurement of W and 7 electrons
differently. We calibrate with W electrons which have an average energy of 40 GeV. Our
Z electrons have a slightly higher average energy: 45 GeV. Testbeam studies indicate that
the CEM response as a function of energy is linear to better than 0.02%/GeV. This means
that we might suffer an 0.15% calibration difference in measuring electrons from Ws and
Zs. The data shows no evidence for any systematic shift in calibration, but we take this
potential 0.3% calibration shift as a systematic uncertainty on the measurement of the mass
ratio, mw/mz.

Apgain, we can check the calorimeter calibration by comparing the Z mass we measure in
our calorimeter to that measured at LEP. Our calorimeter result is: mz(ee) = 91.18 £ 0.52
GeV/c? 1. This compares favourably with the LEP result of 91.10 + 0.06 GeV/c2. The
details of this comparison are left to chapter 7 where implications of extracting the mass

ratio, myy/mgz, are discussed in detail.

**Here the electron energy will cause the calorimeter cell to be readout and any enerpgy present from the
underlying event will shift the observation. If the electron energy were not present the underlying event
energy would often be insufficient to cause a cell to be readout — the readout threshold is = 50 MeV. With
this in mind several studies of the underlying event in the CDF data [52] come to the similar conclusions.

"This number is adjusted by 0.08% relative to the CDF published value of the 7 mass [44] to reflect
subsequent improvement of the calorimeter calibrations.
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4.3 Neutrino Energy Corrections

A neutrino’s transverse energy can be inferred from the transverse energy imbalance in an

event. We define this imbalance by the vector:
E, = > By - fy, (4.7)
7

. ”E.ty (48)

s
I

where the sum is over cells of the calorimeter and the f; are two dimensional unit vectors
pointing to the cell centres. DBecause the low-3 quadrupole magnets obscure part of the
forward hadron calorimeter, the sum extends only over cells with I7] < 3.6. To be included
the sum individual cell energies (not Ejs) must exceed detector dependent thresholds t. We
study the Ei resolution in minimum bias events — events where no imbalance is expected
[53]. We observe offsets (of — 250+ 40 MeV in x and 100+ 40 MeV in y) in the projections
of the Ey of these events. We correct for these average shifts in the reconstruction of the
W events. The resolution can be parametrized by a constant times the square-root of the

total scalar E; observed in the event (see figure 4.11):

Urx.y = (.47 fZEti, (49)

where the scalar sum is over the same calorimeter cells as the vector sum in equation 4.8.
The scaling behaviour is a reflection of the individual calorimeter’s resolution on the total
energy they measure. The model we use to extract the W mass assumes that the energy
underlying a W decay can be factored into two pieces. The recoil of the W appears as
directed energy flow in our detector, while the measurement resolution is dominated by the
event underlying the W decay. We assume that this resolution is described by equation 4.9

when the " E; appropriate to W events is inserted. For more details see section 5.1.

When measuring the E; in a W decay we must cleanly separate the electron from the

rest of the event. In particular, the electron reconstruction uses only electromagnetic cells

""These thresholds are 100 MeV in the CEM, CHA and WHA, 300 MeV in the PEM, 500 MeV in the
PHA and FEM and 800 MeV in the FHA
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Figure 4.11: The dependence TR, /'3 Et, a neutrino-resolution variable, on the total scalar
E; observed in minimum bias events. This plot shows that the constant of proportionality
between TE, and +/} Lt is 0.47 approximately constant over the range of > Eis covered by

the W decay candidates (see figure 5.5).

of the calorimeter. We calibrate out shower leakage, but this leakage is observed in the
surrounding calorimeter and should not be included in the underlying event. To avoid
this over counting we measure the ¢ in all of the calorimeter except the three cells in
the same wedge (electromagnetic and hadronic) centred on the electron cluster. This is a
measurement of the missing transverse energy of the rest of the event, )Z The neutrino can
then be reconstructed as:

F=f-¢ (4.10)

The measurement of #| (parallel to the electron direction) is sensitive to the way we
separate the electron from the “rest” of the event. If the subtraction is not done judiciously
a systematic shift can result. Three effects complicé.te this separation. 1) The electron
shower and accompanying radiation can extend beyond three calorimeter cells. 2) The
electron receives the boost of the decaying W, resulting in a small correlation between the
electron direction and the hadronic activity in the event. 3) Our back-to-back jet veto

biases our sample, removing events with energy opposite the electron cluster, resulting in
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an anti-correlation. By removing the energy found, in the electromagnetic and hadronic
compartments of the calorimeter, in the electron seed cell and its two neighbours in 7, Hyj
is centred to first order. A study of the energy flow elsewhere in the W event reveals that
we remove an average of 60 = 5 MeV of underlying event energy from the nominal electron
cells ¥. On average 260+ 20 MeV of electron shower energy leaks outside the nominal three
cell cluster. We make a 200 MeV average correction (260 — 60 MeV) to #j| to correct for
these two effects. We are left with a —76 & 115 MeV bias in the #y distribution shown
in figure 4.12. 4, the projection of the underlying event perpendicular to the electron
direction, is less complicated. No correlation between the measurement of the electron of
the residual event activity is possible. We see none — the distribution of A1 is centred (see

figure 4.13).

The study of the underlying event energy flow in W — puv decays is instructive. There
is little activity associated with the passage of a muon through the calorimeter. This
simplifies the accounting for leakage providing an interesting cross-check. The size of the
muon sample (600 events) makes it difficult to sharpen the conclusions arrived at with the
electron data, but it provides a different sample against which we check our assumptions.
Our understanding of the behaviour displayed in the electron data is born out by the muon

data [43].

Another correction compensates for our detector’s non-linear response at low energies.
Severa] effects reduce the calorimeters’ response to charged particles at energies below 10
GeV. Since most of the Ws we are measuring have p; < 10 GeV we are sensitive to this
behaviour. Charged hadrons below 5 GeV deposit only about 60% of the signal expected
from our calorimeter calibrations (see figure 4.14 [29]). Our calorimeters are not compen-
sating, leading to this fall-off in response at low energies. Worse, the magnetic field traps

charged particles below 400 MeV, never allowing them to reach the calorimeters. Charged

! Here we are concerned with the bias on the neutrino measurement. Thus we are only interested shifts
that appear above the thresholds used in equation 4.8. The average F; seen per cell, in the events underlying
Ws, in the central calorimeter is 20 MeV
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Figure 4.12: The projection of the underlying event E. onto the electron direction, fy. This
distribution is used to study the details of distinguishing the electron from the underlying
event. The curve overlaid is our model’s prediction. This projection provides a measure of
the correlation between underlying event and the electron.
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this distribution; unbiased, it serves as a prototype for jy.
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Figure 4.14: The ratio of the energy observed in the combined hadronic and electromagnetic
calorimeter — using the nominal testbeam calibrations — compared to the track momentum
for isolated charged pions. The response at low energies falls because our calorimeters are
non-compensating.

particles with 400 — 800 MeV arrive at significantly different azimuth, thereby diluting the

directional information provided by the calorimeters.

We measure these effects with our Z data. There we measure both decay leptons de-
termining — relatively precisely — the 7 transverse momentum. By removing the decay
leptons from the event we can study the recoil energy in the calorimeters. In order to mini-
mize the effect of our lepton measurement resolution we study Py of the Z (see figure 4.15a).
Electron energy resolution smears the measured pe of the di-lepton system. By scaling
up the energy observed in the calorimeters, recoiling against the Z, until the calorimeter
measurement of p, matches that of the di-leptons, we conclude that our calorimeter only

measures about half of the recoil momentum in Z events (see figure 4.16).

This degradation in p; observed by the calorimeter compared to the true p; (as measured
by the di-leptons in Z decays) also occurs in W decays. In a W event we measure anly one

lepton; the degradation results in a mismeasurement of the neutrino (inferred from all other
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Figure 4.16: The average difference between the di-lepton pn and the hadronic recoil py,
for Z — ete™ events as a function of the underlying event energy scaling factor applied.
Balance is achieved for a scaling factor of 1.99 + 0.14. The scaling accounts for calorimeter
non-linearities and magnetic sweeping which reduce the observed recoil energy.
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measurements, see equation 5.3). Since only part of the underlying event comes from the
recoil of the W — the rest coming from the spectator partons — we have a signal-to-
noise problem. DBoosting the measured underlying event energy by a factor of 2 (to fully
compensate for the degradation we observe in Z events) results in the scaling of the random
energy associated with underlying event. We scale the underlying event energy up by a
factor of 1.4 to partially correct for the degradation at low p; and match the correction at
high p; required in jet events (see figure 5.4). This recoups much of the lost information,
improves the transverse mass resolution, while not overwhelming the measurement of the
neutrino with artificially scale spectator parton noise. This scaling is a matter of definition.
We have checked that this choice does not affect our measurement of the W mass. Changing
it from 1.0 to 1.8 changes the fit mass value of £150 MeV/c2. Since this scaling factor plays
a role in determining the detailed shape of the observed transverse mass distribution it is
not surprising that such shifts (a fraction of the statistical uncertainty of the measurement,

see section 5.4) are observed. Details of this study can be found in section 6.7.

