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ABSTRACT

A Measurement of the W Boson Mass in proton-antiproton collisions

at a center of mass energy of 1.8 TeV

By

Eric M. Flattum

A measurement of the W boson mass has been performed using W — ev decays in
PP collisions at /s = 1.8 TeV at D@ from the 1994-1995 Tevatron run. The mass
is determined by fitting to the transverse mass distribution of the W boson events
which have an electron in the central calorimeter (|7|< 1.0). The number of events
in the fit region of 60< m, < 90 GeV/c? is 27,040. The constraints on the model
are determined from a sample of 1562 Z — ee events. The measured W boson mass
is Mw = 80.346+0.069(stat.)+0.091(syst.)+0.077(scale). This is the most precise

measurement of the W boson mass to date.
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Chapter 1

Introduction

1.1 Introduction

The discovery of the W and Z bosons at the European Nuclear Research Center
(CERN) was a remarkable verification of the theory set forth by Glashow, Salam and
Weinberg (GSW) [1]. The massive carriers of the electroweak force have been the
subject of intense study at the proton-antiproton colliders at CERN and Fermilab.
Precise mass measurements of the W and Z boson seek to provide ever more stringent
tests of the theory and constraints upon unobserved particles. Table 1.1 gives an

historical account of the W boson mass measurements since discovery [2-13].

The Z boson mass (Mz) has been been measured to very high precision at the
Large Electron Positron (LEP) accelerator. The current world average for the Z
boson mass is [14]:

Mz = 91.1884 + 0.0022 GeV/c? (1.1)

1



Experiment | Decay Mass and Error Number of
and Year | Channel (GeV/c?) Events
UA1-83 ev 8115 6
UA2-83 ev 80+2° 4
UA1-84 pv 8118 14
UA1-86 ev 83.5%10+2.7 172
UA2-87 ev 80.2+ 0.6 +£ 0.5 + 1.3 251
UA1-89 ev 82.7 £ 1.0 £ 2.7 240
UA1-89 pv 81.8%33 + 2.6 67
UA1-89 TV 89 +3+6 32
CDF-89 ev, pv 80.0 + 3.3 £+ 2.4 22
UA2-90 ev 80.49 + 0.43 + 0.24 1203
CDF-90 ev, pv 79.91 + 0.39 1722
UA2-92 ev 80.35 £+ 0.33 £+ 0.17 2065
CDF-95 ev, pv 80.410 + 0.180 8986
DO -96 ev 80.35 + 0.27 7234

Table 1.1: A listing of W boson mass measurements since discovery in 1983 to
present.

The precision of M7z is %’z’* = 0.0024%. The world average W boson mass is’

My = 80.34 +0.15 GeV/c. (1.2)

The precision of My is only -SFM‘EL = 0.19%. The subject of this thesis is the measure-

ment of the W boson mass with a precision that is better than the world average.

The chapters are structured in the following way. Chapter 2 covers the physics
theory of the production and decay of the W and Z bosons. Chapter 3 discusses the
experimental apparatus. Chapter 4 covers the selection of events used in the analy-

sis. Chapter 5 covers the Monte Carlo used to determine the W boson mass. The

1The world average is determined from the measurements in references [10, 11, 12] and [13].
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Monte Carlo includes a discussion of the input physics model, detector resolutions,
efficiencies, and cuts. Also, chapter 5 includes how the parameters for the Monte
Carlo are determined. Chapter 6 discusses the calibration of the electromagnetic
energy scale. Chapter 7 covers the systematic errors associated with the W boson

mass and chapter 8 the conclusions.



Chapter 2

The Physics

2.1 Introduction

High energy physics involves the study of matter and forces at a fundamental level.
The four forces at work in nature are, in order of strength: the strong nuclear force,
electromagnetism, the weak nuclear force, and gravity. These forces interact with
matter through the exchange of particles. An example of how particles interact is
given by electromagnetism. Consider two electrons positioned a given distance apart.
Each electron has electromagnetic charge and so emits a field of virtual photons. The
photons from one electron are absorbed by the other. It is through this medsation of
photons that the electromagnetic force acts upon one electron from the other. Each
of the forces of nature can be described by an analogous emission and absorption of
particles. Table 2.1 lists the particles that mediate the four forces and some of their

properties. The particles that mediate the forces are referred to as vector bosons.

