NORTHWESTERN UNIVERSITY

Measurement of the W Boson Mass with the D@ Run II Detector using
the Electron Ppr Spectrum

A DISSERTATION

SUBMITTED TO THE GRADUATE SCHOOL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
for the degree

DOCTOR OF PHILOSOPHY

Field of Physics and Astronomy

By

Timothy R. Andeen, Jr.

EVANSTON, ILLINOIS

June 2009



(© Copyright by Timothy R. Andeen, Jr. 2009
All Rights Reserved



ABSTRACT

Measurement of the W Boson Mass with the D@ Run II Detector using the Electron Pr

Spectrum

Timothy R. Andeen, Jr.

This thesis is a description of the measurement of the W boson mass using the DO
Run IT detector with 770 pb™" of pp collision data. These collisions were produced by the
Tevatron at /s = 1.96 TeV between 2002 and 2006. We use a sample of W — ev and Z —
ee decays to determine the W boson mass with the transverse momentum distribution of
the electron and the transverse mass distribution of the boson. We measure My, = 80340+
37 (stat.) £ 26 (sys. theo.) & 51 (sys. exp.) MeV = 80340 + 68 MeV with the transverse
momentum distribution of the electron and My, = 80361 £ 28 (stat.) & 17 (sys. theo.) £

51 (sys. exp.) MeV = 80361 + 61 MeV with the transverse mass distribution.
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CHAPTER 1

Introduction

Modern particle physics is the study of matter at the most fundamental level. The
present frontier of particle physics probes particles and interactions at high energies by
conducting experiments at large particle colliders. The high energies give us access to
extremely small scales of distance (< 107'® m) and the chance to study the conditions of
the very early universe in the laboratory. The Standard Modelll, developed and expanded
during the last half of the 20th century and the early 21st, explains all particle physics
phenomena observed by experiments. Its precision and completeness make it one of the
most well-tested and precise theories constructed. This thesis aims to test the Standard
Model through a precision measurement of the W boson mass.

This dissertation is organized as follows: We begin in the first chapter with a brief
introduction to the measurement and necessary background information. In chapter two
we review the aspects of the Standard Model most relevant for this measurement. Chapter
three contains a description of the D@ detector, with an emphasis on the calorimeter
calibration. Chapter four describes the data collected and the selection of the events.
The simulation of electrons and the recoil in our parameterized Monte Carlo simulation
is introduced in chapters five and six respectively. The experimental backgrounds are
assessed in chapter seven. Chapter eight describes the systematic uncertainties, both

IThe Standard Model (SM) will be more completely explicated in the coming chapters, however two
useful introductory works are [I] and [2].
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theoretical and experimental, and we conclude with the result, interpretation and future

prospects in chapter nine.

1.1. W and Z Bosons in the Standard Model

W and Z bosons were first theoretically described as the massive vector bosons re-
sponsible for the electroweak interaction in the 1960’s by Glashow [3], Weinberg 4] and
Salam [B]. The subsequent observation and discovery of the W and Z bosons by the UA1
[6] and UA2 [7] collaborations at the SppS collider at CERNH in 1981 and 1983 was a
triumph of theoretical and experimental particle physics, cementing the theory of elec-
troweak interactions as a pillar of the Standard Model. Since the 1980’s the Standard
Model has been tested extensively with greater and greater precision. With each step
our theoretical understanding deepens and the experimental precision increases, but the
Standard Model remains an accurate description of physical phenomena at the highest
accessible energies and smallest lengths. Yet the Standard Model remains incomplete.
A description of gravity, though negligible at any present laboratory based accelerator,
remains beyond the scope of the Standard Model. Of interest in this thesis is that the
exact mechanism of symmetry breaking remains unknown, and the related Higgs boson
undiscoveredH. The broken symmetry is necessary to give the W and Z bosons mass
[8]. The goal of this measurement is to use the largest available collection of W bosons,
acquired with the D@ detector, to measure the mass of the W boson, one of the most
important parameters predicted by the Standard Model.

2The European Organization for Nuclear Research
3The boson is named for Higgs [8], but Brout and Englert [9] are due equal credit.



18

1.2. Motivation for a precision measurement of My,

A precise measurement of the W boson mass is a test of the Standard Model. Devi-
ations between the predicted value and the measured value could be indications of new
physics beyond the Standard Model. When combined with a measurement of the mass
of the top quark it can be used to predict the mass of the Higgs boson. In figure [Tl [10]
the mass of the top quark is plotted versus the mass of the W boson. The two concentric
circles are the 68% and 95% confidence limits of the current combination of the direct
measurements of the top and W masses (mp = 172.6 £ 1.4 GeV, My, = 80.398 4+ 0.025
GeV in [10]). In red are plotted possible Standard Model Higgs mass predictions, and in
green are Higgs mass predictions for a common supersymmetric model. Recent improve-
ments in the top mass measurements [IT] help further motivate a precision W mass; a
top mass uncertainty of 1.4 MeV corresponds to an uncertainty on the W mass only 8

MeV.

1.3. Past measurements of My,

The most direct antecedents of this measurement of the W boson mass are the Tevatron
Run I experiments (1990 to 1997) [12], [13] and [I4]. The two detectors, DO and CDF,
both measured the W mass using approximately 82 pb™! of data. In the case of DO this
was done using only the W — er channel, measuring a mass of My, = 80.483+0.084 GeV
[15]. At CDF both the W — ev and W — puv channel were exploited to find My, =

80.433 & 0.079 GeV [16].

4The Collider Detector at Fermilab, located at Tevatron interaction point BO . D@ is named after its
interaction point.
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Figure 1.1. The mass of the top quark versus the mass of the W boson with
Standard Model and supersymmetric predictions for Higgs masses shown
in the red and green bands respectively. Recent improvements in the top
mass measurements provide additional motivation for a precision W mass
measurement. [T0]

Between 1996 and 2000 four experimentﬂ at the Large Electron-Positron (LEP) col-
lider at CERN in Geneva, Switzerland collected data and measured the W mass [17].
The precisely tuned energy of the electron-positron collisions produced two W bosons,
and their decay into either four quark jets, four leptons (two of which were neutrinos), or
a combination of quarks and leptons, resulted in the most precise measurements of the

W boson mass at the time. In addition to the tunable energy of the collisions, a distinct

SALEPH, DELPHIL, L3 and OPAL
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advantage of the LEP experiments over the Tevatron experiments is their insensitivity to
the theoretical description of the proton or anti-proton content. The combination of the
measurements from the four LEP experiments give an average My, = 80376 £+ 33 MeV
7).

The Tevatron and the D@ and CDF experiments were substantially upgraded between
1997 and 2001. At present the experiments are collecting data in Run II of the Tevatron,
with pp collisions at /s = 1.96 TeV center of mass energy. The luminosity of the collider
was upgraded and the over the course of Run IT (2001 to 2009) the experiments expect
to collect approximately 8 fb™! of data. The CDF experiment used the first ~ 200 pb™*
of data to measure the W mass in 2007 [I8]. Again CDF used the W — ev and W — uv
decay channels to measure My, = 80413 £48 MeV. This measurement is the most precise
single measurement of the W boson mass. With their large sample of W events the
measurement was not statistically limited, but rather systematic uncertainties dominated.

These measurements are summarized in the figure [L2

1.4. Overview of Experimental Method

This measurement of the W mass uses 770 pb~" of data collected by the DO detector,
comprising most of the Run Ila data sample collected between 2002 and 2006@. In the
Run IT DO detector it is possible to use both the W — er and W* — p*v decay channels
to measure the W mass. In this analysis we only use the W — ev channel. With the
D@ detector the energy resolution for electrons is better than muons, and because the
precision of measurement of the lepton energy in large part governs the final precision of

the mass measurement the electron channel is chosen.

6The Run Ila sample is defined in greater detail in Chapter 4
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W-Boson Mass [GeV]

TEVATRON —o— 80.430 = 0.040
LEP2 —= 80.376 £ 0.033
Average - 80.398 + 0.025
X2/DoF: 1.1/ 1
NuTeV —A— 80.136 = 0.084
LEP1/SLD —A— 80.363 £ 0.032
LEP1/SLD/m, A 80.363 = 0.020
80 80.2 80.4 80.6
m,, [GeV] March 2008

Figure 1.2. The W mass determined by the Tevatron and LEP accelerators.
These are the averages of the individual experiments and include the recent
result from CDF. [17]

The strategy of the measurement is, briefly, to calibrate the detector and tune a
parameterized Monte Carlo simulation of the detector with the Z — ee events from the
Run IIa sample. These events are very similar to the W — er events but both decay
products can be detected and the Z boson’s mass can then be completely reconstructed.
Additionally, the Z boson decay to two electrons is a well understood process. At the LEP
collider the mass was measured with a precision greater than one part in ten thousand
[19]. By calibrating the detector using these decays we are explicitly measuring the ratio
of My /M and depend on the much greater precision of the Z mass to derive Myy.

The neutrino from the W boson decay escapes the detector unobserved. This pre-
vents us from determining the invariant mass of the W directly. Instead we can measure
the W boson mass through the transverse mass distribution, the transverse momentum

distribution of the electron, or the missing transverse momentum distribution. Of these
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distributions the transverse mass has the greatest sensitivity to the W mass and his-
torically, due to the limited number of W events, has been used to measure the mass.
With the large data sample used in this analysis we are not statistically limited by the
sensitivity of any of the distributions. In this measurement we use the transverse mo-
mentum distribution of the electron which is less sensitive to detector calibrations. As a
result we expect to be able to reduce the experimental systematic uncertainty using this
distribution.

To ensure that no bias was introduced by the experimenters themselves a random
offset was added to the W mass while the analysis was begin developed. This is known as
a “blind” analysis, and is used to prevent previous experimental and theoretical results
from unduly influencing the analysis [20]. The random offset was only removed after the

analysis strategy was finalized.
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CHAPTER 2

Theory

This chapter describes the theoretical background pertinent to the measurement of
the W boson mass. We begin with a somewhat historical overview of the Standard Model
and the electroweak interactions. We briefly review the Higgs mechanism and electroweak
symmetry breaking and the tree level predictions of the W mass. Higher order corrections
to the mass are discussed and the production and decay of W and Z bosons at hadron

colliders are explicated.

2.1. Overview

In this overview of the SM we follow several well-known texts, most notably [i2], [21],
and to a lesser extent [22], [23], [1]. The review articles of [24], [25], [26], [27] are also
consulted, and detailed monographs on the subject of electroweak theory can be found in
[28] and precision tests in [29]. Finally, the lecture notes of Prof. G. Anderson’s course on
the SM (Winter /Spring, 2003) at Northwestern University helped to provide background.

Additional references are noted in the text.

2.1.1. The Standard Model

The Standard Model of particle physics is our most successful and complete theoretical de-

scription of Nature at the most fundamental level aCCGSSile] It describes the most basic

IFor this thesis we neglect the important observation of neutrino oscillations, whose explanation requires
an extension of the Standard Model.
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ELEMENTARY
PARTICLES

II III

Three Generations of Matter

& Formilab 95-759

Figure 2.1. The particles of the Standard Model. The leptons and quarks

are grouped into three generations, from the ordinary electrons, u and d

quarks, to the higher mass copies such as the muon or the top.

130]
units of matter with precision that equals our experimental ability to test. Experimen-
tally, all fundamental particles are observed to be point-like and discrete. Theoretically,
the fundamental particles are described as excitations above the vacuum state by the
mathematics of quantum field theory.
In the Standard Model all fundamental particles are grouped into two categories by

their intrinsic spin: fermions have half-integer spin and bosons have whole-integer spin.

The fermions are divided into quarks and leptons and then further arranged into three

generations, as seen in 211
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The first generation makes up nearly all familiar matter and consists of the up and
down quarks and the electron and the electron neutrino. The second and third genera-
tions are identical copies of the first, but with higher masses. There is no fundamental
explanation for why there are three generations of particles, and though there are reasons
to believe there are only three generations it is possible there are additional, more massive,
copies.

The other type of fundamental particles are the bosons. These particles mediate
the interactions between particles and are the manifestation of the fields that describe
the effects of the fundamental forces on the particles. For example, the photon is the
boson which carries the electromagnetic force. Bosons are distinguished from fermions
by integer spin, as opposed to the half-integer spin of the fermions. In the SM bosons
are often referred to as “gauge” bosonH because the interactions which are mediated by
these particles are described by gauge symmetries. The weak force, which was discovered
in observations of nuclear (3-decay, is mediated by three massive bosons: two charged
W bosons and a neutral Z boson. The theory of electroweak interactions using W+
and Z° particles, as well as photons, was first proposed by Glashow [3], Salam [5] and
Weinberg [4] in the 1960’s. This theory combined the description of the electromagnetic
and weak forces and has since become, along with QED (electromagnetic interactions)
and QCD (strong nuclear interactions), a central pillar of the Standard Model. The W
and Z bosons were discovered with the properties predicted by the theory in the early
1980’s at the UA1 [6] and UA2 [7] experiments. This measurement of the mass of the W

boson is a continuation of that work. As the charged mediator of the electroweak force

ZExcept the scalar Higgs boson, which is not a gauge boson.
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the W boson is fundamental to the SM. The ratio of the masses of the W and Z bosons
is a parameter which is predicted by the Standard Model, and a comparison between the
theoretical prediction and the experimental measurement is a basic test of the theory.

The final boson of the SM is the gluon. The gluon carries the strong force which
binds the quarks together, such as within the nuclei. The theory of strong interactions
is Quantum Chromodynamics (QCD). Here the Greek prefix “chromo” refers to the fact
that, unlike electromagnetism with just one type of charge, the strong force has three
charges, named after colors. This color has nothing to do with color as we see it and is
only a name.

The graviton is occasionally also included in the list of bosons as the carrier of gravi-
tational force. However, the description of gravity in the Standard Model remains incom-
plete and the graviton has never been observed. The SM is sometimes referred to as the
theory of the very small, and though on the scale of planets and stars gravity is most the
most important force, for precision measurements of the W boson it is entirely negligible.
2.1.1.1. The Development of Electroweak Interactions. The discovery and devel-
opment of theory of electroweak interactions encompasses some of the most interesting
and surprising theoretical and experimental work of 20th century particle physicsg. Weak
interactions were first observed in nuclear (3-decay (though not identified as such) by

Henri Becquerel in 1896 [31]]. In this reaction electrons are emitted by an unstable atom

31t is traditional to discuss the history of the particle physics from the time of the ancient Greeks. Though
Democritus and his “atomic” theory are often mentioned we believe that the most direct link is as follows:
The Greeks invented democracy, which inspired Plato to write The Republic, which was read and studied
by America’s founding fathers. They established a government which in the 1940’s created a national
laboratory system. These labs were critical to the discovery and testing of the Standard Model.
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whose atomic number increases by one. This process could not be described by the ex-
isting theories of the electromagnetic or strong force, so the weak force was proposed.
More importantly, the continuous electron momentum spectrum from this reaction, first
observed by Chadwick and Geiger in 1914 [32], appeared to violate the conservation of
momentum. In order to restore momentum conservation Wolfgang Pauli [33] suggested
that an unobserved particle was produced in this reaction: the neutrino. The reaction
is then n — p+ e~ + .. Enrico Fermi (1934, [34]) developed the first theory of weak
interactions assuming they would be analogous to electromagnetic interactions. Instead
of a massless boson like the photon the short-range nature of the force requires a massive
boson. Fermi’s theory was able to predict the properties of $-decay by assuming that the
interaction was essentially point-like and could be described by the four-fermion coupling
Gp.

The demonstration of the uniqueness of the weak force was further enhanced by Lee
and Yang (1956, [35]). In a review of data on weak interactions they proposed that weak
interactions are parity violating. Parity, or “mirror,” symmetry was thought to be a
conserved symmetry in any physical reaction. The experiments of Wu et al. in 1957 [36]
demonstrated that weak interactions mazimally violated parity. Maximal parity violating
interactions are described by equations having the form V' — A, where V is a polar vector
(not parity violating) and A is an axial vector (parity violating). As a consequence of the
V — A form of the interaction only the left-handed components of the electron and neutrino
fields participate in weak decays. Here “left-handed” refers to the negative helicity state
of the particle. In other words, only right-handed 7, and left-handed e~ are involved in (3

decay. Additional confirmation came from observations of pion decay. All v were found
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to be left-handed and all 7 were right-handed. This is only exactly true if the neutrino
is massless, and though this is now known to not be exactly true, the approximation of
massless neutrinos is acceptable for this thesis.

One of the overarching themes of modern physics is the use of symmetry in describ-
ing nature. Noether’s discovery that conservation laws can be derived from the physical
symmetries of a system has proven useful again and again [23]. The symmetry of elec-
troweak interactions is a gauge symmetry, which means that the equations describing the
interactions are invariant under local phase transformations. The idea that the transfor-
mations should be locally invariant, instead of merely globally invariant, is a powerful
idea first proposed in connection with nuclear physics by Yang and Mills in 1954 [37].
Most importantly, gauge invariance ensures the self-consistency of the theory.

A consequence of requiring a symmetry to be gauge invariant is that a field associated
with a massless boson is introduced for each gauge invariant symmetry [38]. In the case
of electromagnetism (QED) this massless boson is the photon. The W and Z bosons are
massive, making the symmetries of the weak interaction a difficult candidate for gauge
invariance. One could add the mass of the W and Z bosons to the theory “by hand,”
but one finds any mass term for the bosons breaks the gauge invariance. This is because
the electroweak symmetry is non-Abelian and describes both particle and antiparticle
fields at the same time. The ingenious device which allows massive gauge bosons is the
Higgs mechanism [8], which spontaneously breaks the electroweak symmetry. By adding
a massive Higgs boson we avoid the unitarity violation that would usually be caused by
the massive gauge bosons. Before discussing the Higgs mechanism we first examine the

motivation for the specific symmetry of the electroweak interaction: SU(2), x U(1).
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2.1.1.2. Electroweak Symmetry Breaking. Weak charged-current interactions link
the left-handed electron and the right-handed anti-neutrino. These particles (and the
second and third generation counterparts) are paired into a doublet under the SU(2)
group for weak isospin. In the course of this development we will show that the group
SU(2)r x U(1) describes a unified the weak and electromagnetic force. Only the first
generation of leptons are considered. For the other lepton generations and the quarks a
similar procedure may be followed. In this section we closely follow the discussion found
in chapters 17, 19 and 22 of [2], and also make use of [T, [21].