The effect of halving the boson p; emerges when we attempt to infer the true W py,
from the measured p;. Our model based on this analysis results in the W p; we use agreeing
with the p; seen in our Z data (see figure 4.15b). The description of our model and the

extraction of the W p; distribution used is the subject of the next chapter.
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Chapter 5

Measuring the W Mass

As described in section 2.1 we measure the W mass using the transverse kinematics of
the candidate events. Since the longitudinal momentum of Ws produced in pp collisions is
not constrained and we infer the neutrino’s momentum from the energy imbalance in the
detector we cannot measure the invariant mass of the electron-neutrino system. Instead,
we compare various kinematic quantities of the electron-neutrino system to predictions for
W decays. To make these predictions we include the physics of W production and decay as
well as a simulation of our detector’s response. We vary the W mass (and width) hypothesis

in the simulation and compare the resulting spectra to the data.

The transverse mass, m; (see equation 2.16), distribution for our W sample is shown in
figure 5.1. As described in section 2.1 the upper edge of the distribution is kinematically
constrained by the W mass. The loss of energy into longitudinal motion can only reduce
the observed m;. It is the upper edge which provides most of the information in the mass

fit (see section 6.5).

We also study the electron and neutrino E; spectra as a check of the details of our model.
Ws without transverse motion could never produce decay leptons with Ef > %mw. However,
- the finite p; of the Ws mitigates this constraint migrating decay leptons to E} > %mw (see

figure 5.2). The W p; distribution is not well measured (especially at low p;), hence the
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Figure 5.1: The transverse mass distribution for electron W candidates (whose selection is
described in chapter 4). Overlaid is the best fit giving a W mass of 79.71 4+ 0.34 (stat.)
GeV/c?. The dashed lines show the range of mys used in the fit.

prediction of high E; leptons is problematical. This highlights the principal advantage of m;.
The Ey measurement included in m: provides information on the W recoil in the underlying

avent, hence m; is less sensitive to this recoil.

The following sections describe the model we use to simulate W decay, the constraints
we place on this model, the mechanics of comparing the simulated line shapes to the data

and the extraction of the W mass.

5.1 The Simulation

Uanlike the measurement of the Z mass, which is done by comparing the data to an analytic
form, the measurement of the W mass relies on the comparison of the data to Monte
Carlo line shapes. Further, the Jacobian shape couples detector resolution to the mass
measurement. In the Z case, the invariant mass can be calculated exactly, but the W

distributions, described above, are not bounded from below - they depend on the amount
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Figure 5.2: a) The electron E; distribution for electron W candidates, selected for measuring
the mass. b) The corresponding neutrino E; distribution. Overlaid, in both cases, is the
best fit to the data (discussed in section 6.7). The dashed lines show the range of Fys used
in the fits.

of longitudinal momentum carried away, undetected, by the neutrino. Changes in the
resolution and the longitudinal momentum distribution of the Ws result in shifts of the

predicted shape and hence the fit mass.

Following the discussion of section 2.1 we use a Monte Carlo program which generates W
decays to electrons from the lowest order QCD quark annihilation. The program includes
the W polarization in the electron decay angular distribution [54]. The parton distribution
functions, W boson p; distribution and detector resolutions were easily varied to allow

systematic studies of their effect on the shape of the Jacobian.

The simulation begins by generating the W rapidity, mass and polarization distributions
for the mass, mw, width, T'w and parton distribution being simulated. The rapidity distri-
bution reflects the parton distribution function we use to model the initial pp collision. The

mass distribution reflects the convolution of the parton luminosities with an approximate
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relativistic Breit-Wigner line shape (taken from [55]):

dN s (5.1)
dmw (s —mly)” + sy miy |

We model only that part of the Breit-Wigner that is within seven widths (I'w) of the
requested mass. We include the polarization distribution to model Ws coming from u
quarks in the anti-proton (or W ~s from @ quarks in the proton) which have the opposite
helicity of the more plentiful W™s coming from a u quark in the proton (see equation 2.10
and figure 2.6). After we generate these basic distributions we begin to make W events.
We choose a rapidity, y;, mass, m;, and polarization, P; for the W from the distributions by
rejection. We select the decay angle of the electron (8;), in the rest frame of the W, from a
(1 + P;cos(6;))? distribution. Finally we chose a random electron decay phi, ¢;. We then

compute the electron and neutrino four-vectors in the lab from m;, yi, 8; and ¢;.

After event generation, we simulate detector effects. We vary the event z vertex, simulate
the geometry of the detectors, the detector resolution and the finite p; of the W. Though
not a detector effect, we include the p; of the W at this stage to simplify the study of the
effect it has on the line shapes. We pick a z vertex at random from a Gaussian distribution
truncated at £ 60 cm to match the data (see figure 4.2). We propagate the electron from
the vertex to the detector where we simulate the fiducial cuts. The rapidity cuts play a role
in determining the detailed shape of the Jacobian peak. We smear the electron energy with
a Gaussian resolution function whose width (see section 4.2) is equal to:

o.electron

t — a 2 52
Eq (\/Et) *

a=135% b=2.0%. (5.2)

We do not smear the electron’s direction, which we measure with the tracking chamber.
The chamber’s pointing resolution, at < 0.5 mrad, is much better than the ~ 50 mrad

angular resolution on the neutrino which we do simulate (see below).

Our model of the neutrino breaks down into three pieces: 1) the energy balancing the

transverse motion of the W, which we call p;(jet), 2) the smearing due to the underlying
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Figure 5.3: a) The p; distribution of the W candidates unfolded from the observed distribu-
tion (figure b) using the model. b) The agreement between the observed W pe distribution
and the model’s prediction.

event, % and 3) the electron measurement, €. We take:
7= —pi(jet) +u ~e. (5.3)

The model of p;(jet) starts with the p; of the W. The W p; distribution we use is deter-
mined iteratively. We start with the shape of the observed p; distribution (see figure 5.3b)
and sculpt it, by adding events in the tail, until our model (described below) returns the
observed distribution. In the end we add only 2% more events to match the shape. The
sculpting allows us to match both the first and second moments of the observed distribution
(within errors). After iterating we arrive at the input distribution shown in figure 5.3a and

agreement with the observed distribution shown in figure 5.3b.

To compute p:(jet), we degrade the W p; by a momentum dependent factor (see fig-
ure 5.4). This degradation accounts for calorimeter non-linearities and magnetic sweeping.
It matches the known jet correction above p; = 30 GeV/c [29]. However, none of the W

we model have p; this large. Below 30 GeV we extrapolate linearly (an assumption of our
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Figure 5.4: The degradation factor used in our model to simulate the effect of calorimeter
non-linearities and magnetic sweeping on the measurement of the energy underlying W
decays. The solid part of the curve comes from the study of jet events [29], while the
dashed line is our extrapolation tc lower pys. This extrapolation is constrained by the
observation of the recoil in di-lepton decays of Zs. (see also figure 4.16). The dotted lines
indicate the degree of variation possible on this degradation within the context of our model.

model) to a degradation factor of 2.3 at p; = 0. This model is tuned to provide a consistent
pictute of the degradation seen in Z events. In figure 4.16 we showed that the average
degradation was a factor of 1.99 & 0.14. When the “curve” in figure 5.4 is folded with the
Z p¢ distribution this average factor of 2 is returned. After degrading we have a measure of

the “jet™ opposite the W or Z decay, we then smear the “jet” by:

Tpe(jet) = 0.85 X W/ pi(et) (5.4)

to model the effect of “jet” energy resolution.

Finally, we add %, the underlying event smearing, according to equation 4.9. To compute
% we choose an underlying event energy (3 E#43%2) at random from figure 5.5. We smear the
underlying event measurement only with the energy of the spectators, and not the “jet”.
Thus we correct the 5" Ef3%2 on average for the presence of the “jet” in our model. We

reduce T E$2 by < Ey(jet)> (< Eyjet)> = 1.4X < py(jet)>). That is we take:

STEY = Y EPR - 14 <pijet) >, (5.5)
and use y_Ef to determine u. The factor of 1.4 accounts for the fact that the energy in a
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Figure 5.5: The energy observed accompanying the electron in W decay candidate events.
This distribution is used as an input to the detector model of the neutrino resolution.