4



Force Particle | Mass (GeV/c?) | Spin
Strong Nuclear | Gluon (g) 0 1
Electromagnetic | Photon () 0 1
Weak Nuclear W and Z ~80 and ~90 1

Gravity Graviton (G) 0 2

Table 2.1: The bosons that mediate the forces of nature.

Charge Family 1 Family 2 Family 3
+1§ up (u) charm (c) top (t)
-3 down (d) strange (s) bottom (b)
-1 electron (e) muon (p) tau (7)
0 electron neutrino (v.) | muon neutrino (v,) | tau neutrino (v,)

Table 2.2: The three families of quarks and leptons. The fractionally charged parti-

cles are the quarks and the others are the leptons.

A vector boson is a particle whose spin has an integer value. The particles that
matter is composed of are called fermions. Fermions are particles with half-unit spin
values and are listed in table 2.2. All matter observed in our everyday lives is made
of up and down quarks, and electrons. Each force does not act upon each fermion,

table 2.3 lists which forces act upon a given fermion. The topic of this thesis is a

measurement of the mass of the W boson.

Force Neutral Leptons | Charged Leptons | Quarks
Vey Vpy Vr eH,T u,d,c,s,t,b
Strong Nuclear X
Electromagnetism X X
Weak Nuclear X X X
Gravity X X X

Table 2.3: The forces that act upon each fermion.
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2.2 The Standard Model of Electroweak

Interactions

The standard model of electroweak interactions is based upon the SU(2),xU(1)
gauge group. Observation of the transition of v. < e in weak interactions suggested
that the leptons be combined into a doublet on which a symmetry group acts. The
SU(2). group was suggested to give the theory weak isospin. The subscript L states
that the group only acts upon the left handed component of the field since it was
known that neutrinos participating in a weak decay only have negative helicity.
Helicity is defined as the projection of the spin along the momentum axis. The

lepton doublets and singlets are

Ve Vu Vy
) ) » €ERy bRy TR

e T
L # L L

where the subscript R refers to the right handed component of the fields. A natural
extension was to include the the quarks that participate in the weak interaction with

the same form. The quark doublets and singlets are written as

u c t
’ ) | s YRy CR, tR’ dR’ 8R, bR-
d s v
L L L

The prime on d, s, and b indicates that the quark mass eigenstates are not the same
as the weak eigenstates. Though, the weak eigenstates may be written was a linear

combination of mass eigenstates. For the case in which there are only two families
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of quarks d' is written in the following manner

d' = dcos Oc + ssinfc (2.1)

where O¢c is known as the Cabibbo angle and regulates the mixing between the

families.

The inclusion of the abelian U(1) group incorporates the electric charge into the
theory. The SU(2).xU(1) group then yields two charged and two neutral bosons.
The bosons must be massless in order for the theory to be renormalizable. It is
through the “Higgs mechanism” that the symmetry of the SU(2).,xU(1) is broken
and the charged (W) and neutral (Z) bosons acquire mass with the photon remain-

ing massless.

Three parameters are needed to describe the masses and interactions in this
theory. They are the coupling strengths of the weak isospin (g), the hypercharge (g’)
from the U(1) group, and the vacuum expectation value (v) from the spontaneous

symmetry breaking. The three fundamental parameters are given by the following

relations
e
9= sin O (22)
N
9= cos Ow (2.3)
v= WT“’ (2.4)

where e is the charge of the positron, My is the W boson mass, and Oy is the

weak mixing angle [15, 16]. It is often more convenient to work with parameters
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determined from low energy weak interactions. The variables of choice are the fine
structure constant (aem=%), the Fermi constant (Gr), and sin? @y . The first two
are known to a very high precision; a.,, from the quantum Hall effect and Gr from

the lifetime of the muon [17]. The current values for a.,(Q? =~ 0) and GF are [18]:

em = 1/137.0359895(61) (2.5)

Gr = 1.16639(2) x 107° GeV 2. (2.6)

At the lowest order of perturbation theory the masses of the W and Z bosons are

then given by the following relations

A
Y~ sinOy (27)
My 4 (2.8)

" sin Ow cos O

where

-

A= (\—’;_%) (2.9)

and sin? Oy is defined as
My,

sin2 @w =1- ]—”?.