We first define the SU(2), doublet for the electron and neutrino. The electron and
neutrino themselves are complex fields, and in the following ey, er, v, vr are understood

to be the field operator:

Ve t3 =+41/2 1
L=| 1|, " / =3 y=-1 (2.1)
er, t3——1/2
R=(eg), t=0, y=—-2 (2.2)

where the subscripts L and R refer to the the left-handed or right-handed fields. The
weak isospin ¢ is 1/2 for the left handed fields and 0 for the right handed fields, and t¢3 is
the third component of the weak isospin. The hypercharge y is defined below. The left

handed and right handed fields are generically defined as:

b1 = (1-;75)¢

bp = (1—275)¢

(2.3)
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The SU(2) symmetry means that the theory is invariant under transformations of the

sort

Lo — €72, (2.4)

where 7 are the Pauli matrices. It is interesting to contrast the present case with an early
use of SU(2) symmetry by Heisenberg in 1932 [39)]. In that instance the nearly identical
masses of the proton and neutron motivated the idea that, with respect to the strong
force, the proton and neutron were completely degenerate. Therefore a single proton or
neutron wave function could be described by an arbitrary linear combination of proton
and neutron wave functions. In our case the electron and neutrino are clearly not mass
degenerate so we already know this symmetry must be broken.

The U(1) symmetry was first introduced to the study of electroweak theory by Glashow
in 1961 [3] and can be understood heuristically as the inclusion of electromagnetism. The

weak hypercharge y is then related to the electric charge @ by Gell-Mann-Nishijima

formula:
Q:Q+% (2.5)
where t3 is the third component of the weak isospin.
The gauge invariant Lagrangian which describes the electroweak interactions is
T Ak DAl 1 % 1 v
Ls = Lin'D,L + Riv*D,R + ZFH,,F + ZFWF . (2.6)

The term F),, is the field strength tensor of a vector field B,

Fo =8,B, —8,B,. (2.7)
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Examining just the U(1) symmetry, if we only required global invariance then the La-
grangian would be invariant under a transformation e; — e~*®e;. With requirement of

local gauge invariance the Lagrangian is invariant under the transformation

—ia(z)

er (2.8)

€, — €
where « is a function of x#. This also implies that
2
B, — B, + ?0Ma(x). (2.9)

In a similar manner, requiring the SU(2) weak isospin symmetry to be locally gauge
invariant introduces three fields W, = Wu -7/2 where T are the Pauli matrices. The field

strength tensor for W is then
Fi, = 0,W — 0,W + ige™ WIW,. (2.10)

Finally, the covariant derivative for a gauged SU(2); x U(1) symmetry is D, = 0, —
i%2Y B, +1igW,. In order to recover the electromagnetic covariant derivative we identify
e = gsin Oy .

This completely describes a gauge theory of electroweak interactions with an unbroken
SU(2)xU(1) symmetry. As such it has four massless gauge boson fields W+, W~ W? and
B. The world we observe is quite different having three massive gauge fields and a broken
SU(2) symmetry. If this electroweak Lagrangian is useful a method is needed to give the
gauge bosons mass and break the SU(2) symmetry without losing gauge invariance and

preserving the U(1) symmetry. The Higgs mechanism does exactly this.
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2.1.1.3. The Higgs Mechanism. The salient physics of the Higgs mechanism can be

understood by studying a local U(1) symmetry. We introduce a complex scalar field ¢

¢ = % (Qf;l - Z<Z§2> - (2.11)

The Lagrangian then includes the usual terms of the locally invariant U(1) with a potential

V which depends on ¢
La = (Dud")(D6) — S Fuu ™ + V() (2.12)

where D, is the covariant derivative 0, + iqgA,. The potential can be defined such that

the classical minimum is not at zero:

V= N6l — ' (213)

with 2, A > 0. In this case the classical minimum is at

(pT) = 2u%/\ = 12 /2. (2.14)

Quantum mechanically particles are described as excitations from the vacuum and here
the minimum of the vacuum is not at 0. We must expand the fields around the correct
vacuum; in this case a circle of minima. In polar coordinates, we set the radius p = v
and 6y = 0. Angular oscillations in the 6 direction do not see any potential and remain
massless. Therefore we expand ¢ around the minimum v and write

b(x) = %(y + h())e 0@/ (2.15)
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This gives the Lagrangian a mass term for the h field leaving the 6 field massless. The
Higgs mechanism has spontaneously broken the U(1) symmetry with a non-zero vacuum
expectation value of the scalar potential field and we have one massless Goldstone boson
and one massive boson, corresponding to the scalar particle. So far all we have done is to
break the symmetry and add a massive scalar particle which we do not observe in nature.
However, we recall that this U(1) symmetry is a gauge symmetry, and that the ¢ field is

invariant under the transformation
¢ — e @ g, (2.16)

We are free to choose any phase for ¢ and comparing and it is clear that we can
simply “gauge” away the 6 field by choosing a(x) = —60(x)/v. Remarkably, we are left
with just

1
= 5+ k(@) (2.17)

from ZTH. When inserted into the Lagrangian and writing only the terms quadratic

¢(z)

in the fields one finds

1 1 1
EQuad _ _Z(auAy_anuAmu)(auAu _anuAmu> + —q2V2AHAH+§8ﬂh&uh’_,u2h’2‘ (218)

Higgs 2

This is the Lagrangian for a massive vector boson field (mass = gv) and a scalar field
with mass v/2y, the mass of the Higgs boson. The U(1) symmetry has been broken by
the potential, but the gauge symmetry remains. This is exactly what is needed in the

electroweak theory, at the cost of introducing the Higgs boson.
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With the SU(2), x U(1) symmetry of the electroweak theory the procedure to in-

troduce the Higgs Mechanism is the same except now the Higgs field is a scalar SU(2)
doublet

¢ = (2.19)

with a vacuum expectation value of

. 0
(0]¢[0) = : (2.20)
v/\/2

Fluctuations around this vacuum expectation value are now parameterized by

. 0
¢ = . (2.21)

v+ H)

This parametrization was first suggested by Weinberg in 1967 [4]. It has the interesting
property that this choice of the vacuum value does not break the U(1) symmetry, or the
third component of the SU(2) symmetry. Going back to eqn. we see that the electric

charge @ is still a conserved quantity, as is expected.
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The Lagrangian is now Ly + Lg, and after breaking the symmetry we can combine

the quadratic terms and write

Litass = 20,HO"H — > H?
—i(&qu 8 Wl# (8MW{‘ — 8MW{L) + %Q2V2W1uWiu
— (0, Way, — 0, Way,) (DWW — MWL) + L g2 Wy, W (2.22)

g;h—n

)
)

— (0, Wi — 0, W3,) (0" W4 — "W} — LG, G
(

+52(gWs, — g'B) (gW4 — ' B").

This includes a scalar field with a mass My = v/2u and two gauge bosons with mass
My, = gv/2. The W5 and B fields are mixed in the last term, but we can untangle this

with the orthogonal, linear combinations

ZH = cos Oy W4 — sin Oy, B*

(2.23)
AF = sin Oy W' + cos Oy B
where the angles are defined by
cosby = g/(g*> + g*)? sinby = ¢'/(¢* + ¢V (2.24)
As a consequence we may write
My = My / cosby, My=0 (2.25)

and we associate the A field with the photon.
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We began with the SU(2), x U(1) gauge symmetry. This came with four massless
gauge boson fields. We spontaneously broke the symmetry of SU(2), x U(1) by intro-
ducing the Higgs potential which added three massless and one massive scalar fields.
The three massless gauge fields “swallowed” three of the massless scalar fields (Goldstone
bosons), leading to three massive gauge boson fields which we associate with the W= and
the Z° and one remaining massless gauge boson field, the photon. The cost was the as
yet unobserved, massive, scalar Higgs boson.
2.1.1.4. Tree Level Mass. In the previous sections we have found the tree level pre-
dictions for the masses of the bosomJjJ

. By comparing to Fermi’s theory nuclear-3 decay

we can identify

Gr g9
— = . 2.26
V2 8M (226)
Recalling that e = g sin fy,, we can predict
1/2
T 1
My tree = - ~ 77 GeV. 2.27
v (\/§GF) sin Oy (2:27)

The discovery of the W boson at approximately this mass at the UA1 [6] and UA2 [7]
experiments in the early 1980’s was a significant validation of the theory. Presently we
need a more precise theoretical description.

The extension of this theory to the other lepton generations proceeds in exactly the
same way. In considering the quarks, we have to account for the fact that their mass
eigenstates are not the same as their weak eigenstates. The quarks are grouped into
family by mass. Therefore, in weak interactions the quarks may mix between the mass
families. This is described by the Cabibbo-Kobayashi-Maskawa transformation matrix

44Tree level” referes to the leading order diagrams of the interaction, as shown in figure 24
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[40], [47], which transforms the strongly interacting quark fields with mass m to the

weak eigenstate basis.

d Vid Vs Vb d
s | =1 vid vis Vb s |- (2.28)
Y Vid Vis Vib b

2.1.1.5. Beyond Tree Level. At the tree level, if one separates out the fermion masses
and mixings and the Higgs mass, the electroweak Lagrangian can be completely described
with just three free parameters. It is common to choose agy;, G, and M. These pa-
rameters are determined experimentally and then used as input to the theory. This
combination is then used to predict other observables. By measuring these other observ-
ables and comparing them to the predictions we can verify or falsify the theory. We can
use the measurement of My, in two of these steps. First, My, will be used to test the
validity of the electroweak theory. Small discrepancies between the data and the theory
could be indicative of new physics beyond the Standard Model. Second, we will use My,
as an input into the theory in order to predict My.

The physical processes we measure are not restricted to leading order diagrams, but
the framework we have developed is. For the desired precision we need to include loop
corrections to the tree level theory. The inclusion of these corrections requires higher
orders in perturbation theory which then changes not only the predictions for the observ-
ables, but also the relationships between them. When including the higher order terms it
is necessary to renormalize the theory in order to remove unphysical divergences. For our

purposes it is sufficient to adopt the on-shell renormalization scheme, proposed by Sirlin
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[42], [3]. In this scheme

M

2 Wo_ 2

sin“ Oy =1 — = sy (2.29)
M3

is taken as the definition of the renormalized sin? fy, and which is valid to all orders. This
is the a relatively simple definition and has the advantage of using the ratio of the masses,
a well defined and measurable quantity. Once we have chosen on-shell renormalization

the correction to My, is parameterized with Ar

2 e’ 1

M p—
v GrV?2 512/1/(1 — Ar)

(2.30)

where Ar includes all the radiative corrections. Two contributions to Ar are particularly
important. The first is the effect of the Higgs loop, as shown in figure This is the
diagram for a W radiating and then reabsorbing a virtual Higgs boson. This contributes
to the W mass as AMy o< In M%. The second contribution comes from the fermion
masses, shown in figure Z31 Here the correction goes as AMy o M? — M7 [44], [29],
where only the third generation fermions have a large contribution. Extra generations, or

physics beyond the Standard Model could also have a similar contribution.

2.2. W and Z Production

The theoretical background immediately relevant to understanding this measurement
of the Myy is the description of W and Z production from pp collisions and their subsequent
decay to an electron and neutrino. In this section we will first deal with W and Z
production (we refer to [45] for a general discussion). At the Tevatron at leading order
the W and Z bosons are produced from ¢g — W annihilation (figures 224 and EZH). This

process is best described using the parton model of quarks.
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Figure 2.2. An example of a one-loop diagram in which the Higgs boson
contributes to the W boson mass. This contribution goes as the In M.

Figure 2.3. The one-loop contribution of the top and bottom quarks to the
W boson mass. This contribution goes as the M? — M.

In a naive simplification protons and anti-protons are made up of three quarks: uud
(wtid for the anti-proton). The W, for example, is created by the combination of u from
the proton and a d from the anti-proton (26). However, this picture is not adequate for
the energy of the pp collisions at the Tevatron. It is necessary to quantitatively treat the
proton as a object consisting of a set of partons, which come in seven flavors, one for each of

the six quarks, and one for the gluons. The distribution of the fraction of the total proton
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d e
Figure 2.4. W boson production and decay at tree level.

u e

Z%y

+

u e
Figure 2.5. Z/~4* production and decay at tree level.

momentum, z, carried by a parton with flavor 4, when probed at the momentum scale Q*
is described by a parton distribution function (PDF). A set of seven of these functions then
completely describes the structure of the proton. These parton distribution functions are

determined by combining and fitting the results of experiments such as ZEUS at DESYH,

SDESY is the Deutsches Elektronen-Synchrotron in Hamburg Germany at which ZEUS was one of two
large experiments (H1 being the other).
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o

Figure 2.6. The parton model of W and Z boson production in pp collisions.
x; is the momentum fraction carried by a parton. At the Tevatron z ~ 0.04.
The partons which were part of the original proton (or anti-proton) which
did not participate in the hard scatter are called spectator partons.

which probes the proton structure with high energy electrons. The PDF fitting is done
by the CTEQ collaboration in the U.S. (or alternatively the MRST group in the U.K.).
As combinations of experimental results the PDFs are naturally associated with some
systematic uncertainty and methods have been developed to take this into account [46],
[a7].

The cross section for boson production can be calculated using the parton-level cross-
section, convoluted with the PDF. The advantage of the parton model is that the parton
level cross-section is found by treating the partons as fundamental particles. The par-
tons not involved in the hard scatter are called spectator partons. Experimentally, these
spectator partons are involved in hadronic interactions which are detected as many low

energy particles. This is defined as the underlying event. The underlying event resembles



42

inelastic pp events, which are experimentally are called “minimum bias” events, referring
to their very loose selection.

The parton level cross-section for the relativistic Breit-Wigner resonance produced by
the two spin 1/2 quarks creating a spin 1 boson is given by [48]

m?2T2 /M
T M+ mTEE

ORBW — ( (231)

where s = E? | My and I' are the mass and width of the boson. Since My > the

mass of any of the decay products the measurement of the W boson mass is not affected
by branching fractions or other normalization factors, and they are ignored. The mass
distribution of the boson has been obtained by setting s = m?. The Z boson width has
been measured at LEP and SLD [T9]. The W boson width is predicted by the SM, and
is found to agree well with the value measured by experiments (such as [49]).

As mentioned the parton-level cross-section must be convoluted with the PDFs in

order to determine the observed mass spectrum. This is shown here

o= Z/dxldngi(xl,QQ)fj(atg,QQ)&(ij) (2.32)

where the sum is over the parton flavors, f; and f; are the PDF distributions for the ith
flavor in the proton and the jth flavor in the anti-proton and 6(ij) is the parton-level
cross-section. The proton direction is defined to be 4z and the energy and momentum of
the boson can be written as

Ep =

o[,

(71 + 22) (2.33)
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P =

[ Sy

(z1 — 1) (2.34)

where /s = 1.96 TeV is the center of mass energy of the pp collision. x; and zo are

defined in 22338 It is useful to recall that the rapidity of a particle is defined as

n(gtg). (2.35)

In the limit where mc? < E? the rapidity can be approximated by the pseudorapidity

—

1
y=3

n=—In <tan g) (2.36)
where 6 is the polar angle. We use § (of the Mandelstam variables), which we recall is
5 = (21p1 + 1apo)? = 21298, (2.37)
Finally, if we equate § = m? we can write

eV, (2.38)

my
1 = ——=€7, X9 =

VARV

and it is possible to write the differential distribution of the mass and rapidity explicitly

as

d2O'LO m 2 m  _ 2 ~
am dy = ;fl <%ey,m ) fj <%e y,m X ORBW - (239)
At tree level W and Z bosons are produced through the Drell-Yan diagrams as in figures

P4 and 28 where the only particle in the final state is the boson. Without anything to

recoil against the boson is necessarily produced at rest in the g frame. The partons
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g d

Figure 2.7. W boson production at next to leading order. Here the boson
recoils against the gluon, resulting in non-zero boson transverse momentum.

themselves are assumed to have very little momentum transverse to the beam direction.
This momentum is referred to as the “primordial” transverse momentum, and comes from
the confinement of the parton within the proton. Applying the uncertainty principle this
momentum is approximately hc/R, ~ 200 MeV, where R, is the radius of the proton.
Therefore the boson is produced with effectively no pr. Higher order QCD process involve
additional particles in the final state. The most straightforward to consider are the initial
state radiation of a gluon (ISR) and the Compton radiation of a gluon (figures EX7 and
Z8). This additional particle gives the boson something to recoil against. Typically this
results in a boson pr of several GeV, much larger than the “primordial” pr.