“jet” (especially at these low momenta) is not equal to the momentum of the “jet” because
of jet spreading. We vary the scaling factor (between < pe(jet)> and < Ey(jet)>) from
1.0 to 2.0 and find that it has little effect on the fit mass. The average pi(jet) is 3 GeV.
Taking 3 — 6 GeV from the § Ey results in no significant change in the average 4 we model.
Determining 37 E¥ in this way ensures that it is uncorrelated with the motion of the W.
That is, the energy deposited by spectator partons is unrelated to the motion of the W.
We check our dependence on this assumption by choosing > Es from figure 5.5 that are
correlated to the p; of the W * and find that this makes less than 60 MeV/c? difference to
the final fit mass value. Once 3" Ef has been determined we choose u, and 2y independently

from Gaussian distributions having sigma:

oy, =047 /ZE;*,-, (5.6)

and add them vectorially in equation 5.3.

One further constraint on the event underlying our W decays is the energy flow along

the electron direction. We partially correct the individual underlying event measurements

*To do this we choose a > E from the upper half of the distribution for Ws with p: above the median
of the p: distribution and from the lower half for those with 718 below the median p;.




in the data — on average — for detector effects which bias fijj as described in section 4.3.
However, we do not model the topology of jets in our detector — only their contribution to
the underlying event energy flow — thus we cannot directly model the effect of our di-jet
cut. This cut anti-selects events with energy back-to-back with the electron. The di-jet
cut, along with additional biases in }| leave a residual shift of < #j >= —76 & 115 MeV
(see figure 4.12). W boosts give < fj; >> 0. Our model includ(;s these boosts and predicts
< #y >~ 80 MeV. We account for the effect of the di-jet cut and residual biases in our
model by subtracting a further 156 MeV from the underlying event (parallel to the electron)

in order to match the observed < f >.

Finally, we reconstruct the neutrino transverse momentum using equation 5.3 and the
e v transverse mass using equation 2.16. We require Ef > 25 GeV and E{ > 25 GeV to
model the kinematic acceptance of our sample. The comparison of these distributions to

the data is described in section 5.3.

5.2 Constraints on the Model

Modelling the event underlying W decays allows us to study the effect of mismeasurements
on the m; distribution and hence the W mass. The decomposition described above lends
itself to constraints from other CDF data (minimum bias and p, (Z)). We describe here the
limits of reasonable variation on the model parameters. The effect these variations have on
the W mass will be described in chapter 6. We use the projections of the W underlying event
measurements (figures 4.12 and 4.13), the mean p; observed in the W decays and the rms of
the p¢ distribution as possible constraints. In practice these are almost completely correlated
so we only use one, the mean p;, as a constraint on the model, the other constraints come

from minimum bias and Z data.

The rms of the underlying event energy measurements are:

o1 = 3.98 £ 0.08 GeV; oy = 3.89 % 0.08 GeV. (5.7)
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We take & = 3.94 % 0.06 GeV, combining the two observations to sharpen a possible con-
straint on the model. The observed p; of the W decays (see figure 5.3) has an average of
5.66 £ 0.11 and rms of 3.67 £ 0.08 GeV/c. We could use any one of these measurements to
limit the variation of one parameter in our model. We include all of them as a demonstra-
tion of their relative strengths (and correlations). Where appropriate we include a table
showing the variation of these parameters, even if we have used some other data for the
constraint. This ailows a. comparison of the strengths of the constraints from other data

relative to the W data itself.

5.2.1 Electron Resolution

The measurement of a typical electron (E; = 35 GeV) introduces (see equation 5.2) a:

0o = \/(0_135 . \/ﬁ)z +(0.02-35)2 = \/0.82+ 052 = 1.1 GeV (5.8)

smearing to our measurement. This is small compared to the 3 GeV resolution on the
underlying event making the electron contribution negligible in this regard. As a check of
the effect it has on the W mass we vary the constant term in the electron resolution from
2.0% to 1.5% and 2.5%. The +0.5% variation is an upper limit on possible variations of

this constant coming from our understanding of the calibrations described in sectjon 4.2.

5.2.2 Underlying Event Resolution

We vary the constant of proportionality in equation 4.9 from 0.47 + 0.01 constrained by
minimum bias data. This constraint comes from measurements of OE,, in our 300 000
event minimum bias sample. In doing this we see the changes in the observables outlined
in table 5.1. The minimum bias data constraint is better than we could have placed on this
parameter from the W data itself. Even though g, does not exactly scale with VI E;
(there is a slight slope in figure 4.11), 2/3 of the observed W > Ess fall in a range that is

covered by this +0.01 variation in the constant of proportionality.
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Et Smearing W pt (op,) g

Observed in Data 5.66 £0.11 ( 3.67 £ 0.08) | 3.94 £+ 0.06

0.46y/5 Ly (~1%67) | 5.59+ 0.01 (3.66 % 0.01) | 3.9240.01
0.474/S. Er (nominal) | 5.65 4 0.01 (3.68 +0.01) | 3.95 + 0.01
048/ Ez (+1¢07) | 5.71£0.02 (3.70 £ 0.01) | 3.98 £ 0.01

Table 5.1: The constraints we place on the E; smearing from our study of minimum bias
data. This table shows that this part of the model could not be constrained as well by the
W underlying event measurements. All quantities listed are in GeV.

p; Degradation (at p;: = 0) W p; (0p,) )
Observed in Data 5.66 £0.11 ( 3.67£0.08) | 3.94 +0.06
2.6 (+1%7) 5.42 +0.01 (3.52 £ 0.01) | 3.86 +0.01
2.3 (nominal) 5.65 £ 0.01 (3.68 £0.01) | 3.95+0.01
2.0 (=1%c”) 5.94 £ 0.02 (3.86 £0.01) | 4.06 £0.01

Table 5.2: The variation in underlying event observables due to the assumed W p; degra-
dation. These constraints come from our study of Z data. All quantities listed are in
GeV.

5.2.3 Detector p; Degradation

We vary the assumed degradation, at p; = 0, from a factor of 2.3 £ 0.3. This range is
limited by our study of Z data where we find varying by more than this results in one sigma
disagreement with the Z data (the dotted lines in figure 4.15). Varying this parameter
effectively changes the shape of the W p; distribution used in the model. By varying this
parameter we see changes in the underlying event observables outlined in table 5.2. If we
could use the W data it would provide a slightly better bound on this parameter, however
the correlation among the various underlying event observables means that we get only one

constraint from the Ws and we use that constraint below.
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5.2.4 “Jet” Resolution

We assume that the “jets” produced in our model behave as higher energy jets vs.rith res-
olutions of; Cjet = 0.85\/1m. {Ve study the range over which it is reasonable to vary
this constant, 0.85, in the events underlying Zs, where we have a measurement of the true
pe(jet) from the decay di-leptons. We first un-fold (out of quadrature) the underlying event
resolution on the activity associated with Z. We find that the resulting spread in py(jet)
constrains us to 0.8540.23(stat.) £ 0.10(sys.) where the systematic uncertainty comes from
varying the range of ps(jet) we study in the Zs. A variation of +0.25 on this resolution is

entirely adequate for constraining effects on the fit W mass (see section 6.3).

5.2.5 Absolute W p; Variation

By using the constraints implied by the measurements listed in table 5.3 we limit the
variation in the average W p; to £4%. Changes larger than this drive the average W p; and
its rms into one sigma disagreement with the data (included in table 5.3 for comparison).
The & is not as sensitive to these variations since it is made up of equal parts spectator
parton smearing (not being changed) and W p;. The average W p; is the only parameter
in our model which we constrain from the W data. This is only a constraint within the
context of our model and not (even in principle) a reflection of how well we might hope to
measure the W p;. In particular one sigma variations of the degradation alone (see above)

can cause additional £11% variations in the W p; inferred from our model.