(2.10)

With a measurement of sin? Oy the W and Z boson masses can be predicted using
equations 2.7 and 2.8. Using the current value of the weak mixing angle [18] the

predicted masses are ~77 and ~88 GeV/c? respectively.
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The addition of higher-order loop diagrams in the calculation modifies equa-

tion 2.7 in the following way

A
" sin Ow+v1 - AR

My (2.11)

where AR = AR(MHiggeyMguarkssMicptons,---) incorporates the effects of higher order
quantum corrections and depends upon the masses in the theory. The value of
equation 2.9 is also modified because of the running of the electromagnetic coupling
constant to the scale of M. The mass dependence on the two most interesting

particles, the Higgs boson and Top quark, enter in the following way

AR(Mpiggs) o In (M—;;;—’) (2.12)
AR(Mr,,) « (‘;;:)2 (2.13)

It is through equation 2.11 that a precise measurement of the My and M7, will
constrain the mass of the Higgs. Figure 2.2 is two examples of the self energy
diagrams that go into the calculations of equations 2.12 and 2.13. Figure 2.2 shows
the allowed values of the Higgs mass as a function of the My and Mr,, masses [12,
13, 19, 20]. As this point the precision of the measurements is insufficient to rule

out any value of the Higgs mass.
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Figure 2.1: Examples of the W boson self energy diagrams involving the Top quark
and Higgs particle.

2.3 Wt Production

This section covers how W boson events are produced and observed at Fermilab.
W+ production is chosen for convenience but the discussion is also valid for W~ and
Z boson events. At lowest order a W boson is produced through quark-antiquark
annihilation. The valence quark content of the (anti)proton is two (anti)up quarks

and a (anti)down quark. An example of the production of a W+ would be

ud - W, (2.14)

The momentum of a quark in a proton is given by its momentum fraction (z) times

the momentum of the proton. The proton direction is defined as the +Z direction.
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Figure 2.2: Allowed Higgs mass values as a function of W boson and
Top quark masses. The two points are the measurements of the W
boson and Top quark masses from D@ and CDF.

The energy and momentum of the W boson are given by

E= %(z,, + z5) (2.15)
Py = %(z, — zp) (2.16)

where /s is the center of mass energy of the proton-antiproton system and z,(zp) is

the momentum fraction of the quark from the proton(antiproton). A useful quantity
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is the rapidity (y) of a particle which is defined to be

y %In (E+P") (2.17)

E-FP

where F is the energy and P, is the longitudinal momentum. Since,

E? = (pc)? + (mc?)? in the limit of mc? < E equation 2.17 becomes

n=-—In (tan g) (2.18)

where 0 is the polar angle and 7 is referred to as the the pseudorapidity. Equa-
tion 2.18 is not valid for the W boson because of the large mass but it is valid for
the decay products of the boson. By inserting equations 2.15 and 2.16 into 2.17 the

rapidity reduces to

y=-In22 (2.19)

The total cross section for W+ production as shown in equation 2.14 is the sum

over all possible quark combinations from the proton-antiproton system and is given

by

do [ - 2rG — -
o (18- W*) = K aap{un(e, ) d(en) + wlep)di(as) +

Us(2p)ds(25) + Us(2p)da(25) + du(zp)us(2p)} cos b (2.20)

where the subscript v(s) represents a valance(sea) quark, K includes higher order
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Figure 2.3: The Compton diagrams which contribute to the transverse
momentum of the W boson.

QCD corrections, and the 1/3 is due to averaging over the number of quark colors

in the initial state.