The calculation of the pr distribution of the bosons is a significant undertaking, the
full details of which are beyond the scope of this discussion. However, because of the

critical role the description of boson production plays in the prediction of the electron pr
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d g

Figure 2.8. W boson production at next to leading order. Here the boson
recoils against the gluon, resulting in non-zero boson transverse momentum.

spectrum it is important to examine the critical facets. The differential cross section with
respect to the boson transverse momentum is written as

d2 d2 TN Ve
d—PO;% = %:/dfldfzfi(fl)fj(fz)a(gT%)- (2.40)

For the process q¢ — W g shown in figures .7 and .8 one can accurately calculate the
transverse momentum distribution at high pr (pr = My, ) using perturbative QCD. In the
low pr region the results are divergent. A framework was developed by Collins, Soper and
Sternman [50] to re-sum the perturbation series by group the divergent, non-perturbative
terms together. This resummation works for all orders in perturbation theory but requires

a correction at low-pr where non-perturbative physics becomes important. The correction
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is parameterized with a function W that smoothly turns off the as the boson pr increases.
The parton level cross section is then

25 ( 05 o0 5 7
% ~ / [d%eiPT'b x W(b,Q)| +Y(Pr,Q) (2.41)
T 0

where Y is the perturbative piece and the impact parameter b is the a conjugate vari-
able of pr (as b increases pr decreases). The form of the W function is phenomenologically
motivated and is determined by combining data from several experiments. Recently the

form

WNP(b) = exp (— (gl + g2 In (%) + 0193 1I1(100$1[L’2)) b2) (242)
0

was proposed by Brock, Landry, Nadolsky and Yuan [51]. It is found to describe the
data well (for example see the DO Z transverse momentum analysis [52]), where the

parameters are

Q ~ 91GeV, Qy = 1.6GeV, z;,; ~ 0.05 (2.43)

and from [51]
g1 =0.21 £ 0.01 GeV? gy = 0.68100; GeV?* g3 = —0.60700;. (2.44)

In the kinematic region we are interested in the g, term dominates.
This completes the description of the boson production model. Once produced W and

Z bosons decay almost immediately and we now describe this decay.
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2.3. W and Z Decay

W and Z bosons decay into quarks or charged leptons. The branching fraction for
boson decay into quarks is nearly ten times that for charged leptons. However, in pp
collisions it is very difficult to distinguish the signal of quark jets produced by boson decay
into quarks from the unrelated jets resulting from the large the total inelastic jet cross
section. Additionally, at the luminosities at the Tevatron the analysis is not statistically
limited by the number of W bosons collected. Therefore it is convenient to use the very
clean signal found in the W/Z — leptons channel. Within this channel the bosons decay
equally to electrons, muons or taus. The 7 decays too quickly to be easily observed
and becomes a background for the electron channel decay. D has dedicated detectors
for both electrons and muons, but because of the DO calorimeter’s superior coverage and
energy resolution, along with smaller QED radiative corrections, this analysis is restricted
to the electron channel. At leading order this is decay is shown for Z — ee and W — ev
in figures Z8 and Z41 For a given boson 4-momentum the boson decay properties are
completely fixed by the azimuthal angle ¢ and the polar angle 6 of the electron. The
distribution of the electrons from the W decay as a function of 6 is due to the V-A nature

of the electroweak interaction, and is given by: ([B3] is followed in this discussion)

do
dcosf

o (1 — AQcos )2 (2.45)

() is the charge of the boson and A\ depends on its helicity. To leading order the W
bosons can be assumed to be produced in either the direction of the proton or the anti-
proton, giving them a helicity of +1. For example, consider the helicity of a W~ created

from an annihilation of a @ from the anti-proton and a d from the proton. To conserve
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Figure 2.9. In W decay the conservation of angular momentum gives the
positron a preferential direction. The top arrows show the direction of the
proton and anti-proton. The d and u partons collided with spin as indicated
by the short arrows. The decay (a) is preferred, with the positron going in
the direction of the p.

angular momentum the electron is produced preferentially in the proton direction (fig.
29). However, we know that the W boson pr(W) # 0, so its spin is not quite along the
z-axis. The decay angular distribution then has a dependence on the boson transverse
momentum [53]. The angular decay distribution from the neutral Z boson is not purely

V-A, and goes as
do

? : 2.4
dcoseocA(l—i-cos 0) + Bcost (2.46)

where A and B are functions which depend on the charge and weak isospin of the decay

products and sin® @y



49

Figure 2.10. The W decay in its rest frame.

2.3.1. Kinematics

If we take the electron and neutrino to be massless then in the boson’s rest frame the
decay is back-to-back. In the boson’s rest frame each particle carries energy equal to 1/2
the boson’s mass and in W events 1/2 of the momentum is carried by an unobservable
neutrino. This momentum is inferred in the lab frame by balancing the momentum with
the electron (and the hadronic recoil) through momentum conservation. In practice it is
impossible to balance the full momentum in W events because a significant amount of
the longitudinal momentum (along the beam axis) is carried down the beam pipe and not
observed. As a result we cannot measure invariant mass of the W. It is possible to balance
the momentum in the transverse plane, and the momentum carried by the neutrino is
called the “missing” pr or the F;. The momentum carried by the electron p, = 1/2Myy,.
We can define the transverse momentum of the electron as 1/2My sin @ = pr(e), where

the € is the polar angle of the electron (fig. EZI0). The distribution of W events as a
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function of the electron transverse momentum is then

do do dcos®  do 2per
dper  dcos® dp.r  dcosf

D) (0t 1 ). (2.47

The last term describes the Jacobian peak at My, /2 and by measuring the location of

do

term. As we noted above
dcos 6

this peak we measure My, . It is important to note the
this term adds a dependence to the py,. of the boson which “smears” the peak. The

sensitivity to the boson pr can be decreased by defining the transverse mass [6]

Mz = 2(Er(e) + Ep(v) — pr(e) - pr(v))

= 2pr(e)pr(v)(1 — cos Ap)

(2.48)

where A¢ is the opening angle between the electron and neutrino in the transverse plane.

The transverse mass is analogous to the full invariant mass, which is explicitly

Mg, = (p"(e) + p" () - (pule) + pu(v))

= QET(G)E>T(V)(1 — COs A¢3)

(2.49)

where A¢gs is the 3D angle. The My is sensitive to our ability to measure p,,., which
results in a significant smearing due to the detector resolution. In practice there is a
trade off between a sensitivity to the theoretical description of the boson pr and the
detector resolution in the p.r and My distributions respectively. This can be seen in the

Monte Carlo pseudo-experiments done with a Run 1-like D@ parametrization in figures

1T and 2212
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Figure 2.11. A simulated electron transverse momentum distribution. In
the black histogram the boson has no transverse momentum while the red
histogram has a realistic boson pr distribution. The yellow histogram shows
how the detector smearing affects the distribution. In this case the addi-
tional of a realistic boson py has the largest effect, while the electron is
relatively insensitive to the detector smearing [49].

2.3.2. QED Effects

The particles involved in the production and decay of the W boson are electrically charged
and can radiate photons. Calculations describing this QED process have been done to
leading order in agy(for example by U. Baur et. al [54]). The quarks or the W boson
itself can emit a photon, as shown in figures T3 214l and photon emission by the
electron is shown in figure EZT0. The radiation of the photon by the quark is referred to
as initial state radiation (ISR) with radiation by a lepton is final state radiation (FSR).
Additionally these processes may interfere with one another.

The largest effect of the QED radiation on the W mass measurement results from FSR.

The photon radiated by the electron may carry away a significant portion of the electron’s
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Figure 2.12. A simulated transverse mass distribution. In the black his-
togram the boson has no transverse momentum while the red histogram
has a realistic boson pr distribution. The yellow histogram shows how the
detector smearing affects the distribution. In this case the additional of a
realistic boson pr has a smaller effect, but the detector smearing greatly
affects the My distribution [49].

u e’

a e

Figure 2.13. The emission of a photon from the W boson.
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d e
Figure 2.14. The emission of a photon from one of the quarks.

u e’

d

Figure 2.15. The emission of a photon from an electron, called final state
radiation (FSR). This photon can be very co-linear with the electron.

energy, distorting the electron pr spectrum. Most of these photons are emitted within
an angular cone of radius ~ 0.3 about the electron. These photons are indistinguishable
from the electron (in the DO detector) and may modify the detectors energy response. It
is possible to correct for this. The ISR and interference effect are not found to affect the

mass measurement [55].
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CHAPTER 3

Experimental Apparatus

This measurement was conducted at the DO experiment at Fermi National Accelerator
Laboratory (Fermilab). Fermilab operates the world’s highest energy accelerator colliding
proton and anti-proton beams at a center of mass energy of 1.96 TeV every 396 ns. The
accelerator is actually a collection of seven specialized accelerators chained together and
has approximately 200,000 adjustable parameters (figure Bl). The largest feature in figure
B is the 6.28 km in circumference final accelerator: the Tevatron. Also important in this
latest iteration of the acceleration complex is the Main Injector, completed in 1999. This
intermediate accelerator allows for higher energy and more frequent collisions than was
possible in earlier Tevatron runninJ] In fact, the instantaneous luminosity is now high
enough that in many beam crossings there are several hard pp collisions, a phenomena
referred to as multiple interactions.

In the Tevatron the proton and anti-proton beams are accelerated to 980 GeV and
steered around the ring by superconducting magnets. Each beam consists of 36 bunches in
three super-bunches of twelve bunches each. The spacing between the bunches is measured
in ticks. There are three ticks between each bunch (one tick is 132 ns) and between the
super-bunches there are 17 ticks. The bunch structure is shown in figure The beams
are caused to collide at two points: BO (the location of the Collider Detector at Fermilab)
and at DO . Quadrupole focusing magnets squeeze the beams into a cross-sectional area

'Run 1, from 1992 to 1996
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Figure 3.1. The Fermilab chain of accelerators in Batavia, IL. The largest
circle represents the Tevatron. At the bottom is the location of the DO
detector.

of 5 x 107 ¢m? in the center of each detector. The length of the luminous region is
described by the g* is is approximately 30 cm. Though it is beyond the scope of this

thesis to discuss the details of accelerator a detailed reference is [56] and [57].

3.1. The DO Experiment

The DO experiment (figure B3)) is a multipurpose detector made up of several spe-
cialized sub-detectors. Of these, the most important for the measurement of My, is the
calorimeter, which measures the energy deposited by the long lived particles created by
the collisions. An overview of the entire detector will be presented, along with a detailed
discussion of the calorimeter.

The subsystems of the D@ detector most important for the measurement of My, are
the tracking system and the calorimeter. A short overview of the other systems is given

here, but for a more detailed discussion see [B8]. DO is shown in figure B3 To describe
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Figure 3.2. The tick structure of the Tevatron beams. Only every third tick
is filled with protons or antiprotons, where one tick is 132 ns.

points within the detector we use a coordinate system with its origin at the geometric
center of the detector, where the +y direction is up and the 4z direction is the direction the
protons are traveling. The geometry of the detector lends itself to a cylindrical coordinate
system, with ¢ the azimuthal direction, # the polar angle and r the distance from the

z-axis. Two types of pseudorapidity n are defined, the detector pseudorapidity 74 and
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physics pseudorapidity 7,s,s, where 7 is generally defined as
0
n= —lntan§ (3.1)

For n4e the angle 6 is measured from the origin, and for 7,4, 0 is measured from the
vertex of the interaction. This vertex can be displaced along the z axis +60 cm making
the distinction important.

We will examine the detector sections from the interaction point out. Just outside
of the beryllium beam pipe are the tracking detectors. These detectors determine the
trajectory of the charged decay particles, as well as the vertex position of the interaction.
The tracking system is situated within a 2 T solenoidal magnetic field, which bends the
particles with a radius proportional to the particle’s pr. The two tracking detectors can
identify the primary vertex of an interaction with a resolution of 35 pum along the z
direction. This resolution significantly improves the detectors ability to measure electron
pr and the Frof an event.

In the following sections we follow [58] except where otherwise noted.

3.1.1. Tracking

The innermost tracking detector is the Silicon Microstrip Tracker (SMT). Generically,
silicon detectors are p —n junction diodes operated at reverse bias [48]. A mobile charge
free region within an electric field is created in the sensitive region of the silicon. A
charged particle ionizes the matter it passes through. This leaves a trail of ions in the

sensitive region, which then drift to the substrate, creating a small electrical signal.
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Figure 3.4. The SMT detector.

The large luminous region and the desire to have the detector perpendicular to the
tracks motivates the design of the detector. As we see in figure B4 the detector is made
up of six 12 cm long barrel detectors, combined with disks in the central region, and a
collection of disks in the forward (high 7) region. The barrels provide a measurement of
the r — ¢ with a resolution of approximately 10 pm, the disks measure the r — z and
r — ¢. A barrel consists of four silicon layers arranged at a slight angle to one anther to
improve the vertexing and tracking efficiency. Combining the barrels and disks there are
approximately 793,000 channels read out.

Outside the SMT is the Central Fiber Tracker (CFT) extending 20 to 52 cm from the
beam-pipe and providing full coverage up to |14 < 1.7 (figure BH). When the charged
particles pass through the scintillating material they ionize, creating photons. These
photons are guided to a Visible Light Photon Counter (VLPC), which is high-efficiency
photodetector. The CFT contains 76,800 scintillating fibers grouped into doublet layers.
For each layer oriented along the beam axis there is another at stereo angles of £3°. This

allows for 3D track reconstruction, with a resolution of ~ 100um.
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Figure 3.6. Overview of the innermost subsystems.

3.1.2. Solenoid and Preshower

The solenoid magnet is located just outside the tracking volume (figure Bf). It is a 2 T
superconducting magnet operating at 4 K. The magnet is 2.7 m long and has an outer
diameter of 1.4 m, with a thickness, measured in radiation lengths (denoted Xj) of ~ 0.9
at normal incidence. This is followed by a preshower detector.

The preshower detector was designed to help identify electrons and photons in trigger-
ing and reconstruction. It combines the features of a tracking detector and a calorimeter,
and can be used to spatially match the tracks and the calorimeter showers. The central

preshower detector (CPS) covers the region |nge;| < 1.3 while the forward detectors (FPS)
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covers 1.5 < |nge] < 2.5. The CPS uses three layers of triangular scintillator strips with
an axial u-v geometry, where the stereo angles are +22.5°. In front of the strips is a lead
radiator which at normal incidence is 1 X thick (the combined solenoid+CPS is 2 X
thick at normal incidence to 4 X, thick for higher angles). Electromagnetic particles will
shower in the radiator, while particles such as muons or charged pions will only ionize
in the scintillator. The solenoid and preshower detectors are significant additions to the
Run I detector design [59] for the Run II DO upgrade. However, because the of the
high instantaneous luminosities, the preshower detector electronics were saturated for the

period of data taking covered in this analysis, rendering it useless for this thesis.

3.1.3. Calorimeter

The calorimeter is the most important subdetector for the measurement of My,. A
calorimeter is used to collect and measure the energy of particles. In this sense calorimetry
is a destructive measurement, as the particles measured are “absorbed” by the device. DO
consists of three cylindrical Ur-LAr sampling calorimeters of approximately the same size,
as shown in figure B7l. One is centered on the interaction region (the Central Calorimeter
or CC) and the other two are mirror images in the forward region (the North and South
End Caps or EC). This combination of three calorimeters provides nearly hermetic cov-
erage up to nger < 4. Additionally, the calorimeter is split into two systems optimized for
measuring the energy of two types of particles: the Electromagnetic (EM) Calorimeter
and the Hadronic (HAD) Calorimeter. The longitudinal development of electromagnetic
showers scales with Xy, the radiation length, while for hadronic showers the scaling goes

as A, the nuclear interaction length. In uranium the interaction length is more than
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Figure 3.7. A cutaway view of the Central and End Cap Calorimeters.

30 times the radiation length and therefore electromagnetic showers deposit their energy
much earlier than the hadronic showers. As a result the EM Calorimeter is situated before
the Hadronic calorimeter. In the measurement of My, with the electron ps spectrum the
calibration of the EM Calorimeter is most critical.

3.1.3.1. Calorimetry Basics. In order to cause a particle to deposit all of its energy
in the calorimeter a dense material is needed to increase the likelihood of interaction.

The interaction causes the particle to shower. In a particle shower, for example in the
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case of electrons, the initial high energy electron decays into a sequence of lower energy
photons and electrons. It is difficult to instrument a very dense, continuous material, so
a compromise is made in which dense layers, causing the shower, are interspersed with
active regions, in our case Liquid Argon cells, to collect and measure the charge deposited
by the charged particles. In this way we sample a part of the shower. The fraction of the
shower we actually sample is subject to statistical fluctuations, which is described by a
contribution to energy resolution.

High energy electron and photon showers are the result of the phenomena of pair
production and bremsstrahlung. (This discussion follows [60], [61] and the review of
particle detectors in [48]. A most extensive overview of calorimetry in high energy physics
is found in [62].) An electron with energy Ejy (where Ej is many GeV) produced by, for
example the decay of a W or Z boson, will radiate photons through bremsstrahlung.
The high energy photons will then convert into electron pairs, which will in turn radiate
more photons. In this way the number of particles increases exponentially with the
depth of the shower. In the simplest case, we say that the initial electron traversed one
radiation length and produced one bremsstrahlung photon with energy Fy/2. In the
second radiation length the photon produces two electrons, each with energy Fy/4, while
the initial electron again radiates a photon, now also with energy Ey/4. This continues
until the particles’ energy is reduced to a critical energy E. (approximately 100 MeV)
where ionization loses become important and the shower stops. In this simple model after

n radiation lengths there are 2™ particles, with energy Fy/2™. It follows directly that the
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shower reaches the maximum number of particles after n,,,, radiation lengths:

 In(Ey/E.)

nma:c - ln 2

(3.2)

where n is the number of radiation lengths (Xj), and the number of particles at the
maximum i8 Ny, = Fo/E.. Typically X, depends on the density of the material the

electron is traversing and is approximately

180A
72

Xy = g/cm?. (3.3)

In more complete models the general features remain the same: the shower maximum
increases logarithmically with the energy of the initial electron, and the number of particles
in the shower at the maximum is proportional to Ey. This brings us to one of the
advantages of using a calorimeter over a tracking system to measure the energy. For
a particle with energy FEy the size of the calorimeter needed scales like In Ej,, whereas
tracking systems reliant on the particles deflection in a magnetic field scale as /Ej.

The fractional energy resolution of a sampling calorimeter is generally proportional
to AE/E o E~'/2. This is the result of fluctuations of the order v/N in the N particles
sampled.

The lateral development of the shower is caused by the Coulomb scattering. The
Moliere radius is the radial spread of the particle and depends on the X, of a material
and the angular deflection per radiation length at the critical energy. The Moliere radius
is an important consideration when determining the segmentation of the calorimeter.
3.1.3.2. Calorimeter Calibration. The cell level configuration is shown in figure B.8.