5.3 Fitting Procedure

We determine the mass (and width) of the W by comparing the transverse mass (see equa-
tion 2.16) of the ev system to Monte Carlo predictions with myy and T'w as parameters. We
generate predictions for my, Ef, and EY (the latter two for checks of the model) for masses,

mw, between 77.8 and 82.3 GeV/c? in steps of 0.5 GeV/c? and widths, 'y, between 0.75
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W p; scaling W pt (op,) a

Observed in Data | 5.66 £ 0.11 ( 3.67 £ 0.03) | 3.94 £ 0.06

0.86 (~2.4%¢") | 5.36 £ 0.01 (3.39 £ 0.01) | 3.86 £ 0.01
0.91 (=1.2%”) | 5.50 £0.01 (3.53 £0.01) | 3.91 £ 0.01
0.96 (nominal) | 5.65 4 0.01 (3.68 £0.01) | 3.95 £ 0.01
1.01 (+1.2%7) | 5.8140.02 (3.76 +£0.01) | 4.01 +0.01
1.06 (+2.4%7) | 5.98+0.01 (3.90 +£0.01) | 4.07 +0.01

Table 5.3: The constraints we place on the average W p; used in our model from variation
of observed W p; and underling event energy spread. All quantities listed are in GeV.

and 6.0 GeV/c in steps of 0.75 GeV/c. Roughly 1000 times the number of W decays in the
data sample go into the prediction of the line shape for each mass-width combination. The
number of events we generate is constant, but the number surviving kinematic and fiducial
cuts varies at the 1 % level. We store the distributions in 1 GeV/c? intervals, giving an m;

probability distribution, P(mw,'w) as a function of mw and I'w.
We compare the simulated line shapes to the data with an event by event likelihood.
We maximize the likelihood:
L = T[Pi(mw,T'w)l,

InL > ln[Pi(my, Tw)] (5.9)

il

as a function of mass and width with the MINUIT optimization package [56]. The product
and sum extend over all events, ¢, in the W sample. Although we generate line shapes at
discrete masses and widths, we interpolate in both quantities to provide a prediction for
any mass and width. Several methods of interpolation (bilinear, polynomial, bi-cubic and
bi-cubic spline [57]) give the same results. We use the bi-cubic spline, which consists of
successive one dimensional interpolations. At each of the four grid points, surrounding the

desired mass-width point, we specify the probability, P, the derivative in each direction,

2 . .. .
3% and —3%%, and the cross derivative, z,ﬁﬁw—d% We determine the derivatives at the grid

points with one dimensional splines. We then use a cubic polynomial to find an interpolated
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value. Thus, with a finite number of line shape predictions we provide an approximately

continuous prediction in mw and Tyy.

Naive /7 scaling would lead one to expect that the ultimate precision of our line shapes
would be = 20 (+/400) times that of our data sample. This turns out to be not the case.
Some precision is lost in the interpolative procedure outlined above. Fits to simulated
samples (see chapter 6) of 500 000 events result in statistical uncertainties of ~ 30 — 40
MeV/c2, only an improvement of 10 over the uncertainty on our data. This is one of the
primary motivations for using a greatly simplified model of W production and detection
to predict the mass. More sophisticated simulations are too slow (factors of 10-100 times

slower than our model) to provide the necessary statistics for the fit.

Once we have the line shape for a requested mass and width we compute the probability,
Pi(mw,Tw), that any individual event comes from this distribution by doing a linear
interpolation between the nearest stored (in 1 GeV/c? intervals) probabilities. We also
try a cubic spline interpolation here and find that it makes less than 20 MeV/c? difference
to the fit mass. We fit only the shape of the distribution and not the number of events. The
stored probabilities, P, are related to the absolute probabilities, Pabsoiute by an interval

normalisation, P™era  This normalisation enters as a constant offset in In I as follows:

~lnL = =— Zln(Piabsolute/Pinterval)

Il

_ Z(ln(Pia.bsolutE) - ln(Pi.nterva.l))

—InlL

Il

—( Zln(bes"l““e) — Constant ) (5.10)

The absolute probability is what determines the shape of the likelihood function (In L). The
constant — related to our choice of storage interval in the line shape predictions — plays no
role in the fit. The MINUIT package controls the optimization f, seeking the minimum of
(=In L) and determining the statistical uncertainties. The shape of the likelihood surface

around the minimum is shown in figure 5.6.

"For technical reasons we compute ~ In L, MINUIT prefers to optimize by finding minima.
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Figure 5.6: The likelihood value versus myw for our standard mq fit. The dotted lines show
the 1(6L =0.5),2 (6L =2),3 (6L = 4.5) and 4 (6L = 8) sigma statistical uncertainties on
the mass measurement.

We define the statistical uncertainty of the fit as the change in fit parameter (mass
or width) required to change In L by 0.5. When extracting both a mass and a width the

MINUIT package re-fits one parameter as it searches for values of the other where:
InLno = In Lypin +0.522 . (5.11)

This re-fitting accounts for correlations between mass and width in determining the uncer-

tainties. F'urther discussion of the statistical properties of our fits is found in section 5.4.

5.4 Checks of the Fit Procedure

Figure 5.7 shows the coupling between the fit mass and width. MINUTT reports a 20 —40%
correlation between these parameters. This correlation is at the same time a correlation

between mass and detector resolution. This is the subject of section 6.3.

We check the properties of our fit in several ways. The scan of the likelihood surface
near the minimum shows a slight asymmetry. However the estimated statistical uncertainty

is constant {within £40 MeV/c?) out to 4 sigma (see figure 5.6 and table 5.4).
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the correlation between mass and width.

Table 5.4: Shows the n ¢ uncertainties above and below the fit mass along with the quadra-
ture sum average of the two. These uncertainties are dis

are in MeV/c2.

ﬁGeV/cZ)

80.68

oL Negative Error | Positive Error Average
0.5(10) -384 +345 363
20(20) -296 +321 336
4.5(30) -317 +335 333
8.0(40) -424 +349 346

63

played out to 4. All uncertainties




. 60 ™ Mean: 79.98

Q -

; . Spread: 0.32

S 40—

C,\]. -

© N

"g 20 I —

2 B

'g O -l 1 1 1 I 1 1 1 1 ! 1 1 I 1 | i i I 1 l
- 79 79.5 80 80.5 81

Fit Mass (GeV/c?)
Figure 5.8: The spread in fit masses obtained from 200 trial experiments containing 1131
events (the number in our fit sample) each. We use the spread in this distribution to check
the statistical uncertainty obtained from the MINUIT fits.

In another check we generate two hundred simulated samples with 1131 events (the
size of our data sample) and fit each one. The mean mass from the fits, relative to the
known generated mass (80.0 GeV/c?) provides a test of the fitting procedure’s reliability.
The spread in the fit masses reflects the statistical precision of a sample of 1131 events.
Figure 5.8 shows the distribution of fit masses when the width is fixed (at the value we
generated: Ty = 2.2 GeV/c). Our statistical uncertainty, 340 MeV/ c?, is the consistent

with the 320 MeV/c? spread of fit values seen in figure 5.8.
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Chapter 6

Systematic Uncertainties

This chapter describes the systematic uncertainties in the W mass measurement. We include
one correction made to the fit mass, and several checks of our fits. We vary the parameters
in our line shape simulation, within the limits described in section 5.2, to see what effect
they have on the fit mass. In this way we estimate potential systematic uncertainties.
Among the parameters we vary are the parton distribution functions, the E resolution, the

electron resolution, the W p; distribution and the underlying event energy degradation.

We check for effects of the selection criteria on the fit mass by studying a W sample
selected for its electron characteristics. We change the way we limit jet activity, studying
the effect of varying the W p; distribution on our result. We study the effect of several
potential backgrounds on our fit mass. We vary the range over which we fit my, to better
understand how candidates on the high side of the distribution effect the fit. We look at the
mass fit to WT and W~ separately, as well as time slices of the full data sample. We fit the
electron E¢ spectrum as well as the neutrino Fy spectrum as a check of parts of the event

that go into the transverse mass calculation. These provide checks of our fitting procedure.
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it Variable Radiative Shift

Invariant Mass -70.7+ 1.7
Transverse Mass -514+14
Electron Et —470+1.2
Neutrino Et -49.6 £+ 1.7

Table 6.1: Radiative shift on the fit W mass for various fitting variables. Uncertainties
listed are statistical only. Shifts are in MeV/c2.

6.1 Radiative Correction

Here we compute the radiative correction to the fit mass. We predict the angle and energy
of radiated photons [51] in W decay. These photons can lower the observed electron energy
— if they do not end up in the same cell of the calorimeter — and possibly effect the
underlying event. We perform simple 4 vector calculations of the radiative shift to the fit
variables. We check to see if the radiated photon overlaps with the electron adding its 4
vector to that of the electron if it overlaps — as the calorimeter would — and throwing it

away if there is no overlap.

Table 6.1 shows the predicted shift to the fitting variables due to internal radiation. We
study only the effect of internal radiation. External bremsstrahlung is collinear with the
electron and hence measured in the same calorimeter cell — not lost. We included the effect
of external radiation in our calibration. We also investigate the effect of stray photons on
the neutrino measurement. To do this we assume that photons less than 1 GeV would be
lost — this .is a worst case assumption. When we make this assumption the neutrino fit
mass is most sensitive, moving 2 MeV/c?, m; is less sensitive, hence we conclude that such

losses alone cannot bias the mass measurement.

Though m; is lowered an average of 50 MeV/ ¢? by wide angle radiation, the fit mass is
changed by 70 MeV/c? (the shift seen on the invariant mass). The difference reflects the fact

that my is less sensitive to changes in the mass of the W than the full invariant mass. We

66



0.086 ;DotDash: EHLQ-1
- - Dashes : DFLM-2
3 - Solid : MRSB y
5 0.04 | _Dots : DO«?"_.
R ~ ~
ke - s
(8 /~
B )
5 Q. -
= 0R i

0.00 “ | -

a0 60 70 80 90

Transverse Mass (GeV)

Figure 6.1: The variation possible in the m; line shape due to changes in the choice of
parton distribution function.

take a 10% systematic uncertainty on our radiative calculations. Here that introduces only
a further 7 MeV uncertainty. Thus, the W mass, coming from our fits should be shifted up

by 70+ 7 MeV to account for wide angle photons not included in our line shape simulation.

6.2 Parton Distribution Functions

We vary the parton distribution functions used to simulate W production among several
reasonable choices. We test EHLQ-1[58], DO-1, DO-2(59], DFLM-1, DFLM-2, DFLM-3[60]},
MRS-B and MRS-E [61] as a sample of the different possible proton structure assumptions
we could make. MRS-B is our standard choice; we use it in all fits except for those described

in this section.

Varying the assumed structure of the proton varies the W longitudinal momentum
distribution. When coupled to the V-A decay of the W this changes the rapidity distribution
of the decay charged leptons. This is one of the factors determining the shape of the Jacobian

peak. Figure 6.1 shows how the shape varies with choice of parton distribution. As the W is
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Lower cutoff Data MRS-B EHLQ-1 DO-1 DFLM-2

55 GeV 79.65 4+ 0.37 | 80.01 £0.03 | 79.88 £ 0.03 | 80.07 £ 0.03 | 79.94 + 0.03
60 GeV 79.65 + 0.36 | 80.02 £ 0.03 | 79.90 4 0.03 | 80.06 £ 0.03 | 79.96 % 0.03
65 GeV(nom.) | 79.71 £0.34 | 80.01 £ 0.03 | 79.90+ 0.04 | 80.00 £ 0.03 | 79.94 £ 0.04
70 GeV 79.67 +0.40 | 80.03 £ 0.04 | 79.89 £+ 0.04 | 79.95+0.04 | 79.94 + 0.04

Table 6.2: Comparison of mass fit values for various choices of lower cutoff. The first column
shows the effect of varying the lower cutoff on the fit to the data. The last four columns
show how varying this cutoff effocts fits to large MC samples created with different proton

parton distribution functions. All masses listed are in units of GeV/c2.

PDF choice Monte Carlo
MRS-B (nominal) | 80.01 = 0.03
MRS-E 80.00 £ 0.03
DFLM-1 79.96 + 0.03
DFLM-2 79.94 +0.04
DFLM-3 79.97 4+ 0.03
DO-1 80.00 £+ 0.03
DO-2 79.99 £ 0.03
EHLQ1 79.94 4+ 0.03

Table 6.3: Monte Carlo comparison of masses fit for different parton distribution functions.
All masses listed are in units of GeV/c?.

boosted along the beam the m; distribution is washed out. A simulation of the longitudinal
motion of the Ws and the detector’s § acceptance is important to understand the shape of

the peak.

With O(350) MeV /c? statistical uncertainties associated with fits to the data it is hard to
quantify systematic effects smaller than a few hundred MeV/c2. To avoid this we study high
statistics Monte Carlo samples. We base the systematic uncertainty estimates in the next
few sections on fitting these altered Monte Carlo samples to our nominal line shapes. Here
we generate one Monte Carlo sample (with mw = 80.0) for each of the parton distributions

tested. We smear this sample with our nominal model of detector resolution and W p;. We
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then fit these samples with our standard line shapes — using the MRS-B parton distribution

set as a reference — to give the values in tables 6.2 and 6.3.

Table 6.2 shows that the mass is reasonably insensitive to the choice of lower cutoff.
We choose 65 GeV to limit our sensitivity to the choice of parton distribution function and

further reduce the potential background in our fits (see section 6.6 below).

The spread in fit masses in table 6.3 is 50 MeV/c?. The EHLQ-1 set makes the maximum
excursion (70 MeV/c? lower than the nominal fit — MRSB). We believe that the different
u/d quark ratios in these distribution functions are the cause of the mass differences. Recent
data [62] disagrees with the predictions of the ELHQ-1 distribution for the u/d ratio at the
20 level [63]. None the less we conservatively include the EHLQ measurement and take a
60 MeV/c? systematic uncertainty to account for our choice of parton distribution function.

This is entry (2) in table 6.11.

6.3 Detector Resolution and W p, Distribution

The Jacobian line shape couples the mass and the detector resolution. Qualitatively, in-
creasing the resolution smears and lowers the upper edge of the m; distribution. This
increases the fit mass necessary to bring the simulated edge into agreement with the data.
We described constraints on the observed resolution in section 5.9. An additional compli-
cation in the fit of the W mass is the correlation among several “resolution”-like variables.
The Ey resolution, the E;° resolution, the W pt distribution and the Lorentzian width of

the W all broaden the Jacobian peak changing the fit mass.

We vary the assumed Ey resolution, W p; degrada_tion, mean W pq, jet resolution and
underlying event energy correction in the same way as the parton distribution functions,
that is we simulate Monte Carlo samples with each piece of the model separately altered to
its extreme. We summarize the results in tables 6.4 through 6.8. Because we have residual

fit fluctuations of order 50 MeV /c? (see section 6.6) we also study the behaviour of the mass
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Et Smearing Fit to Monte Carlo
0.44v/S°E; (—3%07) 80.10 + 0.03
0.46y/ >  Et (—1%0” 80.05 £ 0.03
0.47/3 It (nominal) 80.01 £ 0.03
0.48vVY Ei (+1%0”) 79.99 + 0.03
0.50v/ S E; (+3%0") 79.94 % 0.03

1%g™ variation: 0.027.

Table 6.4: The comparison of mass fit values for various choices of Fy resolution. All masses
are listed in GeV/c?.

Degradation at p; = 0 | Fit to Monte Carlo

14 (-3%c") 79.91+0.03
2.0 (~1%¢") 79.96 % 0.03
2.3 (nominal) 80.01+0.03
2.6 (+1%0™) 80.08 + 0.03
3.2 (+3%0”) 80.18 + 0.03

1%¢” variation: 0.047.

Table 6.5: The comparison of mass fit values for various choices of W p; degradation. All
masses are listed in GeV/c?.

with +3 o variations of each parameter in the model. A line is fit to the 5 measurements

listed, in each table, to determine the mass dependence of each parameter.

We combine the individual mass variations (due to the variation of independent model
parameters) in quadrature to conclude that our model of the detector resolution on the

underlying event and p; of the W could result in mass shifts, im:

bm

\/272(minb.) + 172 Wpt) + 472(deg.) + 43%(jet res.) + 182(jet energy)

73 MeV /c2. (6.1)

Like the E; resolution we vary the electron energy resolution to see how it affects the fit
mass. We assume the electron resolution scales with energy according to equation 5.2. We

have studied the term which scales with energy, a, in testbeam measurements and believe it
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Fraction of p,J¥ | Fit to Monte Carlo
0.84 (~3%") 79.94 £ 0.03
0.92 (-1%¢7) 79.96 + 0.03
0.96 (nominal) 80.01 + 0.03
1.00 (+1%™) 79.99 £ 0.03
1.08 (+3“c™) 80.04 £ 0.03

1%“g” variation: 0.017.

Table 6.6: The comparison of mass fit values for various choices of absolute W p;. All
masses are listed in GeV/c2.

Jet resolution constant | Fit to Monte Carlo

0.10 (3%™) 79.92 4 0.03
0.60 (1%0™) 79.96 + 0.03
0.85 (nominal) 80.01 + 0.03
1.10 (1%™) 80.04 + 0.03
1.60 (3%0™) 80.18 + 0.03

1%¢” variation: 0.043.

Table 6.7: The comparison of mass fit values for various choices of modelled jet resolution.
All masses are listed in GeV/c2.

Jet Energy/Momentum const. | Fit to Monte Carlo

1.0 (—3%™) 80.05 £ 0.03
1.2 (—1%") 80.04 + 0.03
1.4 (nominal) 80.01 + 0.03
1.8 (+1%™) 79.99 + 0.03
2.2 (+3%07) 79.95 + 0.03

1%¢” variation: 0.018.