There are the 47,032 cells that make up the calorimeter. In the EM CC each module
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Figure 3.8. Cell-level view of calorimeter.

consists of two cells, each with a depleted uranium absorber plate and an electronic signal
board surrounded by liquid argon (figure BII0). The calorimeter is made up of layers,
the first four making up the EM calorimeter, the next three forming the fine hadronic
calorimeter (FH) and the last two forming the coarse hadronic (CH) calorimeter as seen
in figure B9 In the EM layers the cells are formed into nearly projective towers in 74¢
(however the cell boundaries are perpendicular to the absorber plates). The cells are
0.1 x 0.1 wide in nge X @, except in the third layer where they are 0.05 x 0.05. This third
layer was designed to be the location of the shower maximum and is instrumented four
times as finely as the other layers.

The energy deposited is first measured and calibrated at the cell level. Cells with less

than a certain amount of energy are not read out (this is referred to as zero-suppression).
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Pulser and gain calibrations for the readout electronics are applied per cell [63], fol-
lowed by an interphi calibration using “minimum bias” events which deposited at least
Er > 10 GeV in the EM calorimeter [63]. These calibrated cells are then clustered by
the DO event reconstruction algorithm into EM physics objects. An electron is iden-

tified using the simple cone clustering algorithm. This algorithm uses a cone of radius

AR = /(An)% + (A¢)? < 0.2, initiated by seeds of Er > 500 MeV. The cluster is re-
quired to have Er > 1.5 GeV, to have greater than 90% of its energy deposited in the
EM calorimeter (vs. the HAD calorimeter), and to be isolated from other events in the
calorimeter. With the individual electrons the calorimeter layer weights are determined.

3.1.3.3. Material Corrections. Ideally there is very little material in front of a calorime-
ter. This is because the energy measurement depends on collecting all of the particle’s
energy in the calorimeter. If the shower begins before the front of the calorimeter some of
the energy will not be measured. The calorimeter used in this measurement unfortunately
has a significant amount of material in front (upstream), which was not planned for in
the original design of the calorimeter. The calorimeter in the D@ Run II experiment is
structurally the same one that was used in the Run I experiment. The Run I design had
very little upstream material compared to Run II. In Run II the addition of a solenoidal
magnet to enable a momentum measurement using tracking detectors added a large about
of material. To compensate for this a preshower detector, necessarily massive, was added.
However, the preshower detector was unusable at the time the data in this analysis was
collected. Finally, the amount of time between beam crossings at the Tevatron was de-
creased between Run I and Run II from 3.5 us to 396 ns. This greatly increased the

luminosity, but reduced the signal integration time for the calorimeter electronics.
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There is approximately 2-4 X, of material in front of the calorimeter, varying with
Naer- Lhis significant amount of material is found to move the shower maximum from the
middle of the third layer to the front of the third layer (figure BT1l). Any material in front
of the calorimeter degrades its energy resolution and affects the calibration. The material
distribution is known roughly from the detector construction drawings. Additionally, it
is possible to determine the amount of material by using the longitudinal segmentation
of the calorimeter readout.

The EM CC is separated into four layers. The electronic readout of the calorimeter is
segmented by layers so that it is possible to measure the energy deposited in each layer
separately. In particular, we look at the energy deposited in each layer as a fraction of the
total EM energy deposition (EM fraction). The EM fraction is sensitive to the amount
of material in front of the calorimeter. If there is more material, then more particles
will begin to shower earlier, or even in front of the detector, so one will observe a higher
fraction of the energy being deposited in the first layer. Less material will result in the
later layers having more energy.

We use GFLASH, a parameterized shower simulation [64], to study the average elec-
tron shower development as a function of depth within the calorimeter. In figure BI1lit is
clear that the upstream (or “dead”) material absorbs a significant amount of the energy
at the beginning of the shower. Contrary to the original design of the calorimeter, the
shower maximum is not contained within the third layer. We next examine the shower
development as a function of n,u,d. Figure shows the shower development of ten

showers, first at normal incidence and then at 7,4,s = 1.0. The differences between the

277phys depends on the angle of incidence.
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Figure 3.11. Longitudinal shower development for a 45 GeV electron at
normal incidence in the D@ detector.
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Figure 3.12. Comparing the development of ten 45 GeV electron showers.
On right at normal incidence and on left at 7,4,s = 1.0.
ten curves illustrates the event-by-event fluctuations and change between the sets of ten
indicates the overall change in the shower development as a function of np,s. The energy
dependence of the shower development is shown in Again we see a significant depen-
dence, particularly in the location of the peak. From these simulations we conclude that
it is possible to understand the upstream material as a function of both electron energy
and 7pnys by studying the longitudinal shower development.
We cannot change the material in front of the detector in situ, threfore it is necessary to
measure this with the aid of our Monte Carlo simulation. Single electron Monte Carlo was

generated for three different amounts of upstream material and many different electron
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Figure 3.13. Comparing the development of ten 45 GeV electron showers
(on right) and ten 3 GeV showers (on left).

energies and angles of incidence (7,nys) using the DO Geant detector simulation [65].
The additional material is added uniformly and is described as the difference between
the nominal material (from construction drawings) and the simulation and is defined as
AnXgy. These samples are used to create a parameterized model of the EM fraction as
a function of the upstream material (AnXy), energy and 7,p,s. This model is then used
in the fast detector simulation and Z — ee events are generated. The ratio between
data Z events and the parameterized Monte Carlo events of the per layer EM fractions
are plotted in figure B4 as a function of the combination of the binned 7, categories
of both electrons (defined in table BT.3.3). The AnXj is varied and a x? fit is used to
determine the best value of X, (figure BIH). Here the y? is defined as the sum of the y?
for the individual layer ratios fit to a flat line for each of the three EM layers (the fourth is
excluded because very little energy reaches that layer). The result of AnXy = 0.164+0.01
is consistent with our knowledge of the detector design. The weights for each layer are
applied in the event reconstruction of the data, where the overall weight has been fixed

so that the detector has the best energy resolution for 50 GeV electrons.



Category | Electron 1 Electron 2

10 0.0 < [Nphys] < 0.2]0.0 < |npnys| < 0.2
11 0.0 < [Nphys| < 0.2]0.2 < |Nppys| < 0.4
12 0.0 < |Mphys| < 0.2 0.4 < |npnys| < 0.6
13 0.0 < |Mphys| < 0.2 0.6 < |Mpnys| < 0.8
14 0.0 < |Mphys| < 0.2 | 0.8 < |Mphys|

15 0.2 < |Mphys| < 0.410.2 < |npnys| < 0.4
16 0.2 < |Nphys| < 0.4]0.4 < |npnys| < 0.6
17 0.2 < |Nphys| < 0.4]0.6 < |Npnys| < 0.8
18 0.2 < [Nphys| < 0.4 ] 0.8 < |Nphys|

19 0.4 < |Nphys| < 0.6 | 0.4 < |Npnys| < 0.6
20 0.4 < |Mphys| < 0.6 | 0.6 < |Mpnys| < 0.8
21 0.4 < |Mphys| < 0.6 | 0.8 < |Mphys|

22 0.6 < |Mphys| < 0.8 0.6 < |Mpnys| < 0.8
23 0.6 < |Mphys| < 0.8 | 0.8 < |Mphys|

24 0.8 < |7phys| 0.8 < [phys|

Table 3.1. The definition of Z event 7,5 categories. 10 is the most central

category while 24 is the most forward.
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Figure 3.14. EM fraction per category. The categories are a combination
of both electron’s n,,s (see table BI33). The yellow points indicate the
fourth layer of the EM calorimeter. Little energy is deposited in the fourth
layer so it is excluded from the fit.
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Figure 3.15. Fit for AnX,, where “missing” means material not included
in the construction diagrams.

3.1.3.4. Energy Loss. Next it is necessary to account for the actual energy lost due to
the zero suppression of the readout and in material in front of the detector. Zero suppres-
sion is used to reduce the number of calorimeter cells read out by excluding those cells
with little energy, or energy consistent with incoherent noise. However, the underlying
event and multiple interactions add energy to the calorimeter isotropically, increasing with
the instantaneous luminosity. A faction of this energy is deposited within the electron
window, which then reduces the number of zero suppressed cells and artificially increases
the observed energy. To account for this effect we again use single electron Monte Carlo
samples generated with the Geant simulation of the DO detector. By comparing the gen-
erator level or “true” electron energy with the reconstructed energy after the simulation

of zero suppression and the passage through the detector material, a parameterized model



73

was developed to determine the energy correction as a function of reconstructed energy
and 7,pys. This is also applied in the event reconstruction of the data [66].

Finally, multiplicative calibration constants are determined as a function of 7,4, by
fixing the Z — ee mass distribution separately in bins of 7,4,s to the LEP determination
of the Z mass [19].
3.1.3.5. The Hadronic Calorimeter. The above discussion focuses almost exclusively
on the EM calorimeter. The calibration of the hadronic calorimeter is less important for
the measurement of My, and we briefly note that many of the same methods are used
(such as the interphi and intereta calibration). A very complete discussion is found in

[94).

3.1.4. Muon System

As the outermost detector system the muon detector surrounds the calorimeter. Muons
are the only particles likely to penetrate the calorimeter. The muon system is a second
tracking detector consisting of three layers, with a toroidal magnet between the first and
second. The first two layers are proportional drift chambers. These gas filled chambers
collect the charge ionized by the passage of a muon. The magnetic field deflects the muon
after it has passed the first layer, and the combination of the position measurements in
the first and second layer can be used to determine the angle of deflection, and hence
the muon pr. The drift chambers have a position resolution along the z-axis of ~ 1 mm.
The third layer is consists of scintillating material arranged in pixels. This improves the
measurement of the ¢ position. The muon system is not used directly in this measurement

of My, but the study of cosmic-ray muons was used in the calibration of the inner tracking
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system, which is used to determine the position of the electrons. Though the energy
resolution of the muon system is less than that of the calorimeter, it may be possible to

use the W — uv channel to measure the W mass in the future.

3.1.5. Luminosity monitor

The luminosity monitor is used to detect inelastic pp interactions at DO . It is two
collections of 24 plastic scintillating wedges at z = 4140 cm from the center of the
detector. The 24 wedges are arranged radially around the beam-pipe, as shown in figure
BT8 covering 2.7 < nger < 4.4. PMTs are mounted directly on the wedges to readout the
detector. An inelastic interaction has occurred when both the north and south detectors
see a signal in time with the tick structure of the beam. The instantaneous luminosity
is then determined over approximately one minute. For further details concerning the
readout of the luminosity detector see reference [69].

In the measurement of My, the instantaneous luminosity is used in the parametriza-
tion of the underlying event. Higher instantaneous luminosity generally corresponds to
multiple pp interactions, which effects the detection efficiency and energy measurement
of electrons, and the calculation of the F,. The measurement of My, is insensitive to the
overall normalization of the distribution, so the integrated luminosity is not used except

as a general accounting of the data. This analysis uses ~ 770 pb~* of recorded luminosity.



Figure 3.16. The luminosity monitor is located in the far forward region
labeled LM and consists of 24 plastic scintillating wedges arranged radially
around the beam-pipe.
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CHAPTER 4

Data Samples

The data used in this measurement of My, were collected at the DO Experiment during
Run IT of the Tevatron between July 26th, 2002 and February 22nd, 2006. This period is
generally referred to as Run Ila in order to distinguish it from the additional data that is
still being accumulated. The collection of data is subdivided into runs, each lasting four
hours on average. The data were collected between runs 160582 and 215670, for which
there was 0.77 fb™! of luminosity recorded at D@ which passed the tight selection criteria

for the W mass analysid].

4.1. W and Z Selection

This analysis uses the electron decay channel to measure the W mass because of its
clean signal with little background. The goal is to obtain a sample of events with a single
hard electron that also have large E, the signature of a neutrino. An additional cut is
placed on W boson’s transverse momentum, which is observed as a soft hadronic shower
from the gluon which the boson recoiled against.

In our detector calibration and simulation tuning we use Z — ee events extensively.
These events are particularly helpful because all decay products are observable so the
Z boson can be completely reconstructed. The electrons from either W or Z bosons are

observed and reconstructed through identical paths and have similar spectra. Additionally

IThe delivered luminosity for this time period was ~ 1.3 fb™*.
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Figure 4.1. A schematic view of the D@ trigger and DAQ.

the transverse momentum distribution of the bosons themselves is very similar, and as a
result so are the hadronic recoil systems. Therefore, the goal in collecting Z boson events
is to make the detection and reconstruction as similar as possible to the events in the W

boson sample.

4.1.1. Online Selection: Triggering

The rate of collisions at D@, ~ 2.5 MHz, is much to fast to record every event for analysis.
As a result a 3-tier trigger system is used to reduce the rate. The first level (L1) consists
of hardware trigger elements physically on the detector. Because of time constraints the
L1 elements only use signals from a single subdetector. This selection reduces the rate
to 2 kHz. The second level (L2) uses a combination of hardware and software elements
to reduce the rate to 1 kHz. The final level (L3) is entirely software based and runs on a
local farm of CPU’s. It utilizes sophisticated algorithms to partially reconstruct each input
event. The output rate is 50 Hz which is written to tape and completely reconstructed

offline. Figure Bl summarizes in a schematic overview the trigger and DAQ system at

DO .
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| Trigger List Version | L1 Requirements |

v8 to v10 one EM trigger tower having Ep > 10 GeV
vll not Cal unsuppressed readout and
one EM trigger tower having Fp > 10 GeV
v12 Require one calorimeter EM object with
Er > 11 GeV and not Calorimeter unsuppressed readout.
v13 One calorimeter EM trigger tower with
Er > 11 GeV. Veto on cal_unsuppressed condition.
v14 Calorimeter EM objects with Er > 12 GeV.
Veto on cal_unsuppressed condition.

Table 4.1. Level 1 Trigger criteria for electron candidates in Z — ee or W — ev.

The trigger scheme used to collect the W and Z boson samples remained consistent
throughout Run Ila with only minor changes. In order to make the W and 7 samples
as similar as possible we only trigger on a single electron (as opposed to a di-electron
trigger for Z bosons or an electron plus Ftrigger for W bosons). Over the course of
Run Ila the instantaneous luminosity increased substantially, and as a result the trigger
definitions were slightly tightened to accommodate the increased data taking rate. The
different trigger definitions are summarised in tables .11, and In general, at Level
1 we require a single EM calorimeter tower with pr > 10 GeV and at Level 3 an electron
with minimal shape requirements and pr > 20 GeV. Shape requirements refer to the
characteristic longitudinal distribution of energy in the EM calorimeter from an electron

shower.

4.1.2. Offline Reconstruction and Selection

Once an event has been written to tape the full reconstruction takes place offline. The
reconstruction software combines the raw detector electronics signals into “physics” ob-

jects, such as electrons and the recoil, that are used in the analysis. From the recoil
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| Trigger List Version | L2 Requirements |

v8 to v10 -
vll One EM candidate with Er > 12 GeV
v12 -
v13 Requires a L2 EM cluster with a
threshold > 15 GeV
v14 requires the sum of the two highest
EM towers to be > 15 GeV.

Table 4.2. Level 2 Trigger criteria for electron candidates in Z — ee or W — ev.

| Trigger List Version | L3 Requirements |

v8 to v10 |na| < 3 electron is found with Ep > 20 GeV
meeting loose criteria including a transverse

shower shape requirement.

vlil |na| < 3 electron is found with E7 > 20 GeV meeting
a loose criteria including a transverse shower

shape requirement.

v12 Requires an electron satisfying tight shower shape
requirements with Ep > 20. GeV

v13 electron found satisfying tight shower shape
requirements with Ep > 22. GeV

v14 an electron is found satisfying tight shower

shape requirements with Ep > 25. GeV

Table 4.3. Level 3 Trigger criteria for electron candidates in Z — ee or W — ev.

and electrons the F,is calculated from the x and y components of the visible transverse

momentum:
E:B — _p;n,eas and Ey — _pZ’LEGS (41)

meas
K3

where p is the sum of the energy in the unzero-suppressed calorimeter cells (excluding

the coarse hadronic calorimeter:

Eo =005 = Dry (4.2)

cells
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The missing energy is then adjusted for the energy scale corrections to the electrons.
4.1.2.1. Track and Vertex Reconstruction. Hits in the SMT and CF'T detectors are
used to reconstructed the tracks of charged particles. The track finding algorithm is is
first applied to each layer to create track segments, and then the segments are matched
to make global tracks. The quality of the track is defined by a y? fit of the track and
nearby SMT and CFT hits.

The primary event vertex is the location within the detector where the partons collided.
It is found by selecting the global tracks that had at least one hit in the SMT detector
and fitting for the vertex position. At least three tracks are required to make a primary
vertex and the vertex fitting is done with the different track combinations until the best
fit is found. The position of the vertex in the x — y plane is nearly at the origin, in the z
direction the position is described by a Gaussian convoluted with a Lorentzian as shown
in figure 221 Secondary vertexes, caused by the decay of long-lived mesons (such as B,
Kg or D), are also found. In this case only two tracks which are not part of the primary
vertex are required in the fit. In this analysis of Z and W events secondary vertexes are
not used. An overview of tracking at D@ can be found in [70), [71], [72], [73], [74], [75],

[76], 7.

4.1.3. EM Reconstruction

Electron reconstruction begins with the identification of the highest energy cell in the
event. This cell is used as the seed of a simple cone clustering algorithm which combines
the surrounding cells in groups of calorimeter towers in a cone of AR = \/An? + AR? <

0.3 centered on the highest energy cell. To distinguish this cluster of EM energy as a true
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Figure 4.2. The W vertex distribution in data (red) and PMCS (blue).
The fast MC prediction is derived from a Gaussian convoluted with a
Lorentezian. The “steps” in the predicted distribution are due to the bin-
ning of the tracking efficiency.

electron four parameters are useful: the EM Fraction, the isolation, the HMatrix and the
track match probability.