Table 6.8: The comparison of mass fit values for various choices of jet energy-momentum
proportionality. This effect is non-linear in the constant being varied so the references to
no are notional only. The overall effect is small however, so our overall model systematic
is not relying on the details of this notion. All masses are listed in GeV/c2,

71



g§gnstant = Fit to Monte Carlo

]

0.5% (—3“c”) 79.87 £ 0.03
1.5% (—1%") 79.96 + 0.03
2.0% (nominal) 80.01 + 0.03
2.5% (+1%0”) 80.10 £ 0.03
3.5% (+3%0”) 80.29 + 0.03

1%¢” variation: 0.070.

Table 6.9: The comparison of mass fit values for various choices of electron resolution. All
masses are listed in GeV/c?.

to be well determined. The constant term, b, is less well constrained. From the calibrations
described in section 4.2 we constrain it to £0.5%. This range in b may also model small

changes in a.

We vary the electron resolution comstant, b from its nominal value (c%™*™ = 2.0%)
to an over smeared value at 2.5% and an under smeared one at 1.5%. We summarize the

results in table 6.9

We conclude that a one “c” variation in the electron resolution can shift the fit mass
by 70 MeV/c?. We add this in quadrature with the underlying event component (see
equation 6.1) to arrive at our overall uncertainty due to uncertainties in our model of 100

MeV/c2. This is entry (3) in table 6.11.

6.4 Electron Subtraction Uncertainty

There are effects outside the scope of our model which can shift the fit W mass. The largest
of these comes from the separation of the electron from the rest of the event, described in
section 4.3. We are able to measure < i > with 115 MeV/c? accuracy (see figure 4.12).
We make a correction to the model for residual biases in this subtraction (the effect of the
di-jet cut, etc.). This correction is only determined to £115 MeV/c? (the accuracy of the

data). An uncertainty in < i > enters directly into the predicted m;. As with the radiative
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correction. shifts in m; are smaller than shifts in mpy (by a factor of ~ 8/7). Hence we
conclude that there is an independent 130 MeV/c? uncertainty in the fit W mass. This is
not accounted for by the variations in the model, since we made no attempt to predict the
#yj distribution, but constrained the model to agree with our observed #yj- This is entry (4)

in table 6.11.

6.5 Check of Fit Range

Another potential uncertainty comes from our choice of fit range. The lower cutoff is
motivated by our understanding of backgrounds and the effect of varying parton distribution
functions. We have 11 electron candidates with m; > 94 GeV/c2. Our simulation predicts 3.
We attribute the excess seen in the data to high p; Ws in our sample, where all evidence for
the jet associated with the boost of the W is lost. We consider this discrepancy evidence for
non-Gaussian tails in our E¢ and jet resolutions, however we check that at this level (£1%
(or 8 events) of our sample is affected in this way) such tails in the resolution function do not
change the W mass. By imposing an upper cutoff (taken nominally to be m; = 94 GeV/c?)
we limit the effect the tails of the resolution functions have on the fit mass. In table 6.10
we display the dependence of the fit mass on the choice of upper cutoff. The comparison
to Monte Carlo fits provides an indication of the reliability of the fit when changing the
upper cutoff. The variation seen in table 6.10 is simply the result of statistical fluctuations
resulting from the inclusion (or exclusion) of events in the my tail. This check does not

reveal an independent uncertainty in the W mass measurement.

This study also indicates to what extent the various parts of the m; distribution con-
tribute information to the fit. From the fits with the width floated it is clear that most
of the information used to fit the width is in the tail of the distribution. For my cutofis
of 92 GeV/c? and below the width suffers large fluctuations and the statistical precision
deteriorates rapidly. Even the mass values are effected if the cutoff is lowered much below

92 GeV/c? as the fits to the Monte Carlo samples indicate. This study emphasizes the
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Width Floated

Cutoff (GeV/?) Fit to Data ( myy; D) | x*/dof Fit to Monte Carlo
98 79.49+0.38; 2.7+ 0.5 | 34.2/32 79.98 £+ 0.05 ; 2.29 & 0.07
96 79.47£0.42;2.84+0.6 | 33.3/30 79.96 £ 0.05 ; 2.31 4+ 0.08
94 (nominal) 79.424+0.40; 2.9+ 0.6 | 31.2/28 79.98 + 0.05 ; 2.39 4= 0.10
92 79.31+£0.38;3.2+0.8 | 28.4/26 79.95 £ 0.05 ; 2.43 + 0.11
90 79.31£0.35;3.7£1.0 | 23.7/24 79.92 4+ 0.09 ; 2.59+ 0.34
Width Constrained

Cutoff (GeV/c?) Fit to Data ( mw ) x*/dof Fit to Monte Carlo
98 79.72 £ 0.36 37.1/33 80.01 + 0.03

96 79.69 £ 0.36 36.2/31 80.03 £ 0.03

94 (nominal) 79.71 £ 0.34 35.4/29 80.01 £0.03

92 79.73 £ 0.38 35.1/27 80.04 £ 0.04

a0 79.71 4+ 0.36 27.2/25 80.01 &+ 0.04

Table 6.10: The comparison of mass and width fit values for various choices of upper cutoff
of fit range. All masses are listed in GeV/c? and widths in GeV/c.

relative importance of the falling edge and mq tail (especially above 90 GeV/c?) to the

measurement.

6.6 Other Contributions to the Systematic Uncertainty

We consider other contributions to the W mass systematic uncertainty. We study the
potential backgrounds in the sample and the effect they could have on the mass. We also

quantify the remaining uncertainty due the mechanics of fitting.

The presence of background in the W sample is a source of concern. We consider several
sources of background. The sequential decay of rs (from Ws) into electrons mimics the direct
decay into electrons, however, these events are concentrated at low m; (see figure 6.2a). We
simulate a large sample of these sequential decays (using the ISAJET(V6.12) [64] pp physics
simulation) and conclude that only 4 events should enter our sample, while only 1.5 events

enter our fit (having m; > 65 GeV/c?). By subtracting 20 times the predicted 7 background
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Figure 6.2: a) The ISAJET (V6.12) prediction of the m; distribution for electrons from
the sequential decay W — 7 — e. These exhibit a softer my distribution and could shift
the mass downwards since they are not included in the fit. However their relative under
abundance makes this shift 4 MeV/c2. b) The m; distribution of conversion candidates
selected by our filter. These are consistent with the over efficiency of our filter (having a
5% probability of identifying real W electrons). When added to the fit sample the mass
changes by 40 MeV/c2.

Number per 2 GeV per 4.4 pb™!

we find an upwards shift of 80 MeV/c? in the fit W mass. This leads us to conclude that

s only cause a 4 MeV/c? shift in our fit mass.

A more plentiful source of potential background comes from our photon conversion
analysis [39] (see section 4.1.3) which eliminates 3.5% of the events which would otherwise
be in our sample (see figure 6.2b). The filter is known to be 5% over-efficient, having that
probability of rejecting real electrons. Thus our 3% loss is consistent with none of the
events in figure 6.2b coming from photon conversions. The filter under-efficiency is 20%
so we believe that less than 1% background remains. To study the possible effect of this
background we restore all conversion candidates to our sample: the fit mass is lowered by

40 MeV/c2.
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Another source of background in our sample is Z events where one of the charged leptons
is lost. This could be an important background as Z charged leptons can have higher mys.
However, the cross-section for Z production is 10 times lower than that of W production [41]
decreasing the importance of this background dramatically. The jet veto (see section 4.1.3)
limits second electrons to [7; less than 7 GeV. This is unlikely for Z decays. We remove
two events with second tracks having p; > 40 GeV/c and find no other tracks between 10
and 40 GeV/c. We simulate the production and decay of Zs and expect only 1 event to
contaminate our W sample. The Zs which survive have low m; similar to those of the 7s.

From the study of 7 decays we conclude this will have a negligible effect on our fit mass.

Finally we study the effect of a flat background on the fit mass. Adding a 1% background
of this form shifts the mass up by 70 MeV/c?. We believe we have 1 + 1% background in
our sample. A flat background is a worst case shape — most backgrounds (from QCD for
example) fall with m; reducing the effect they have on the fit mass. We take 50 MeV/ c? as
the potential uncertainty in the W mass due the presence of background. This is entry (5)

in table 6.11.