4.1.3.1. EM Fraction. A true electron will deposit nearly all of its energy in the EM
layers of the calorimeter. Therefore, the fraction fry = Egpy/Eior, where Egyy is the en-
ergy of the cluster deposited in the EM calorimeter and E},; is the total energy deposited,
is expected to be large.

4.1.3.2. Isolation. In an electron shower most of the energy is deposited inside a tight

cone with little energy around it. We define the isolation of an electron to be

£ _ (R <04) 4 Bpu(R<02)
we EEM(R < 02>

(4.3)

where if Fy, is much large than Eg,, it is unlikely that the object was a true electron.
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4.1.3.3. HMatrix. The shape of an electron shower is well described by Monte Carlo
simulations. Therefore it is possible to compare the shape of the EM cluster to that of an
electron in Monte Carlo using eight parameters to create a covariance matrix. The inverse
of this matrix is used to determine a x? value. This called the HMatrix parameter. The
lower the HMatrix parameter, the more electron-like a shower is.

4.1.3.4. Track Match. A track is reconstructed from SMT and CF'T hits and is required
to have a pr > 10GeV. It is considered to be aligned with an EM cluster, or matched, if

it is within 0.05 in 7 and ¢. The quality of the match is determined by

() (2)

where ¢ and z are found by extrapolating the track to the third EM layer of the matched

cluster. The o4 and o, are the measured RMS resolutions of ¢ and z.

4.1.3.5. Recoil Reconstruction. The recoil of the boson is observed in the detector
as the jet-like hadronic decay of soft gluons. The hadronic vector @y is made by simply
summing the transverse momentum of all the cells in the calorimeter, except the cells
that are identified as the electron. The pr of muons is excluded. Only the transverse
component, ur, of the hadronic recoil momentum is measured as particles with n; > 4.0
escape the calorimeter undetected. All non-zero suppressed cells which are not in the
electron cone are summed into the Wp. As a result the uy includes more than just the
effect of the true recoil of the boson, but also effects of multiple interactions, spectator
quark interactions and zero suppression.

4.1.3.6. Selection. The selection requirements for electrons are given in table EE4l This

includes the acceptance cuts which restrict the electrons to the fiducial volume of the
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EM Cluster Requirements:

® D > 1.5 GeV,
e EM fraction > 0.9,
e [solation < 0.2.

Electron Requirements:

e |ID| <11 (i.e. we use the simple cone algorithm),
e in fiducial area of calorimeter ,

e EM fraction > 0.90 ,

e isolation < 0.15 ,

e pr > 25 GeV |

e CC: |nget| < 1.05

e HMx7 < 12,

e spatial track match with P(x?) > 0.01 ,

where |nqet| is evaluated in EM3.

7 Requirements:

e 2 electrons

e trigger fired

e pr(recoil) < 15 GeV

o 70 GeV < Mz < 110 GeV

W Requirements:

e 1 electron

e trigger fired

e Missing Fr > 25 GeV

e pr(recoil) < 15 GeV

e 50 GeV < My < 200 GeV

Table 4.4. Selection criteria for electron candidates in Z — ee or W — ev reconstruction.

CC, in addition to the requirement that the bosons were created with a small transverse

momentum.
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4.2. W and Z Events

After reconstruction and selection we are left with 17,880 Z boson and 478,669 W
boson candidates for the analysis. This represents a significant increase in the amount of

data available over previous analyses at the Tevatron.
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CHAPTER 5

Simulation and Fitting

In this chapter we first explain the strategy used to fit for the mass using the tem-
plates generated with our parameterized MC simulation (PMCS). In the second part the
description of the electron energy in the simulation is explicated. The recoil simulation

will be discussed in chapter six.

5.1. Fit Method

The W mass is measured indirectly through the electron transverse momentum and
the transverse mass distributions because the invariant mass cannot be reconstruction.
These distributions cannot be predicted analytically so a Monte Carlo simulation is used
to generate the distributions for 100 different mass hypotheses. To determine the mass a
negative log likelihood fit is done comparing the high-statistics predictions from the Monte
Carlo to the data. In order not to be limited to the 100 template values we interpolate
between neighboring Monte Carlo predictions. Statistically it is necessary for the Monte
Carlo predictions to contain at least an order of magnitude more events than the data;
that is, statistical fluctuations in the Monte Carlo distributions must be negligible when
compared to the fluctuations in the data. It is not feasible to simulate the tens of million
of events necessary for this with the D Geant detector simulation. Therefore, a much

faster simulation was developed that parametrizes the most important detector effects.
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The speed of the simulation also allows for the study of many different detector scenarios
which becomes particularly important in understanding the systematic uncertainty.

The tuning of the electron energy is done in several steps. First we study and param-
eterize the energy in the electron window that does not come from the electron. This is
the underlying event energy and any energy from the recoil that leaked into the electron
window. In figure Bl we see the generator level electron energy in red. This energy is
determined by the event generator and then scaled and smeared by PMCS. The hard
recoil is shown in green. We study the contribution of the recoil that is parallel to the
electron the full detector simulation and data. The black circle represents the isotropic
soft recoil. This is also studied using full detector simulation and data and the amount
that is underneath the electron is parameterized and added to the electron. The full
detector simulation uses the Pythia [78] event generator, discussed below. The complete
electron energy parametrization is compared to the Z data. The strategy is to alter the
PMCS predictions so that they describe the data as exactly as possible. Then we scale this
tuning down the energies of the W boson events. We introduced a linear parametrization
of the energy in order to set the Z mass distribution observed in the data to the precisely
know mass value. In this case Resbos+Photos is used to generate events [79], [80], [51],
[8T]. To fit for the W mass we again use Resbos+Photos and the tuned PMCS.

In summary, the parameterized Monte Carlo simulation is used to generate Z — ee
events and W — ev events. The distributions from Z — ee events were tuned to the

distributions in the data, and this tuning is scaled down to the W event energies.
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Figure 5.1. A schematic illustration of a W event as simulated in the pa-
rameterized MC. In red is the electron energy and green shows the hard
recoil. The black circle indicates the isotropic soft recoil. We infer the
neutrino momentum after simulating the electron and recoil.

5.2. Event Generation

As input into the fast Monte Carlo simulation two event generators were used: a
combination of Resbos and Photos and Pythia [78]. Resbos stands for RESummed BOSon
production and decay. It computes a fully differential cross section at next-to-leading
order (NLO) for the general process pp — B(— [l)X, where B is a boson which decays
into two leptons [, and X represents the QCD radiation. Photos is added to Resbos to

include QED effects such as the radiation of a photon from an electron, or final state
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radiation (FSR). The Resbos and Photos combination has proven to be successful in
previous analyses from the D@ experiment, notably in the prediction of the Z boson
pr spectrum [52]. The Pythia generator is a leading order event generator with parton
showering and hadronization. It is used also to generate input for PMCS when we need to
compare PMCS to the DO detector Geant simulation, which also relies on Pythia. Pythia
also includes a detailed simulation of the interactions between spectator quarks. These
are the remnants of the proton and anti-proton pair that collided but were not part of the
hard interaction that produced the boson. These spectator interactions result in energy
in the calorimeter that is necessary to model.

The general strategy is to simulate the electron and recoil as observed in the detector

and then calculate the F,using equation Bl

Er = —pr(e) — tr(recoil) (5.1)

Schematically, a typical W event is shown in figure B2 A typical Z — ee event
observed in data is shown in figure in the traverse view (looking down the beam-pipe).
In red we can clearly see two high pr electron towers in the calorimeter, both with a
matched track (the black lines). A typical W — ev event is shown in figure B4l This is
a “lego” view in which we have un-rolled the cylindrical calorimeter onto a flat surface.
The red tower is the electron energy observed in the calorimeter, while the yellow tower
is the inferred F;. Labeled “16” is part of the hadronic recoil.

Finally, before proceeding to the discussion of the electron energy, we note that the
form of the parametrization and the techniques used to derive the parameters were tested

first using the DO detector simulation. The entire analysis was prepared and run treating
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Pr(e)

PT(recoil)

PL(V)

Figure 5.2. A schematic view of the momentum of the particles in a typical
W event.

the DO detector simulation MC as if it were data. Before the result was unblinded it
was crucial that the correct mass was found in this “clousre” test of the analysis. In the
following sections we focus our discussion on the data parametrization, but a complete

second parametrization tuning was done for the closure test as described in [82].

5.3. Electron Simulation

All aspects of the measured electron must be described by PMCS. The exact infor-
mation about the electron the event generator provides must be “smeared” to match the
resolution of the detector. Additionally, the detector acceptance and efficiency must be
reflected in the final distributions from PMCS. The procedure described below follows the

general steps of: combining the electrons with the FSR photons, applying the position
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Run 173527 Evt 573622

ET scale: 29 GeV

Figure 5.3. A typical Z — ee event shown in an end view. The red towers
are electrons in the calorimeter, the black lines are tracks, two of which are
matched with the electrons.

resolution, correcting the energy, applying the energy resolution, and finally applying the

detector efficiency and acceptance.
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Run 213391 Evt 80765654

Triggers:
1 MET M evm
T ico

50

Bins: 143

Mean: 0.557 0 3

Rms: 2.92 -4.7 em particle et: 46.63
Min: 0.00983 MET et: 29.38

Max: 34.6

Figure 5.4. A typical W — ev event, shown in a “lego” view. The red tower
is the electron and the yellow tower is the calculated F;.

5.3.1. Electron Photon combination

The first step in the electron simulation is to add the FSR photons to the electron if
they are within AR < 0.30. In the detector energy from photons closer than this to
the electron is indistinguishable from the electron energy. We parameterize the efficiency

with which the photon will be seen by the detector as a function of the photon py. The
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g
Tlphys 0.002
Tdet 0.007
Gonys | 0.0004

Table 5.1. The angular resolution of an electron is simulated with a Gauss-
ian function with a mean of zero and the width given by the table.

response of the calorimeter to photons within an electron cone is also parameterized based
on the photon pr and the 7,,s. These parametrization are determined by studying single

photon events in the Geant DO detector simulation [55].

5.3.2. Electron Position Resolution

The position of the electron in the detector is found by using the simulated z vertex of
the event and the simulated 7,4, and ¢ppys, and calculating the 74, of the simulated
electron at the third EM layer of the calorimeter. The z vertex distribution is simulated
by a double Gaussian and the beta function whose parameters were tuned for different
run periods and instantaneous luminosity. To simulate ¢4.; the bend due to the solenoidal
magnetic field that the electron passes through on the way to the calorimeter is calculated.
We assume that the 2 T field is uniform and extrapolate the ¢4 at the third EM layer
using the charge and pr of the electron.

The angular resolution for 7,nys, Nder and @ppys is simulated with a Gaussian function
centered at zero with a width shown in table The ¢ge; resolution is complicated
by the “phimod” efficiency and bias. By examining one calorimeter module boundary in
detail we can understand the source of the phimod efficiency. Figure is a view of a

CC EM near the region of a module boundary.
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Figure 5.5. The boundary between two EM calorimeter modules. The edge
effects here result in ¢-dependant efficiency within each module.

The positioning of the signal boards, combined with the non-uniform electric field,
cause the efficiency of finding an electron to decrease near the edge of the module. This
effect is enhanced by the shorter (compared to the original design) signal integration time
between collisions with the upgraded Tevatron collider. We measure the efficiency as a

function of an electron’s ¢ position within a module (phimod) which is defined as

Gmoa = mod 16¢/m. (5.2)

In figure the efficiency is nearly flat in the central region and drops quickly toward
the edges as expected.

Finally, the energy clustering algorithms used to find electrons are found to be biased
toward the center of the module. This is studied in data by comparing the ¢ position

as determined by the tracking detectors with the position determined by the calorimeter
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Figure 5.6. Electron efficiency vs ¢ position in detector module.
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Figure 5.7. Difference between ¢ position from tracking and calorimeter.

energy clustering algorithm (fig. B7). In PMCS if the electron has passed the phimod
efficiency then the bias is determined by randomly choosing an offset described by the

distribution for a particular track ¢ [83].
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5.3.3. Electron Energy

In the detector the energy within an electron cone is polluted by energy from a variety of
other sources. This includes energy from the hard recoil, the underlying event, detector
pileup and zero-suppression effects. The electron energy from the event generator is
essentially uncorrelated with this additional event energy. In PMCS we apply the following

parametrization for the electron energy:

where Rgy(Ep) is the response and ogys the energy resolution of the electromagnetic
calorimeter. AF is the additional energy within the electron window, and is parametrized
as a function of luminosity £ and uj. The u is defined as the amount of energy from the

recoil system that is parallel to the electron direction (and figure B.8):

u| = U - pr(elec). (5.4)

The energy response of the EM calorimeter is then modelled using the linear function

REM(EO) = X EQ + ﬁ (55)

where « is the linear response of the calorimeter to electrons, or scale, and [ is an offset.
The scale and offset are measured using Z — ee data after correcting for the additional
energy, discussed below.

5.3.3.1. Additional energy. The electron energy correction AFE primarily consists of

four components.
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PV

Figure 5.8. The u is the recoil energy along the direction of the electron momentum.

e the underlying event which includes the spectator quark interactions, other pp
interactions, and electronics noise.

e The effect of zero suppression of the calorimeter readout. Cells with energy
within 1.50 of the pedestal level (2.50 offline) are not included in the readout or
reconstruction. As a consequence some the tail of the electron energy distribution
is cut off and real energy is lost.

e With an electron cone size in the reconstruction of 0.3 in 1 X ¢ some energy can

“leak” out.

It is possible to measure the underlying event contribution with the W events in data.
The electron cone size of 0.3 means that there are 13 calorimeter towers in an electron. We
rotate away from the actual electron cone in ¢ and measure the energy within a rotated
13 tower cone. To exclude regions where there is hadronic activity we require that the

energy in the rotated cone be less than 0.15 times the electron energy. Figure shows
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Figure 5.9. Energy in an electron cone rotated away from the true electron
window in W — ev events.

the average energy in a 13 tower window rotated away from the electron cone with an
average of 126 MeV [84].

This correction depends on the luminosity of the event and u . The luminosity depen-
dence is show in figure B0, This strong, linear dependence of 35 x 103! MeV ecm~2 s72 is
due to additional interactions in the event. Instantaneous luminosity is highly correlated
with additional pp interactions. The u; dependence is shown in figure B.TT, increasing
at high u, where the recoil is more nearly in the same direction as the electron. The
data is binned in luminosity and u and the energy of a rotated cone is measured in each
bin. These binned distributions are read by PMCS in the parametrization of the electron
energy [85].

The correction above is not added directly to the electron energy in PMCS. It has the
advantage of being measured in the data, but the energy in a cone rotated away from the

electron does not exactly correspond to the additional energy under the electron itself.
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(GeV)
S
N N

13 towers
¢ ©

=

o]

o
[EnY
(o]

<E> for

© s ©

= =

N N
Ll\\\‘\\\‘\\\‘\\\‘\\\‘\\\l

©
[EnY

PR R S SO S A ST ST A NN SO SR ST SO SN SR S ST S S
20 10 0 10 20
u (GeV)

Figure 5.11. Energy in rotated cone as a function of w.

The difference in the energy is due to the zero suppression. The effect of zero suppression
has already partially been taken into account. In the calibration of the calorimeter energy
loss corrections were determined (see chapter four) with single electron Monte Carlo from

the DO Geant detector simulation. This Monte Carlo does not include a description of



Sample A [GeV]

Sample B [GeV]

Sample C [GeV]

Sample D [GeV]

Eclus
T
Eclus

38.427
43.341

39.085
44.074

38.647
43.576

39.192
44177
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Table 5.2. The effect of the underlying event. The values are the averaged
reconstructed energies for single energy electrons generated at Fp = 40
GeV. Samples A and B do not have the zerobias overlay. Samples C and
D have the overlay. Samples A and C have zero suppression applied, while
samples B and D do not. Adapted from [85].

the energy from the spectator quarks, other pp collisions or noise, all of which affect the
zero suppression in the data.

It is necessary to account for the partial calibration from the electron reconstruction
as well as the additional effects not included there. This is done using three additional
samples of single electron Monte Carlo all similar to the one sample used to determine
the energy loss correction. The samples, and the effect on the reconstructed energy of a
40 GeV electron, are summarized in table BE33 1l The zero suppression is either applied
or not, for samples with or without an underlying event overlay. The difference between
the the zero suppressed sample with and without overlay is parameterized as a function of
the energy in the rotated cone (and 74), correcting the energy measured in the rotated
cone for the observed non-electron energy in the electron cone.
5.3.3.2. Energy Response. The calibration of the calorimeter and the tuning of PMCS
by adding in the additional energy AFE results in a highly accurate description of electron
energy to within 1 GeV. To measure the W mass to within a systematic uncertainty
of < 50 MeV using the electron pr distribution additional precision is needed. This
is obtained by comparing the Z events in data to the Z mass measured at LEP and

determining an energy scale and offset that is applied in PMCS.



Central Z->ee Candidates, 0.77 fb™ |

Events/0.25 GgV

w

o
(=]
T

o
(=]
T T T

X?/ndf = 176.0/160

|x distribution with overall x* = 176.0 for 160 bins |

x< 4

100

oof

o

z |
b |
T\ ‘\! A

-4
70 75 80 85 90 95 100 105 110
Invariant Mass [GeV]

'
[

N

(& -
% 75 80 85 90 95 100 105 110
Invariant Mass [GeV]

Figure 5.12. The Z — ee invariant mass distribution, data (in red) com-
pared to PMCS (blue) after tuning. A fit is done in order to check the
validity of the tuning and the mass is found to be Mz = 91196 + 32MeV.

The scale and offset cannot be distinguished from one another to the precision required
using only the My distribution (Fig. B332). However, the fact that electrons from Z
decays are not monochromatic can be exploited as an additional constraint. In the case
where the offset § < E(e;) + E(es), Eqn. can be substituted into Eqn. and

expanded to find:

Mobsv(Z) = aMtrue(Z) + 5fZ + O(ﬁ2)7 (56)

where f is a kinematic variable defined as:

_ Etrue(61> + Etme(eg)
Mtrue(Z)

fz (1 — cosb), (5.7)

and where E(e;) and E(ey) are the observed energies of the the electrons, M(Z) is the Z
mass, and 6 is the opening angle between the electrons. This relates the observed mass

to the scale, offset and the true energies of the electrons. It is then possible to extract
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the scale and offset from the My vs. f; distribution (Fig EI3). One can think of f; as
providing access to the energy spread of the electrons from Z decay.