A study of tables 6.4 through 6.9 reveals that jumps of O(50) MeV/c? are possible in the
fits to large MC samples. These discrepancies are the reason for including 3“o” variations
in the study of the model — an attempt to ensure that the variations exhibited there, truly
reflect the physics of varying the model and not the mechanics of fitting. We also generate
two statistically independent sets of line shapes which give fits differing by less than 50
MeV/c2. We vary the spacing between generated masses and widths in our simulation and
see changes of less than 50 MeV/c?. Thus we take an additional 50 MeV/ c¢? systematic

uncertainty due to the fit mechanics. This is entry (6) in table 6.11.
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Uncertainty Electrons | Muons
Statistical 340 (400) | 510 (600)
1. Energy scale

Tracking chamber 160 160
Calorimeter 260 0

2. Proton structure 60 60

3. Resolution, W p, 100 100
4. Charged lepton 130 180
subtraction

5. Background 50 200
6. Fitting 50 50
Overall Systematic 360 340
Overall 500(540) | 620(700)

Table 6.11: Uncertainties in fitting the W mass. All uncertainties are quoted in units of
MeV/c?, In brackets are the statistical (2nd overall) mass uncertainties if T'yy is determined
in the fit as well. The uncertainties for the muon measurement (where they differ from the
electron measurement) come from reference [43].
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6.7 Consistency Checks

We check the fits in many ways. We study the effect of the event selection on the fit mass
by fitting a sample selected primarily for its electron qualities, We study the effect of the
jet cut. We vary our arbitrary choice of underlying event enhancement factor (nominally
1.4) and study the effect of introducing correlations between the underlying event energy
and the p¢ of the W. Fits to various subsets (charge, date of collection, location of electron)
give consistent results. Finally fits to the electron F; spectrum and neutrino Ey spectrum
give similar fit masses. We find no evidence for further systematic uncertainties in any of

these fits.

We check for event selection biases by fitting a sample of events selected primarily
for its electron characteristics (as opposed to our reference sample based on E;). The
event selection described in section 4.1.1 and 4.1.2 is replaced by those used to select the
inclusive electron sample (described in section 4.2). To get from the inclusive electrons to
a comparable mass sample we apply the selection criteria described in section 4.1.3. This
results in a second sample of 1128 W decay candidates. 1018 of these candidates are shared
with our original sample. The other 110 are plotted in figure 6.3b. For comparison the 113
events unique to our standard sample are shown in figure 6.3a. We find that this “electron”
sample gives a fit mass of 79.81 & 0.37 GeV/c?. This is a 100 MeV shift. This change in
the fit mass is attributable to the different events in the two samples. This shift is already
accounted for in the statistical uncertainty on the measurement. We find no evidence for

selection biases in this test.

We study the effect of the jet cut on the measurement. To do this we select another
sample from the 1616 events in figure 4.4. Instead of the jet cut, we require the p; of the
W to be less than 20 GeV/c. This results in a 1420 event sample. We repeat the exercise
of determining an appropriate input W p; distribution for this new sample. Figure 6.4

shows input and output p; distributions. This is to be compared with figure 5.3 for our
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Figure 6.3: a) The W mass candidates found only in the E: W sample (described in sec-
tions 4.1.1 through 4.1.3). b) The W mass candidates found only in the electron W sample.

standard sample. The mean p; in this case is 6.8 GeV/c (to be compared with 5.6 GeV/c
in our standard sample) and the shape of the input distribution is very different. We fit
miy = 79.63 £ 0.33(stat.) GeV/c? for this sample and model. Again we find no evidence in
this shift for additional systematic effects and ascribe the difference to the inclusion of 300
new events in our sample. The systematic variations possible within this model are larger
than in our standard model increasing the overall systematic uncertainty slightly. Hence

we choose not to do the final analysis in this way.

We study the effect of scaling the underlying event energy by a factor of 1.4 (see sec-
tion 4.3) by changing the factor from 1.0 to 1.8. When we use the raw (uncorrected) under-
lying event energy (an enhancement factor of 1.0) we find a fit mass value of 79.87 + 0.35
GeV/c?. When we try to better match the mean pt of the W (by including an enhancement
factor of 1.8) we find a fit mass value of 79.86 % 0.44 GeV/c?. We note that re-scaling the

underlying event has the effect of rearranging the events as my changes differently (with
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Figure 6.4: a) The p; distribution of the W candidates (with p; < 20.0 GeV/c rather than
those having jets smaller 7.0 GeV) unfolded from the observed distribution (figure b) using

the model. b) The agreement between the observed W p; distribution and the model’s
prediction for this alternate sample.

more or less underlying event enhancement) for each event depending on the angle between
the W and the electron. Again we ascribe the changes in fit mass to statistical fluctuations
coming from the different underlying event rearrangements. The choice of underlying event
enhancement factor is arbitrary — our model describes the physies of the uncorrected and
corrected underlying events equally well. Studies of simulated samples with different en-
hancement factors show no change in the fit mass when we change this enhancement. We
take no additional systematic uncertainty for the shifts in fit mass observed in the above

fits.

We split the data into sub-saﬁples by charge, detector sub-section and date of collection
to see if this brings any systematic shifts to light. The W™ candidates give a fit mass of
79.64 +0.48 GeV/c? while the W~ candidates fit 79.44 4+ 0.52 GeV/c2. Ws depositing their
decay electron in the east half of the detector give a fit mass of 79.85 £ 0.53 GeV/c?, while

those in the west give 79.38 £ 0.39 GeV/c2. Data from the first half of the run gives a mass
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of 79.63 + 0.47 GeV/c?, while the second half gives a mass of 79.71 + 0.41 GeV/c2. All
uncertainties quoted here are statistical only. We find no evidence for systematic shifts in

these fits.

The electron £ spectrum is shown in figure 5.2a. The best fit (shown as an overlay) is for
a mass of 79.88+0.34(stat.) GeV/c?, however the shape of the electron spectrum is sensitive
to the assumed W p; distribution. Studying the effect of different W p; distributions is a
two step process. Qur entire model is used to unfold the input p; distribution of the Ws.
Tests like those described in section 6.3 vary only one parameter of the model at a time.
The electron is entirely insensitive to all parts of the model except the W pt and the electron
resolution. To get a true representation of the systematic uncertainty we must first vary
other parameters in the model * and then extract a new input W p; distribution (as was
done to arrive at figure 5.3a). Finally we vary the p; as described above for the m; fits and
find changes of 250 MeV/c? in the fit mass from the electron E; spectrum. The calibration,
proton structure, background and fitting uncertainties effect the electron E; fit in the same
way as the m; fit. The electron energy subtraction (from the underlying event) does not
effect the fit to the E; spectrum. Thus we get a 400 MeV /c? overall systematic uncertainty

on the electron F; fit. We conclude:
miy(fit) = 79.88 £ 0.34(stat.) & 0.40(sys.) GeV/c>. (6.2)
We also fit the neutrino E; spectrum. Here we conclude:

miy(fit) = 80.16 £ 0.61(stat.) + 0.51(sys.) GeV /c>. (6.3)

The neutrino distribution is much more sensitive to the modelling of the underlying event
and detector resolution, thus the overall systematic uncertainty of this measurement is
larger. We see variations of £200 MeV /c? between the fits to these three different kinematic

projections of the W decays (my, E¢ and E;). The consistency of these fits lend credibility

*It turns our varying the degradation factor has the largest effect. In practice we vary only this before
extracting a new W p; distribution.
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to the my result. We attribute the discrepancies to the larger systematic uncertainties of
the lepton E; fits, rather than uncertainties in the W mass obtained from the fit to the m;

distribution.

6.8 Final Electron W Mass Measurement

We make one correction to our best fit W mass. The radiative correction described in
section 6.1. We add 70 MeV/c? (see table 6.1) to the final fit value: 79.71 & 0.34 GeV/c?
(see figure 5.1). Thus we arrive at our final result from the fit to the W electron mq

distribution:

my = T9.78 £ 0.34(stat.) = 0.19(sys.) £ 0.30(scale) GeV/c2. (6.4)

The combination of this result with the muon result as well as other electroweak data

is the subject of the final chapter of this thesis.

32



Chapter 7

Results

This chapter describes the extraction of our final W mass value and the Standard Model
parameters which depend on it. A discussion of the combination of the muon and electron
results is included with a description of the treatment of correlated uncertainties. Sin?8y

(see equation 2.4), the myqp it implies (see figure 2.3) and their uncertainties are extracted.

7.1 Combined W Mass

Although this thesis has concentrated on the description of the W mass measurement made
with the W — ev candidates we make a similar measurement with W — uv candidates.
Table 6.11 lists the uncertainties on each measurement following the discussion of chapter 6.
From table 6.11 we can also see the correlations between the measurements. For example,
the calibration of the tracking chamber enters both measurements at the 0.2% level (160
MeV/c?). By the same token the parton distribution function uncertainties and those
on the neutrino resolution are common to both measurements. The uncertainty on the
charged lepton subtraction comes from independent measurements hence we treat this as
an independent uncertainty. Similarly the backgrounds are very different for the two sample
hence we treat these uncertainties as independent. These are combined (for the muon and

electron measurements) in the last column of table 7.1. We account for these correlations
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Measurement Mass CTC | CEM v ind. W

m§y (CDF) | 79.78+0.34 | 0.16 | 0.26 | 0.13 | 0.14
miy (CDF) | 79.60£0.51 | 0.16 0.13 | 0.27

m% (CDF) 91.18+0.34 | 0.18 | 0.30
m'z (CDF) 90.70 £ 0.41 | 0.18

mg (LEP) 91.10 £ 0.06

Table 7.1: Summary of the vector boson mass measurements and uncertainties. All numbers
listed are in units of GeV/c?. No correlation between the CDF measurements and the LEP
measurement is implied.

in combining the two measurements.

One further piece of information which might have been useful in extracting our best W
mass is the LEP Z mass. It turns out to be unhelpful (see equations 7.1 and 7.2). We mea-
sure the Z mass with the CDF detector [44]. By comparing our measurement of mz to the
measurements of the LEP experiments ([45, 46, 47, 48]) * we override our calibration uncer-
tainties on the W mass in favour of the other uncertainties — primarily statistical — in the
CDF Z mass measurement. Table 7.1 lists all the measurements of interest and summarizes
the correlations among the uncertainties. The statistical uncertainties are not correlated.
The column labelled ‘CTC’ includes the tracking chamber mass scale uncertainty. This un-
certainty is common to the four CDF measurements. The column labelled ‘CEM’ includes
only that part of the calorimeter calibration due to the E/P matching (see section 4.2) and
hence is only applicable to the electron measurements. The column labelled ‘v’ includes
all common uncertainties to the muon and electron measurements of the W mass (namely
uncertainties 2, 3 and 6 in table 6.11). The last column indicates uncertainties which are

unique to each W mass measurement (uncertainties 4 and 5 in table 6.11), these are treated

*The LEP measurement is a weighted average of the four 7 mass measurements.
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as independent uncertainties.

We combine these numbers in two ways. First, from the CDF measurements alone, we

conclude:

¥ =T79.71 £ 0.42 GeV/c* (withmz = 90.92 £ 0.35 GeV/c?).  (7.1)

The uncertainties on my and mz are a combination of statistical and systematic uncer-
tainties. They are partially correlated due the presence of common scale uncertainties. We

elaborate on this correlation below when we extract the weak mixing angle.

In order to compare our result to the UA2 measurement we extract a W mass in another
way. We include a constraint to the Z mass from LEP. The constraint is only as good as the
CDF measurement of the Z mass (non-scale errors). When we include the LEP constraint

we find:
mGPFHLER = 79,79 4 0.44 GeV/c? (with mz = 91.10 & 0.06 GeV/c?). (7.2)'
For comparison UA2 find [9]:
my2TLEP = 80.43 4 0.50 GeV/c?, (7.3)

when they constrain their data in the same way. We can combine our result with that of

UA2 to improve (slightly) on the measured W mass T. We find:

mGPETUAZHLEP = 80,04 + 0.33 GeV/c2. (7.4)

There is not much difference between the results in equations 7.1 and 7.2. The Standard
Model physics we extract either way is identical. Taking the result in equation 7.1 we

conclude that:

miEPE = 79.71 + 0.42 GeV /2. (7.5)

" Assuming as much as 100 MeV/c? of the individual W mass uncertainties are cormmon (for the parton
distributions and underlying event models) makes no difference to the combined result.
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7.2 Standard Model Parameters

Following the discussion in chapter 2 there are two parameters of the Standard Model which

we can extract from the W mass measurement.

The first is the mixing angle of the electroweak sector of the Standard Model (fw).
Knowing the W and Z masses we extract the mixing angle from equation 2.4. Sin?fy
is the most often quoted number. The uncertainty on this quantity can be derived with

elementary calculus to be:

Qm%{/ TW \2 gz \2
antoy = i o)+ (D) (7.6)

where oy and oz are the uncorrelated parts of the W and Z mass uncertainties, respectively.
An error in the calibration of the detector would shift the W and Z masses the same amount.
This would not change the mass ratio, leaving sin? 8y (see equation 2.4) unchanged. We
include (in the electron case) an uncertainty of 0.0045 on sin f to account for calorimeter

calibration non-linearity * which could change the mass ratio.

First we combine the e and 1 measurements separately using equation 2.4 and cancelling

the correlated scale uncertainties (following equation 7.6) to get:

sin? 6§y = 0.2344 £ 0.0104, (7.7)
and
sin? 64, = 0.2298 + 0.0135. (7.8)

Properly treating the correlated uncertainties in equations 7.7 or 7.8 8 we combine them
and find:

sin? 85PF = 0.2327 + 0.0084. (7.9)

}'Ws produce electrons with an average of 40 GeV of energy, while Zs produce 45 GeV electrons. Testbeam
studies indicate that the calorimeter calibration is linear to 0.15% over this range of energy. We conservatively
include an 0.3% uncertainty on the electron mass ratio.

§4-0.002 of the uncertainty in equations 7.7 and 7.8 comes from W mass uncertainties cornmon to the e
and p measurements.
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Case 1 2

mw | 79.71 £0.42 | 80.04£0.33

mz | 90.92+0.35 | 91.10 £ 0.06
sinfw | (0.233) | 0.229 +0.007

mH

30. 90 + 85 110+ 55
100. 110475 130+ 50
1000. 140+ 70 135 4+ 40

Table 7.2: myop values consistent with each scenario and the prediction of the radiative
corrections from the Minimal Standard Model. All masses are in units of GeV/c2. In the
first case the sin 8y shown is Jjust that from the ratio of masses. No additional constraint
on miep i1s assumed for it. The migp uncertainties quoted are one sigma values from the
combined x? fits. Tle two scenarios are discussed in the text.

Using equation 2.5 and figure 2.3 we can also extract the top quark mass consistent
with the predictions of the Minimal Standard Model electroweak radiative corrections. Here
again, we can proceed in several ways depending on how much information we incorporate

from outside the CDF experiment.

The simplest is to use the CDF measurements alone. We minimize a2 x? describing
the Minimal Standard Model prediction for the radiative corrections as a function of myy,
mz, sin? fyy, Mitop and MHiggs. These are only over-constrained within the context of the
Minimal Standard Model. The columns of table 7.2 gives the best fit top quark mass for
each of three choices of Higgs mass. We investigate two scenarios: 1) Using the CDF
measurements alone (taking sin? fy from equation 7.9) and 2) using both the CDF and
UA2 W mass measurements (taking the W mass from equation 7.4) and neutrino scattering

measurements of sin? gy [65] T.

Table 7.2 shows that the constraints on the top quark mass are loose. They are consistent
with CDT direct searches for the top quark in Standard Model decays [35, 40] which have

ruled out mip < 77 GeV/c? (at the 95% C.L.). Taking the CDF measurement of the W

TWe take sin® 8w = 0.229 & .007 for the neutrino scattering result. This result depends very weakly on
the top quark mass having different radiative corrections [17]. For simplicity we include it as a constraint
independent of mmigp.
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and Z masses (case 1) we find myp < 280 GeV/c? at the 95% C.L. , while incorporating
the UA2 and neutrino scattering measurements (case 2) lowers this to meop < 220 GeV/c?
at the 95% C.L. In both cases we set the limit on Miop USINE MHiges = 1 'I’eV/c2 to give
an upper bound. From table 7.2 it is clear that no useful limit can be placed on the Higgs

mass with these data.

In the future, it is expected that CDF will collect enough Ws and Zs to determine the W
mass or the W/Z mass ratio directly with sufficient precision to measure sin? 8y to £0.002.
This will require 20x the data presently available, something which is planned over the
course of the next two Tevatron runs, in the next five years. The methods described in this
thesis can be extended with the larger statistics samples to improve on the detector cali-
bration (E/P), neutrino systematics (by studying Z decays) and the statistical uncertainty
on the fit. The goal is an overall W mass uncertainty of 100 MeV/c%. The second phase
of LEP, scheduled for 1994, will provide a comparable measurement of the W mass. At
LEP the limitation will be W event statistics, since the W pair cross-section is 1 000 times

smaller than the Z cross-section currently being explored at LEP.

Other tests of the electroweak Standard Model will take place during the first phase of
LEP. The decay asymmetry of the Z and  polarization in the decay z — 7 should provide
independent measurements of sin® Ay with £0.001 accuracy. Each of these measurements
require understanding electroweak radiative corrections (like those described in chapter 2)
since they involve subtly different couplings in the Standard Model. If the top quark is not
observed directly in the next five years, these measurements, taken together, should allow a
30 GeV/ ¢2 determination of Miop With the largest remaining uncertainty coming from the

unknown Higgs mass.
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