There are several ways to proceed in determining the scale and offset. The simplest
choice would be to fit a linear function to the profile of the M, vs. f; distribution from
the data, binned in f; (Fig BI4l). In this case it is useful to think of f; as the derivative

of the observed mass with respect to 3.
85Mob8,(Z) ~ fZ (58)

Unfortunately, this method cannot distinguish between the scale and offset that we are
trying to measure and the underlying event and other effects. Just as the underlying
event and other effects are measured and simulated independently of the scale and offset,
it is necessary to measure the scale and offset independent of other effects. Therefore,
the My vs. f; distribution is simulated in parameterized MC where all the effects can
be separately included. By varying only the scale and offset, generating the M, vs.
fz distribution, and then comparing this to the distribution in data, the confounding
influence of the underlying event and other effects is removed.

In order to use all the information in the M vs. f7 distribution, as opposed to reducing
this histogram to the profile, a binned likelihood fit to 2D templates is used. This method
is computationally intensive.

A binned negative-log-likelihood method was used to find the best values of the pa-
rameters. The negative-log-likelihood is defined as follows:

L(a,B) = =Y (D;log[Ni(e, B)] — Ni(a, 3)) (5.9)

)
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Figure 5.13. An example of Figure 5.14. The profile of
the fz vs. My distribution. the f; vs. My distribution.

where the sum is over all bins ¢ and D; and N; are the bin values in the data and MC
distributions respectively. Minuit [68] provides the minimization within the DO wzfitter
program [87].

To ensure this fitting technique is not biased, eight hundred PMCS experiments were
generated with randomly chosen (within the template range) scales and offsets. These
pseudo-experiments were generated to simulate the ~ 1 fb™ sample. The PMCS tem-
plates were generated in o from 0.990 to 1.010 and -1.0 GeV to 1.0 GeV in §. The event
selection was chosen to match the selection in data (as described in table EL4]). Recall the
most important requirements are two electrons which have pr(e) > 25.0 GeV, pr(recoil)
< 15.0 GeV and both electrons in the central calorimeter (|n| < 1.05) with a good spa-
tial track match. The template distributions contained approximately fifty million events.
The fit was done for each pseudo-experiment and the resulting parameters were compared
to the true parameters by plotting the pull distributions. The pull is defined as:

- Xtrue - Xfit

pP= ) (5.10)
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Figure 5.15. The EM energy Figure 5.16. The EM energy
offset pull distribution. The scale pull distribution. The
mean of ~ 0 and width of ~ 1 mean of ~ 0 and width of ~ 1
indicate the fit is unbiased. indicate the fit is unbiased.

where X is either the scale or the offset and ¢ is the uncertainty on parameter X found
by the fit. This uncertainty is statistical in that it is related to the finite number of
Z — ee events in data. If the fit is unbiased and the error estimates accurate then the
two pull distributions will be described by a Gaussian distribution with a width of one
and a mean of zero. Within the uncertainty on the mean and width due to the finite
number of pseudo-experiments, the fit is unbiased (figures and B.T0 ). This confirms
that the fit behaves as expected and the uncertainties are accurately described.

The result of the fit to the data is a scale of &« = 1.010 £ 0.004 and an offset of
B = —0.360 £ 0.174GeV with a correlation coefficient of -0.9949 (figure B332)) [86]. It
is important to note that though the uncertainties on the scale and offset are significant
compared to the desired systematic uncertainty on the W mass the strong anti-correlation

allows for a precise measurement.
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Figure 5.17. The 1o contour of the EM scale and offset fit. Note the high
degree of correlation.

5.3.4. Electron Energy Resolution

For an ideal calorimeter the fractional energy resolution can be parametrized by the

following formula:

oem(E) Stm | Niw

where Cgjs is the constant term, Ngjy; the noise term and Sgy, the sampling term
for the EM calorimeter. The noise term accounts for resolution due to electronics noise,
the small amount of latent radioactivity from the Uranium absorber plates, and the
underlying event. The constant term accounts for the smearing introduced by the small
mis-calibrations between different n — ¢ segments. It is independent of the energy and is
therefore the most important term at the large electron energies studied in the W mass

measurement.
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This parametrization does not include any dependence on 7pn,s. We know an 7,y
dependence has been introduced by the upstream material. As we saw in chapter four
this material changes the shape of an electron shower and its location in the calorimeter,
and therefore the sampling resolution.

We parameterize the sampling term as:

S Seap/sind
Senr = (S0 + \/%) x < —— (5.12)
where
Sewp = S3— S4/E — S2/E. (5.13)

It is interesting to compare the predicted fractional energy resolution using this energy
and angle dependent sampling term to the D@ Geant detector simulation. Figure is
the resolution for 45 GeV electrons as a function of 7,4,s. Figure is the resolution as
a function of energy for an electron at normal incidence. By factorizing the two effects
we see that the model reasonable describes the Monte Carlo. To confirm this in the data
we use J/1¢ — ee events [88].

The resolution of the lower energy electrons from J/v decay is dominated by the
sampling term. This low energy also restricts us to a narrow region of energy, preventing
a detailed study of the energy dependence of the sampling term. Therefore, in the actual
study we do not fit for the parameters of the sampling term in equation and 2131
Instead this is done by the parameterized model of the upstream material. The J/v
events are used to confirm the 7,,,s dependence. Again we combine the pairs of electrons

from J/v¢ decays into categories. After taking into account the trigger efficiency and
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Figure 5.20. Mass of J/v in a particular electron 7,,,s category. “Trigger
Low” refers to events selected by a trigger that required two towers with
Er > 3 GeV in the EM calorimeter.

the contribution of the noise term we compare the predicted and actual invariant mass
distribution in the 7,,,s categories and fit for a non-energy dependent sampling term (as
in figure B34). The good agreement across n,,s confirms that the model motivated by

the investigations of the D() Geant detector simulation is compatible with the data.
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The constant term is measured using Z — ee events. We compare the invariant mass
distribution predicted with PMCS for different hypotheses for the constant term to the
data. We use a negative-log likelihood fit to determine the best value to be 2.35% +0.08%

189).

5.3.5. Detector Efficiency

The measurement of My, is relatively insensitive to absolute inefficiencies in the detector.
The measurement depends only on the shape of the distributions, not on the absolute
normalization. However, the efficiencies are not generally uniform over the kinematic
distributions of interest and this will affect the measurement. There are several absolute
efficiencies that we measure: The track matching efficiency, the Hmatrix (or electron ID)
efficiency, the pre-selection efficiency and the trigger efficiency. In addition to this we
also have three relative efficiencies. These are efficiencies that are related to the above
selections, but studied as a function of parameters to which the mass measurement is
particularly sensitive. These include the phimod efficiency (discussed previously), the
scalar Ep (or SET) efficiency, and the u efficiency. We will address each of these in the
following sections.

5.3.5.1. Trigger Efficiency. The single trigger per running period scheme selected in
Chapter 4 simplifies the discussion of efficiencies. A tag-and-probe method is used with
Z — ee events to measure the trigger efficiencies as a function of the electron pr. In
the tag-and-probe method we apply tight selection criteria to one electron in the Z — ee
decay and then check if the other electron with only loose selection requirements passed

the selection under investigation (in this case the trigger requirement). The efficiency is
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Figure 5.21. Trigger effi-
ciency for the v13 trigger
list. The histogram is fit to a
double error function (black
line).
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Figure 5.22. Trigger effi-
ciency for the vl14 trigger
list. The histogram is fit to a
double error function (black
line).

shown in figures B21] and with the background removed. A fit to a double error
function is used to parameterize the efficiency.

5.3.5.2. Pre-selection Efficiency. The pre-selection is the efficiency for an electron to
form an EM cluster which passes minimal criteria. This requires passing the isolation
(> 0.15) and EM fraction (> 0.9) selection. Again we use a tag-and-probe method
to study the efficiency, but because this efficiency would be biased by any calorimeter
requirement we use an expanded sample definition that includes both calorimeter only and
track only data. Here the tag electron passes the all the electron selection requirements,

but the probe leg is only a track. In figure we note that the efficiency is nearly flat

over the CC region.
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5.3.5.3. Track Matching Efficiency. The track matching efficiency is determined as
a function of 1, and the vertex position. The nearly complete drop in efficiency after 40
cm is due to the requirement that all electrons have tracks that were observed by the SM'T
detector. The primary part of the SMT detector only extends to 40 cm. This efficiency

is also measured using the basic tag-and-probe method. A correction as a function of the
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5.3.5.4. Hmatrix Efficiency. The Hmatrix efficiency is also determined with the stan-
dard tag-and-probe method and background subtraction. It also has a pr dependent
correction.

5.3.5.5. uy Efficiency. Our ability to identify electrons in the EM calorimeter is affected
by the amount of recoil energy present in the calorimeter. The more hadronic recoil is
in the same direction as the electron, the harder it will be to identify the electron. The
components of the electron ID most affected are the track matching efficiency and the
HMatrix and isolation efficiency. Our goal is to model this efficiency in the parameterized
detector simulation. The usual strategy is to parameterize the shape of the efficiency as
a function of u|. u is the recoil pr parallel to the direction of the electron pp. If uj >0
GeV then the recoil is in the same direction as the electron, if uj < 0 GeV then the
recoil is in the opposite direction of the electron. It is expected that for negative u the
efficiency will be nearly constant, and that in the positive u| region the efficiency will
decrease as u) becomes larger. In general, as u) becomes more positive it becomes more

challenging to model the electron and recoil systems.
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ulation. ulation.

We study the efficiency first with the D@ Geant detector simulation for both W and
Z events. In the data we have the challenge of QCD background, so the strategy there is
to use a tag-and-probe method with background subtraction in Z — ee events. However,
in the detector the study is done by simply removing the HMatrix, isolation, and track
matching selection, and then applying them and studying the change in efficiency as a
function of u. This is shown for Z and W events in figures and We require that
the electrons be in the central calorimeter, and we accept CC-EC Z candidates. A function
that is constant for u; < 0 GeV and linear for uj > 0 GeV is fit to the distributions. The
key feature of the plot is the slope of the line for u; > 0 GeV. This tells us how quickly the
efficiency is changing as a function of w. For the Z and W events the slope is observed
to be significantly different, and it is important to understand why.

It is useful to look at the u efficiency as a function of of 7,,,,. We select a range of
—1.4 < nppys < 1.4, with 0.1 wide bins. We find that, though different in Z and W events,

the point where the the efficiency changes from flat to sloping is insensitive to n,n,s and
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so is fixed to the average value. It is the slope of the efficiency (and the overall efficiency)
that changes as a function of np,s. This is shown for W and Z events in Fig. We
note that in the most central region, —0.3 < npnys < 0.3, the slope of the efficiency is
nearly the same for both W and Z events. Versus 7,,,s the change in the slope of the v
efficiency for Z events is consistent with zero. The change in the slope for the W events
is found to depend significantly on the 7,5, the slope increasing with 7,,s. This is fit to
a line shown here in Fig. We use this simple model, taken from the Geant MC, to
describe the difference in PMCS.

The w efficiency is measured in data using the usual tag-and-probe technique with
background subtraction. The efficiency is shown in figure B30 This is only a relative
efficiency composed of the track matching HMatrix efficiency. The parametrization de-

termined above is used in PMCS to shape those efficiencies as a function of u.
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Figure 5.30. u) in Z events in data after background subtraction.

5.4. Overview

After the above tuning several distributions are used as crosschecks with the Z — ee
data. First is the invariant mass, already shown in figure We preform a negative
log likelihood fit to the data for the mass using templates created with PMCS, much as
we will do with for the W mass. It is important to note that this is not a measurement
of the Z mass; we rely on the precisely known value [19] throughout the calibration
and tuning. We are simply checking to confirm the calibration and tuning preform as
expected. We have used My = 91188 MeV for calibration. Our value for the Z mass with
L =077 b~ is M, = 91196 + 32 MeV, where the uncertainty is only the statistical
uncertainty, confirming the success of the tuning.

To measure the W mass we will use the electron pr distribution. Out tuning cor-

rectly describes Z pr distribution, in figure B3Tl The description of the 7 efficiencies
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Figure 5.31. The electron py distribution in Z — ee events.
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Figure 5.32. The electron 7, distribution in Z — ee events.

directly affects the electron 7y, distribution, shown in figure B.:32 and the electron 7,
distribution, shown in figure B33 The agreement with the data is good.

The u) correction and efficiency affect the u and u, distributions. We see that PMCS
describes this correctly in Z — ee events in figures .34 and B35

We can conclude that the electron system is well-modeled. The final distribution of

interest is the boson pr(ee) distribution, where the boson momentum has been determined
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Figure 5.33. The electron 7,4 distribution in Z — ee events.
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Figure 5.34. The v distribution in Z — ee events.

from the addition of the electrons. This cannot be measured in the W — er events, but is
used in Z — ee events to tune the recoil system by balancing the pr(ee) with the pr(rec).

This is the focus of the next chapter.
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CHAPTER 6

Recoil Measurement

In this chapter we discuss the measurement and simulation of the hadronic recoil.

6.1. Recoil Simulation

After the electron the other key observable in W boson decay is the recoil system.
The interaction we observe is pp — (W — ev)X where X is the hadronic recoil. In
practice the recoil contains all the energy in the event that was not the electron. The
recoil model is assumed to be reducible to two independent parts: the hard, jet-like recoil
of the boson off a soft gluon, generally localized in a specific region of the detector;
and the soft, isotropic, recoil from the spectator quarks and other pp interactions in the
event (multiple interactions). Here we describe the parameterized model of the recoil
system implemented in PMCS. In the measurement of My, using the electron transverse
momentum the parametrisation of the recoil is of less importance than when using the
My spectrum. Sensitivity to the recoil enters the analysis only indirectly through the
selection requirement of pp(WW) < 15 GeV and the u) correction to the electron energy
and the u dependent efficiencies. Therefore this description is presented with less detail
than the discussion of the electron model, and a much more comprehensive explication is
contained in [90], which the discussion in this section is based upon.

It is necessary to describe the recoil energy response and resolution in the parame-

terized detector simulation. As mentioned, the two main contributions to the observed
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recoil are:
a) The pp interaction that produced the W or Z boson.
b) Additional pp interactions associated with the same or with previous beam crossings,

as well as detector noise.

We parameterize the transverse momentum of the hadronic recoil as :

— — HARD — SOFT — UPARA — PHOTON
ur = U’T + U’T ‘l’ UT + U’T

where

— HARD 7o

U = f(ar)

ﬁTSOFT = - E’TMB 4 E’TZB
ﬁTUPARA - ZAUH 'ﬁT(e>

e
BN = S )
Y
and:

—

e f(gr) is a function which provides the smeared pr vector for the hard component
of the recoil.

® «,,;, is a correction factor used for adjusting the soft component of the parame-
terized recoil.

. ETMB is the transverse energy balance from the Minimum Bias (MB) events

. ETZB is the transverse energy balance from the Zero Bias (ZB) events

e Auy is the transverse energy flow of the recoil into the electron window
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e pr(7) is the transverse momentum of an FSR photon

To summarize, the four components of the recoil parametrisation are:
a) The “hard” component representing parton-parton interaction that produced the bo-
son. This component is most directly correlated with the true boson pr.
b) The “soft” component representing the interaction of spectator partons from the pp
collision that produced the boson (the underlying event), and any other soft pp collision
in the event (multiple interactions), as well as detector noise.
c¢) The w component that accounts for the part of the recoil system that was deposited
in the electron window and is measured as electron energy. The Awu correction is added
back to the recoil.
d) The photon component that accounts for FSR photons which were emitted from the
electron but radiated outside the electron cone and were reconstructed as recoil.
We will first discuss the parametrization of the hard and soft components separately, and

then the tuning of the combined quantity wr to the data.

6.1.1. Hard Recoil Simulation

The hard recoil cannot be studied separately from the rest of the event in data. To study
this with the Geant detector simulation it is convenient to use Z — vv events. This
decay has unobservable products, but the MC advantageously allows us to examine only
the hadronic recoil of the boson in the absence of the electrons. The Z — vv events are
reconstructed without any contribution from the underlying event or multiple interactions
added. In order to make the sample as kinematically similar to Z — ee events we require

the neutrinos to have 7, < 1.3.
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A simple model of @7 that ignores the correlations between the azimuthal direction ¢
and magnitude of the recoil, and treats the ¢ and pr resolutions as Gaussian functions, is
not sufficient for the present data sample. The following variables are useful in describing

the recoil system:

Uur —qr
qr

U
e Resp = L. the recoil response,
qr

o Ap = ¢(ur) — ¢(¢r): the recoil angular resolution (|A¢| < ),
Ur -
o Respyr; = T qT: the projected recoil response.
qr

e R = the recoil pr resolution (R < 1),

We separate the events into bins according to their true recoil pr. In each bin a two-

dimensional distribution of events is made by plotting the py resolution versus the ¢
resolution (figs. 611, B2).

This distribution is then fit to the following function:

e =m0 )]

where: x = R, y = A¢lrad], u(y) = p1 + p2 vy,

p3, T < u(y)
O-x(xay> = ) Uy(y) = Ps + P2y and

p1, x> p(y)

Do - .. ps are parameters of the fit.

Five parameters are used to describe the distribution of the R and A¢ for each bin of
true recoil pp, the sixth being only for normalization. Given a true recoil pr and ¢ from
the event generator PMCS uses this set of 32 functions to predict the pr response and

resolution and the ¢ resolution.
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Figure 6.1. The 2D distribution of the recoil response resolution R and the
¢ resolution for a Z boson with 20 GeV pr. The distribution of events is
shown by the boxes and the lines are the contours of the function derived
from the fit.

6.1.2. Soft Recoil Simulation

The soft recoil describes the energy in the calorimeter from the soft QCD interactions
of the spectator partons (underlying event), additional pp interactions from the same
or previous beam crossings (multiple interactions), detector noise and pileup. Here we
consider detector noise in include electronics noise, uranium decays, cosmic rays and
beam-related backgrounds. Pileup refers to residual energy in the detector from the
previous beam crossing. In Z — ee events at the instantaneous luminosities in Run Ila

the underlying event and multiple interactions have comparable scalar Ep. The scalar
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presol. vs p_resol. (FULL, 18 < ptTrue < 20 GeV)
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Figure 6.2. The 2D distribution of the recoil response resolution R and the
¢ resolution for a Z boson with 5 GeV pp. The distribution of events is
shown by the boxes and the lines are the contours of the function derived
from the fit.

Er (SET), shown in figure 64 is the scalar sum of all the energy in the calorimeter. We
see in figure the contribution of the underlying event and multiple interactions to the
energy of the the Z event, as modeled in the D@ Geant detector simulation. In data we
observe that Z events have an average of 1.9 vertexes [90], meaning there is slightly less
than one spectator parton interaction or multiple interaction per event. From table
we can conclude that approximately 30 GeV of SET comes from the underlying event and
20 GeV per additional pp interaction.

The soft recoil is studied using two additional samples of events: the minimum bias

and zero bias samples. The minimum bias sample is collected by a trigger that only
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Figure 6.3. The contribution of the underlying event and addition pp inter-
actions to the recoil of a Z boson event, as a function of A¢.

Table 6.1. Average SET for different primary vertices in a Z event

Number of primary vertices Mean SET [GeV]
(excluding vertex of Z) (excluding electron cones)
0 33
1 53
2 74
3 92
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Figure 6.4. The Scalar Er measured in Z — ee events with the standard selection.
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requires an inelastic collision in the event. These events are used to study the underlying
event since the inelastic collisions are essentially the result of the QCD interactions we
must describe. However, because the effects involve different physical processes, we would
like to separate the study of the underlying event and multiple interactions. As we have
seen these effects have on average similar energies, so taken together it would be difficult
to distinguish their effects. We therefore select minimum bias events with exactly one
vertex, which eliminates additional interactions.

The environment of the minimum bias events is generally somewhat different from the
actual underlying event. The minimum bias events generally are not associated with a
hard scatter that produces a vector boson. The conditions that result in the production
of a vector boson lead to a large spatial overlap between the proton and anti-proton.
Therefore there is a higher probability for additional hard or “semi” hard scatters within
the same event [78]. This difference between the underlying event and minimum bias
events is accounted for by matching the SET spectrum in the minimum bias events and
Z — ee events. We require pr(Z) < 3 GeV to reduce the SET contribution of the hard
recoil and we exclude the SET within the electron cone. Then the SET distribution of the
minimum bias sample is weighted to match the data. This procedure is studied and tested
using the Geant detector simulation and the SET distribution before and after weighting
to the minimum bias events is compared to Z — ee in figures and [6:6

The zero bias sample consists of events with no selection except that the detector was
read out in time with the beam crossings. This is ideal for studying multiple interactions

along with the detector noise and pileup. In this case there is no need to scale the energy.
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Figure 6.5. The scalar Fr of minimum bias events compared to the SET in
Z events (MC simulated with Pythia and the Geant detector simulation).
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Figure 6.6. The scalar Fr of minimum bias events compared to the SET
in Z events after weighting the minimum bias events (MC simulated with
Pythia and the Geant detector simulation).

The soft recoil model is then the combination of the zero bias events and the minimum
bias events with one vertex. The minimum bias events also include a contribution from
the detector noise, pileup and soft interactions which results in a “double counting” of
these effects. This double counting is accounted for in the tuning of the total iy of PMCS.
Because we have very large samples of zero and minimum bias data (compared to the W
or Z events) we implement this model in PMCS by creating “libraries” of these events.
For each event in the simulation we randomly select a minimum bias and zero bias event

from the library.
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6.1.3. Hadronic Model Tuning

We have assumed that the hard recoil and the soft recoil can be modeled independently.
This assumption is a useful approximation, but the response and the resolution of the
calorimeter both change in the presence of additional energy. This prevents the hard
and soft recoil from being completely independent and introduces a correlation. The
correlation arises primarily from the zero suppression of the calorimeter readout and
pileup from previous beam crossings.

As we have seen zero suppression is used to reduce the number of calorimeter cells read
out by excluding those cells with little energy, or energy consistent with incoherent noise.
However, the underlying event and multiple interactions add energy to the calorimeter
isotropically, scaling with £. As can be seen from the distribution of instantaneous lu-
minosity in figure there is a significant range over which this may vary during Run
ITa of the Tevatron. Consequently, this decreases the number of cells that will be zero
suppressed and artificially increases the recoil energy observed as a function of the instan-
taneous luminosity. This effect is studied in with the D@ Geant detector simulation with
Pythia Z events by adding and then removing the simulation of the multiple interactions.
We find that the response changes by 10 to 15 percent with additional interactions. This
motivates the necessity of adding a parametrization of the recoil that accounts for the
correlations between the hard and soft components. This overall parametrization adjusts
the energy response and resolution of the recoil and is derived by comparing the prediction
of the total @ to the Z — ee events in the data.

To tune the recoil parametrization we rely on the calibration of the EM calorimeter and

the well understood electron energy parametrization in PMCS. The tuning is derived by
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Figure 6.7. The instantaneous luminosity distribution of Z — ee events.
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Figure 6.8. The pr(ee) distribution of Z — ee events. As a result of the
work described in chapter five the agreement between data and PMCS is
good overall, but particularly in the region of interest: pr(ee) < 30 GeV.

balancing the transverse momentum of the electron system (shown in figure B¥)) against
the transverse momentum of the recoil system (fig. B9, after tuning). In doing this it is

convenient to adopt the coordinate system shown in figure B.I0.
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Figure 6.9. The pr(rec) distribution of Z — ee events after tuning the recoil system.

eh 5

Figure 6.10. The UA2 coordinate system reduces our sensitivity to the elec-
tron resolution when tuning the recoil system.

In practice we balance of the transverse momentum projected along the n and £ axes.

The 1 and £ balance are defined as

Nimp = Dp -0 + Ur -1,

gimb = ﬁTee_g +ﬁT'§7
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Figure 6.11. The 7y, distribution of Z — ee events after tuning the recoil
system. The mean of this distribution is most sensitive to the pr response
of the recoil system and the width is sensitive to the resolution.

= ee

where p£¢ is the observed di-electron momentum and wr is the recoil momentum. The
projection of the di-electron and recoil momentum along the é and 7) directions is written
as p,” and wu,. This construction minimises the sensitivity of the tuning to the electron
energy resolution, and was first developed by the UA2 Collaboration [7]. The 7, dis-
tribution is used to tune the recoil momentum response and resolution (fig. EI1l). The
width of the distribution is sensitive to the resolution and the mean is sensitive to the
response. The &;,,;, distribution is relatively insensitive to the recoil tuning and used as a

cross check (fig. B12)).

The response and resolution are parameterized by the following formulae:

R= A+ Bexp(—p3"/7)

OB
OR =04+ —en
Dt
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Figure 6.12. The &y, distribution of Z — ee events after tuning the recoil system.

where R is the recoil momentum response and oy is the resolution. The pF™ is the boson

pr from the event generator. This response and resolution are applied to the hard recoil.
An additional parameter aj,p is used to tune the underlying event energy of the soft

recoil as follows:

ue ue
Py = —vVausk,

ue ue
Py = —Voaupk;

where E'¢ is the energy read from the randomly chosen event in the minimum bias library.
The parameters A, B, 04 and o are determined by 2 fits of the 7;,,, distribution to the
data, and parameters 7 and o are fixed to 5.0 GeV and 0.0 GeV after close examination
of the data [91]. Two x? fits are used to determine the four parameters. Again we
use a template method where we compare distributions predicted at different values of

A, B, 04 and ayp to the distribution in the data. Because the parameters A and B
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Figure 6.13. The mean of the 7, distributions in bins of p;¢ in the data
and PMCS.

describe the response the mean of the 7;,,, distribution is examined in the fit. The width
of the distribution is used to determine o4 and aj;g. The events are separated into ten

o ee

bins by p;f¢ and the 7, is plotted in each bin. The mean and width of the 7., is
determined by fitting the distribution to a Gaussian function. The parameters are found
tobe A =0.9224+0.014, B=0.70+0.12, 04 = 1.09 + 0.07 GeV and a5 = 0.66 £ 0.08
[92]. In figure is shown mean of the 7;,,;, in Z events as a function of p;7° after tuning
PMCS to the data. Figure is the width of the 7, as a function of p;*° after tuning.
The good agreement is expected as we are comparing the predictions to the data sample
from which they were derived. We also note that the ¢ position of the recoil (relative
to the di-electron momentum) is well described by the original, uncorrelated model of
the soft and hard recoil without any need for parametrization. In figure we again

separate the events into bins by p;f¢ and plot the A¢ between the di-electron and recoil

momentum in 7 events.
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Figure 6.14. The width of the 7y, distributions in bins of p;*° in the data

and PMCS.
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Figure 6.15. A¢ between the di-electron system and recoil momentum in 7

events as a function of .

6.2. Scalar Er

The scalar Ep (SET) is also modeled in a manner similar to the hard recoil. It is

studied with the same Z — vv Pythia events and a parametrization is derived. The SET

of the minimum and zero bias events is weighted to match the distribution observed in

7/ — ee events.
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Figure 6.16. The v distribution in Z — ee events.

6.3. Overview

The combined model of the hard and soft recoil, once tuned, provides a good descrip-
tion of the observed distributions in Z — ee events. We expect the W — ev system to be
very similar and compare predictions to the distributions observed in the data. Of first
importance is the W pr distribution in figure EI8 The prediction distribution agrees
with the observed. Next we examine the u; and u, distributions in W — ev events
in figures and (for comparison we reproduce the u and u, distributions from
chapter five in figures and BT7). The v distribution is described quite poorly by
PMCS. This indicates a critical problem because the wu| correction directly affects the
mass measurement and the v efficiency shapes the distributions we will use to determine
the mass. We will address this further in chapter nine and for now simply remark that one

likely source of the discrepancy may be the poorly understood background contribution.
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Figure 6.17. The u, distribution in Z — ee events.
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136

Central W->ev Candidates, 0.77 fb*

x10°

> x2Indf = 384.2/60
o -=— DATA
n [ -= FAST MC
Q 25 =
@ + Bl 7->ee
c - =
(0]
Lﬁ -

20_—

15

10

5¢

% 15 10 5 0 5 10 15 20
Electron u, [GeV]

| X distribution with overall)(2 =384.2 for 60 bins

=~ 6

20 -15 -10 -5 0 5 10 15 20
Electron u, [GeV]
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CHAPTER 7

Backgrounds

In this chapter we will describe the background processes that are present in the W —
ev sample and how they affect the mass measurement. The background events change
the shape of the distributions used to determine the W mass, as well as distributions used
as cross checks. There are three major sources of background: Z — ee where one of the
electrons is lost or misidentified, W — 7v — evvv which is indistinguishable from the
signal, and QCD background where in a di-jet event on jet is misidentified as an electron.
Though the backgrounds are important, the W — ev signal is very clean in the region
we will fit over and each background only contributes approximately 1% of the events
in the sample. In application we do not subtract the background distributions from the
data, but rather add the normalized background distributions to the distributions and
templates generated by PMCS. Much of this work is documented in greater detail in [93]

and this discussion relies on that work.

7.1. Z — ee Background

The Z — ee background is studied by simulating Z — ee decays with Pythia and
the DO Geant detector simulation. If one of the electrons is mis-measured, or passes
through an un-instrumented region of the detector, the event will appear to have a large
FE and one electron. This sort of event will then pass the W selection. A large sample

of Z — ee MC is generated and the W selection is applied. The remaining events are
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Source Fraction | Uncertainty My | Uncertainty pr(e) | Uncertainty Fp
[MeV] [MeV] [MeV]

QCD 1.0 +0.03% 20+0.3 3.44+04 3.0+0.3

W — 1v | 1.6 £0.02% 1.4+£0.2 2.04+0.3 2.04+0.3

Z —ee | 1.1£0.05% 1.0£0.1 1.0£0.1 1.0£0.1

Table 7.1. Summary of the three most prominent background fractions and
their uncertainties. From [93].

the background. To account for the acceptance and efficiency the background fraction is
found by comparing the number of Z — ee events that pass the selection to the number
of W — ev events that pass the selection, and adjusting the by the ratio of the W
and Z cross-section. A background fraction of 1.1 & 0.05 % is found. This uncertainty
is propagated to the to the W mass and the results are summarized in table [Jl The
Z — ee background is shown in green in figure [[1] for the electron transverse momentum

distribution and for the transverse mass distribution.

72. W — 11

The W — 7v background is studied by simulating these decays with Pythia and the
D@ Geant detector simulation. In this case the background is identical to the signal as the
7 decays to evv. We simulate W — 7v — evvr with Pythia the DO detector simulation,
and apply the W selection. Because this is a four body decay the final electron is much
softer than the electron from W — ev decay, and the Jacobian edge is no longer centered
on the W mass. In figures [[4 and we see that the edge has moved significantly
lower. Due to lepton universality the cross-section for a W to decay to a 7 is identical the
cross-section for an electron, and we can directly compare the number of events that pass

the selection and determine the background fraction. We find a fraction of 1.6 £ 0.02 %
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(see table []), and the background is shown in gray in the distributions shown in figures

[ for the electron transverse momentum distribution and for the transverse mass

distribution.

7.3. QCD Background

The QCD background arises from di-jet events in which one jet is mis-identified as

an electronH. This is studied with W — ev and Z — ee events in data using the matrix

!An extensive reference for jets at DQ is [94].
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Figure 7.2. The My distribution for W events with backgrounds added to

the PMCS prediction, shown on a log scale.
method. In the matrix method one identifies a “tight” sample of W events and a “loose”
sample. Here this is done by eliminating the track match requirement of the electron in
the loose sample. Then we can use

N = Nw + Noeo -

Nk = € lNw + foepNocep

where N and Ny, are the total number of W events with and without the track match
requirement, Ny is the actual number of W events and Ngcp is the number of QCD
events before the track match requirement. e is the track matching efficiency and foep

is the probability that a QCD event will have a fake track match.
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Figure 7.5. The probability that a jet will fake an electron as a function of
F . The region £ < 15 GeV is used in determining the QCD background.

The track match efficiency is studied in Z — ee events using the tag-and-probe method
described previously. The probability that a QCD event will have a fake track match is
studied using a sample that has an EM cluster which passes the electron ID requirements
and is back-to-back with a jet. In this sample the electron can be a misidentified jet from
a di-jet event. We determine the fake probability by checking to see if the EM object
has a matched track. Figure shows the fake probability as a function of F,. After
~ 20 GeV as the F; increases the probability increases. These are frequently electrons
from actual W — ev events. To ensure that we only look at QCD events we require
Er < 15 GeV, where foep is nearly flat, and measure foep = 0.0224 = 0.0002, where
the uncertainty is statistical only.

To determine the QCD background the standard W — ev selection is applied with

and without a track match. Then within each bin of the distributions the number of
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background QCD events is calculated using the matrix method. We find a fraction of
1.0 + 0.03 % (see table [[]), and this background is shown in gold in the distributions
shown in figures [Tl for the electron transverse momentum distribution and for the

transverse mass distribution.

7.4. Uncertainties

The background uncertainty is propagated to the W mass measurement by varying
each bin of the background distributions +1¢ simultaneously. The new background dis-
tribution is added to the templates from PMCS. 100 pseudo-experiments are run and
the difference between the value of the W mass determined by the fit using the default
backgrounds and the new background is plotted in a distribution, the width of which is
taken as the uncertainty on the W mass due to the uncertainty in the background. This
is summarized in table [l for the W mass found using the transverse mass, transverse

momentum of the electron and F, distributions.
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CHAPTER 8

Systematic Uncertainties

In this chapter we present the theoretical and experimental systematic uncertainties
on the W mass measurement. In general the uncertainties are determined using a large
ensemble of pseudo-experiments simulated with PMCS. Pseudo-experiments are generated
in which a given parameter is varied individually 10 and 4+2¢ while holding all other
parameters constant. My is then determined using a standard template fit. The difference
between the true value of My, and the new value resulting from varying the parameter is
determined. My is estimated to change linearly with respect to the parameter varied in
a small region around the parameter’s central value. The change in My, with respect to
the change of the parameter is fit to a line and the slope of the line is used in the usual

error propagation formula:

71 (X) = (?—XW)UX 5.

where aéw—XW is the slope and ox is the uncertainty on parameter X. This formula does

not include correlations and in many cases we can safely assume the parameters are
nearly uncorrelated. Where the is not true the more correct formula is (here for just two

parameters. The extension to three or more parameters is straightforward.):

oMy \ 2 oMy \ 2 OM, OM
o2, (X) = ( 8XT) 0%+ (—an') 0%, + 207, ( anV) ( 8);;) (52)
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where 015 is the covariance found using the error matrix.
Where possible we make use of the fact that many of the uncertainties cancel in

measuring the ratio of My /Mz. We define the ratio of the masses to be

Rmeas = (83)

where ¥ can be many parameters, assuming the different parameters x; are uncorrelated.
For now we examine only the single parameter x. Near the central value xy we can write

the functions as a series about z = zg

Wineas(2) = W (o) 4+ (2 — o)W (20) + Oz — 20)* + - - - (8.4)

Zmeas() = Z(20) + 7 — 10) 2 (20) + O(2 — 20)* + - - - (8.5)

where W,,cqs is the measured mass at a particular parameter value, = is the parameter

value and W' is %—Vg. Recall that Weas(20) = WO and Zeqs(10) = Z°, where W is the
“correct” value of the mass (and likewise for Z). Using these expansions we find the ratio
is
wzZ
Rmeas ~ RO |:1 + (ZL’ — l’o) (W — ﬁ):| (86)

where R° = Z—g Our observable is Wieas = RmeasZ2°. To find the uncertainty for a given

parameter using K1 we need

8Wmeas 0 ~0 ! Z,
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PW
Ox2

assuming < %—2/51' and ‘;27% < g—f&z. Using this and o, in equation Bl we can calcu-
late oy,,,,., the contribution of the uncertainty on parameter x to the uncertainty in the
measured W mass. This method is particularly useful in the calculation of uncertainties
due to parameters that effect My, and My roughly equally. An example is the uncertainty
due to the non-linearity of the electron energy (derived from our understanding of the
detector material). Counter examples are uncertainties related to the recoil system. Here

the cancellation of uncertainties is much smaller because My is relatively insensitive to

the recoil.

8.1. Theoretical

8.1.1. Parton Distribution Functions

The need for assessing an uncertainty due to the parton distribution functions (PDF) used
in the event generation was discussed in chapter two. To reiterate, the PDF are derived
from the fitting experimental results. The uncertainties on the experimental results must
by propagated to the PDF and then to the W mass measurement. This measurement uses
the PDF determined by the CTEQ collaboration, referred to as the CTEQ6.1 PDF [46].
The collaboration describes a method and provides tools for the uncertainty propagation
[47]. Briefly, the fit for the PDF involves twenty nearly independent parameters. CTEQ
provides forty PDF sets, in addition to the central PDF. In each of these forty sets
one parameter has been varied either up or down by a certain tolerance (the tolerance
is designed to be statistically similar to the 90% confidence limit). By fitting for the
mass in psuedo-experiments created with PMCS using each of these forty PDF sets, and

then comparing the difference between the value of My, found with a particular set and
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Difference Between M,, in Central Value and Eigenvector PDF (CTEQ 6.1)
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Figure 8.1. The electron pr uncertainty due to the PDF. Each pair of red
and blue columns is a single eigenvector varied up or down 1o in parameter
space.

the central value, we can assess an overall uncertainty. The formula for summing the

uncertainties is: [47]

Ortey = e f:(M.(”—M.(‘)f (8.8)
Mw =162 A\ i '

where we divide by 1.6 in order to translate this 90% tolerance to a 1 ¢ uncertainty. It
should be noted that this propagation was done (as are all the PMCS studies) using the
next-to-leading order Resbos generator. The change in the W mass for each parameter
is shown in figures and using the transverse momentum of the electron and the
transverse mass respectively. The red and blue pairs are a single parameter varied either

up or down lo, where the horizontal axis is the change in the W mass.
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Difference Between M, in Central Value and Eigenvector PDF (CTEQ 6.1)
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Figure 8.2. The M7 uncertainty due to the PDF. Each pair of red and blue
columns is a single eigenvector varied up or down lo in parameter space.

The contribution to the mass uncertainty is 24 MeV for the measurement with the
electron transverse momentum and 15 MeV for the transverse mass. Updated fits of
the PDF with additional data could reduce this uncertainty; at present it is the leading

uncertainty from our theoretical description of W boson production.

8.1.2. W and Z Boson pr

The uncertainty due to the theoretical description of the transverse momentum spec-
trum of the boson is found to depend most significantly on the value of g, in the BLNY
parametrization of the non-perturbative region of the spectrum (described in chapter two
and [51]). The value of go determines the most likely boson pr. Using the Z boson pr

spectrum g, is determined to be consistent with the value found in the global fits [52].
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We use the global fit value of 0.68 + 0.02 [51] and propagate this uncertainty to the W
mass measurement. We find an uncertainty of 2 MeV when using the transverse mass
distribution and 5 MeV when using the electron pp. It is likely that the g, value and its

uncertainty will be re-examined in future analyses at DO .

8.1.3. Photon Radiation

The Resbos generator neglects higher order QED processes, such as ISR-FSR interference
and W and Z self-energy box diagrams. The WGRAD and ZGRAD programs [95],
though not actually event generators, are used to calculate the cross-sections for these
processes. To determine how this influences the measurement of the W mass we vary the
photon energy cut and the width of the photon merging cone. We find the the uncertainty
contribution to the W mass measured with the electron transverse momentum distribution

to be 10 MeV and with the transverse mass it is 8 MeV [96].

8.1.4. W Width

The shape of the mass distribution depends on the width, as can be seen in EZ3T The W
width is predicted by the SM to be 2094 + 2 MeV. The derivative of the W mass with
respect to W width is 1.51 for the mass measured with the electron transverse momentum
and 0.64 for the transverse mass. Using the SM uncertainty on the width the uncertainty

contribution to the W mass is negligible.
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8.2. Experimental
8.2.1. Electron Energy Scale

The dominant uncertainties in the W mass measurement is derived from the precision with
which we understand the electron energy. The uncertainty on the energy scale and offset
are individually large (see chapter five). However, these parameters are highly negatively
correlated in the fit, as is clear from the “tilt” of the error ellipse in figure Using
this correlation in the uncertainty propagation we find a significant degree of cancellation.
Overall, the uncertainty due to the electron energy measurement is found to be 29 MeV,

using either the transverse mass or electron pp distributions.

8.2.2. Electron Energy Non-linearity - Detector Material Understanding

The precision with which we have measured the material in front of the detector con-
tributes directly to energy measurement of the electron and therefore to the W mass.
This measurement of My, using the ratio of My, /M, depends critically on the assump-
tion that we can scale the calibration and tuning done at the Z mass down to the W mass.
A mis-measured material distribution would be the primary source of a non-linearity in
this scaling. The determination of this contribution to the uncertainty on the mass is
complicated by the fact that the material is measured and then used in the calibration
and reconstruction of electrons, not just in the tuning of the PMCS. In this case we still
use PMCS pseudo-experiments, but we “undo” the standard energy loss corrections that
were determined with for a particular amount of material X, and then apply energy loss
corrections for +1oa,x,. This is done first for Z — ee PMCS events to redetermine the

EM calorimeter constant term, which is sensitive to changes in X,. Then we generate
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W — ev pseudo-experiments with the alternative energy loss corrections and constant
term and fit for the mass. The uncertainty in the measurement of the upstream mate-
rial results in a W mass uncertainty of 6 MeV when using the electron pp distribution
and 7 MeV when using the transverse mass distribution after taking into account the

cancellation of uncertainty using equation B

8.2.3. Electron Energy Resolution

The uncertainty due to the electron energy resolution also requires measurement the
constant term in pseudo-experiments. The sampling term of the calorimeter is parame-
terized as a function of X,. As mentioned above, the constant term is correlated with
the sampling term, so part of the uncertainty introduced by the sampling term will be
compensated for by the determination of the constant term. The contribution is found
to be small, and is conservatively estimated to be 2 MeV for both the measurement with

the pr of the electron and the transverse mass [89].

8.2.4. Recoil Momentum Scale and Resolution

The next significant uncertainty derives from the energy scale and resolution of the recoil.
We use the parameters and uncertainties found in chapter six to propagate the uncertainty.
The hard component of the recoil is the primary factor in the uncertainty of the momentum
scale: 14 MeV using pr(e) and 17 MeV using M. The momentum resolution is affected

by the soft and hard components and is 2 MeV for the pr(e) and 12 MeV for the M.
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8.2.5. Efficiencies

The most significant efficiency related uncertainty results from the u| efficiency. This
uncertainty has two components: First, the determination of the efficiency itself from the
7 — ee events, and second the scaling of this efficiency to the W events, determined using
the DO Geant detector simulation. Together the uncertainty is 11 MeV (pr(e)) and 2

MeV (Mr).
8.3. Summary of Systematic Uncertainty

The systematic uncertainties are summarized in table Bl First are the experimental
uncertainties and second are the theoretical uncertainties, both summed separately. It
is interesting to note that though both methods have similar experimental uncertainties
the transverse mass distribution results in substantially smaller theoretical uncertainties.
Experimentally, the electron energy uncertainty is statistically limited by the number of

Z — ee events, and could be significantly reduced by analyzing more data.
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| Source | o(Mw) MeV pr(e) | o(My) MeV My |

Experimental

Electron Energy Scale 29 29
Electron Energy Nonlinearity 6 7
Electron Energy Resolution 2 2
Recoil Momentum Scale 14 17
Recoil Momentum Resolution 2 12
Efficiencies 11 2
Backgrounds 4 3
Experimental Total 35 37
Theoretical

PDF 24 15
QED 10 8
Boson pr ) 2
Theoretical Total 26 17

Table 8.1. Experimental and theoretical systematic uncertainties on the W
boson mass measured with 770 pb™! in the W — ev channel.
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CHAPTER 9

Results and Conclusion

The W mass is determined using the transverse momentum distribution of the electron
and the transverse mass distribution. The K, distribution is used as a cross-check.
Before the final fitting of the mass an arbitrary offset was introduced [20]. This offset, or
“blinding” was also used whenever comparing data and MC distributions that are sensitive
to the mass. In this way we attempt to avoid any bias introduced by the experimenters.
Before the measurement was done without the offset the complete analysis procedure was
applied to a version of PMCS tuned using Z — ee events produced by Pythia and the
D@ Geant detector simulation as described in chapter five. The mass was then measured
in a comparable MC sample of W — ev events. The determination of the known W mass
in the MC represented a closure test of the calibration and tuning procedure. This test
was done using the equivalent of 6 fb~" of Z events and 2 fb™' of W events, making it a
more challenging test of the detector model than is possible with the data. The closure
test is described in detail in [82], and the successful result (with statistical uncertainties

only) is shown in table

9.1. Fitting Method

The template fit is performed for each of the three distributions using a binned negative

log likelihood technique. The likelihood is found by calculating the product of the Poisson
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Measured Mass - MC Input [MeV] | Statistical Uncertainty [MeV]
Z Inv. Mass 7 11
W pr(e) 1 15
W My -5 13
W E, 9 15

Table 9.1. The result of the MC closure test. The W boson mass was
measured with MC equivalent to 2 fb™! in the W — ev channel and the Z
mass was checked with 6 fb~! in the Z — ee channel .

probability for each bin, with n; observed events and m; expected events:

m;
i

N .
e 'n
L= H o (9.1)
=1

We take the logarithm of the likelihood using the approximation Inn! &~ (n+4)Inn + 1—n:

N
InL ~ Z (n;lnm; —m;) . (9.2)

i=1

Using Minuit [68] we find the mass that minimize —In £, and the 10 values that increase
—1In L by 0.5.

The templates are spaced 10 MeV apart and splining is used for interpolation [87].
The fit is done with in the ranges of 32 GeV < pr(e) < 48 GeV, 65 GeV < mp < 95 GeV
and 32 GeV < F, < 48 GeV, where the histograms have four bins per GeV in the My

distribution and two bins per GeV in the pr(e) and F; distributions.

9.2. Fitting the Distributions

We first examine the electron transverse momentum distribution shown in figure

over a range somewhat greater than is used in fitting. The x?/ndf = 68/32 within the fit
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range is significantly worse than one would hope. Fitting we find the blinded mass to be
79308 £ 23 (stat) MeV.

The blinded mass measured in the transverse mass distribution is 79328 + 19 (stat)
MeV. The distribution is shown in figure L2l Here the x?/ndf = 88/60 within the
fit range, which though not unacceptable, is not as good expected. However, the mass
measured with the the My distribution agrees with the mass measured with the pp(e)
distribution.

Finally, the mass measured using the F,distribution is found to be 79418 £ 20 (stat)
MeV, as seen in figure @3 The predicted distribution does not agree well with the data,
and though only a cross-check this distribution indicates problems with the parameterized
model.

These three results lead one to conclude that this selection of events is not tuned
acceptably for removing the blinding and measuring the mass, particularly in conjunction
with the known difficulties in the u distribution (fig. B.4]). However, the w distribution
does point the way to a solution. The W — er events are significantly more difficult to
reconstruct and model at u; > 0 GeV, where the recoil and electron systems overlap. It
is possible to split the sample into two, one for u; > 0 GeV and another for u; <0 GeV.
Naturally this will increase the statistical uncertainty.

With the split samples we examine the key distributions separately. We return to the
W boson transverse momentum distribution. For all events it was found to agree well
with the data, as seen in figure Selecting only u) > 0 GeV in figure 0.6 we find a
significant discrepancy between data and PMCS. Again, uj > 0 GeV is the region more

difficult to model and given the other distributions it is not surprising that this is not
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pr(e) MeV] [ My [MeV]
All 79308 £ 23 | 79328 £ 19
uy < 0 GeV | 79246 + 37 | 79267 + 28
uy >0 GeV | 79556 4+ 26 | 79420 + 25

Table 9.2. W Mass (blinded) measured with the electron py and boson My
distributions using different u selections.

as well described. Comparing to the u < 0 GeV selection for the W boson transverse
momentum distribution in figure we find much better agreement. This agreement was
hiding the poor agreement at u; > 0 GeV in the combined sample. The W p distribution
and the u) distributions indicate that it is necessary, for the present analysis, to select
only events with u) <0 GeV.

The electron transverse momentum and boson transverse mass distributions for u less
than and greater than zero are shown in figures 0.8 B9 B.1T0 and In general, when
separated in this manner the x?/ndf for these distributions indicates good agreement
between the data and PMCS predictions. However, in table we show the fit for the
blinded mass for each of these four selections. For the u) < 0 GeV selection the blinded
mass agrees again in either the electron pr or the My distributions. For uy > 0 GeV
the agreement disappears. We again conclude that the measurement of the mass after
requiring u < 0 is less sensitive to the modeling, i.e. more model-independent. Table
also includes the statistical uncertainties. The larger statistical uncertainty does not
overwhelm the systematic uncertainties and is an acceptable cost for the more accurately
described events.

It must be noted that the systematic uncertainties were determined without the selec-

tion of u < 0. The most significant uncertainties were re-estimated with this selection,
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| Source | o(Mw) MeV pr(e) | o(My) MeV My |
Experimental
Electron Energy Scale 31 32
Recoil Momentum Scale 40 37
Efficiency (u) 5 4

Table 9.3. Experimental systematic uncertainties on the W boson mass
measured with 770 pb™! in the W — ev channel and with the additional
selection of u| < 0 GeV. The results are significantly different (particularly
with regard to the recoil) than those without this selection.

and are summarized in table @2 The changes were minimal with regard to the electron
system, but in the recoil system the effect is quite large. This is because the we have
introduced an additional dependence on the recoil simulation through the w selection. It
is clear that it would be important to re-estimate all the experimental uncertainties, but
it is likely that the recoil system is the most sensitive to the change in the selection. The
uncertainty due to the v efficiency was reduced because we have eliminated the data that

was most affected.

9.3. W Mass Measurement

We chose to use the v < 0 GeV selection to measure Myy,. This choice was made
before removing the blinding. The electron transverse momentum and transverse mass
distributions in the W — er channel are now used to measure My, without the blinding.

Using the transverse momentum of the electron distribution we determine the mass to be

My = 80340 £ 37 (stat.) & 26 (sys. theo.) & 51 (sys. exp.) MeV 93)

= 80340 £ 68 MeV
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and with the transverse mass distribution

My, = 80361 £ 28 (stat.) & 17 (sys. theo.) & 51 (sys. exp.) MeV (9.4)

= 80361 &£ 61 MeV.

This measurement is more precise than the previous measurement done at D¢ which
found My, = 80483 + 84 MeV [15]. They are within 20 of one another, and the previous
world average of 80403429 MeV lies between them. The uncertainty is an estimate derived
from a combination of using and not using the w selection, and should be understood to
be approximate.

We also report the mass measured with the full selection. With the transverse mo-

mentum of the electron distribution the mass is

My, = 80402 £ 23 (stat.) + 26 (sys. theo.) £ 35 (sys. exp.) MeV

(9.5)
= 80402 £+ 49 MeV
and with the transverse mass distribution
My, = 80423 £ 19 (stat.) & 17 (sys. theo.) £ 37 (sys. exp.) MeV (96)

= 80423 £ 45 MeV.

In this case the uncertainties are determined consistently, but the problem with u) means
that we may have neglected an unknown uncertainty. Until we fully understand the
discrepancy between the transverse mass and electron transverse momentum methods for

u) > 0 GeV we prefer to quote the restricted uj < 0 GeV as the primary result.
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9.4. Future Prospects

Clearly it is of the utmost importance to fully understand the modeling of the events
uy > 0 GeV. By doing this it may be possible for DO to make the worlds most precise
single measurement of the W mass. Aside from this, the significant limiting factor of the
measurement of the W mass is the calibration and tuning of the electron energy. This
is done primarily by using the Z — ee events, of which there are approximately factor
of 10 fewer than W events at the cross-sections for production at /s = 1.96 TeV. With
the addition of data which has already been collected by D@ and is awaiting analysis it
should be possible to reduce the systematic uncertainty by a factor of two over the next
several years. The combination of the final analyses done at DO and CDF with ~ 8fb~*
will further reduce the uncertainty. The use of less traditional techniques, such as the
“transform” method [97] in which the Z events are used to directly create templates for
fitting the W distributions, may also decrease the uncertainty. This brings one close
to the point where further improvement is limited only by the theoretical description
of the partons. It is expected that this will also be a limiting factor for the W mass
measurement at the LHC experimentsl], which is scheduled to begin collecting data later
this year (2008). However it remains to be seen whether the electron energy and hadronic
recoil can be understood with the precision necessary in the high luminosity environment
of the LHC, despite the increase in the W and Z boson cross-sections with collisions
at /s = 14 TeV. In the longer term a linear electron collider (such as the proposed
International Linear Collider) could be used to measure the W mass with extraordinary

precision, being aided by an insensitivity to the understanding the parton model and

IThe Large Hadron Collider is a future pp collider at CERN with two experiments larger than, but similar
to, DO and CDF.
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having an extremely clean interaction environment. This remains at least a decade away
and there are compelling reasons to hope that there are new and exciting particle physics

phenomena to be discovered in the interim.
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