For the interaction shown in equation 2.14 the W boson does not have any mo-
mentum transverse (p¥ ) to the Z direction. All W boson events produced in pp
collisions have some transverse momentum due to initial state gluon radiation and
the Fermi motion of the quarks in the hadron. Initial state gluon radiation is when
a quark radiates gluons before it annihilates to produces the W boson. Figure 2.3
shows the lowest order Compton diagrams that contribute to the transverse mo-
mentum of the W boson. At the Tevatron the average p¥ is about 6 GeV/c. The
calculation of #’y is complicated and beyond the scope of this paper. See refer-

ences [21, 22, 23] for more details of this calculation.
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2.4 Nature of the W* — etv decay

Up to this point only the production of the W boson has been discussed. Due to its
large mass the W boson decays within ~ 10~2% seconds. Therefore, to measure the
mass of the W boson information must be extracted from the particles into which
it decays. So which decay channel will allow for the best measurement of the W
boson mass? The W boson decays into quark-antiquark and lepton-neutrino pairs.
Table 2.4 lists the decay products of the W boson and the fraction of time that the
decay occurs. The ¢ pairs have the largest cross section. What is observed in the
detector, when a gg pair is produced, are two jets [24] of particles. The W — ¢
channel suffers from a huge background from direct production dijets. This leaves
us with only the lepton modes. In the tau channel the 7 predominantly decays into
hadrons making this channel difficult for two reasons. The first is simply the difficulty
in separating the signal from the large QCD background and the jet energy scale is
not known well enough to make a precise mass measurement. The muon channel also
does not allow for a precise mass measurement since the D@ detector does not have
good momentum resolution for high pr muons and there is no way of determining
the momentum scale with sufficient accuracy for a mass measurement. This leaves

only the electron channel to measure the mass.

The properties of the leptons from the W boson decay are now discussed. The

calculation of the spin averaged differential cross section is given by [16]

do
dcos 6*

(ud - etv) =

| Via |? (Gpr,,)z 3(1 + cos )’

o \ V2 ) G-y + Cwhwy 7V
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Decay Product | Branching Ratio -

ud, u3,c3,cd ~68%
etv,utv, 7ty ~32%

Table 2.4: The decay products of the W* and the branching ratios.

where 6* is the angle between the positron and the d direction and 7 is the center
of mass energy of the ud pair. The neutrino passes through the detector without
interacting so its presence can only be inferred from the momentum imbalance in the
event. Since many highly energy particles escape detection due to the calorimeter
extending only out to an || ~4 only the momentum in the plane transverse to the
beam direction can be balanced. Rewriting equation 2.21 in terms of the transverse

momentum of the lepton (pr) yields

3oty o Yl (GPMEY L 1 - 2%/
dﬁ-(ud ) - ( V2 ) (F—Mfy)z-i-(Pwa)z\/l—453,/3(2'22)

The divergence, when pr = % 8, is known as the Jacobian edge and is a characteristic
of all two body decays. The edge occurs at half the mass of the decaying particle
so by knowing the distribution of the lepton transverse momentum one is then able
to measure the mass of the decaying particle. Now, equation 2.22 is a calculation
done at the parton level. The total cross section is a convolution over all possible

momenta and quark states and is given by

do , _ 1 1 1 do
d—p‘zT'(PP —etvX) = 52_:, /0 dz, /0 dzsfq("’p).fa'(”i)ﬁ (2.23)
9.9
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where f,(z,) is the fraction of momentum carried by quark(antiquark) ¢(g’) from

the (anti)proton. The singularity in equation 2.22 is removed by the integration over

the Breit-Wigner lineshape and the finite natural width of the W boson.

A problem with measuring My from the transverse momentum distribution of the
lepton is the uncertainty in p¥ . This is because the transverse momentum of the W
adds directly to the lepton momentum distorting the Jacobian edge. The calculations
of the p¥ contain theoretical uncertainties which lead to an uncertainty on the W
boson mass. Another quantity that also has a Jacobian edge is the transverse mass

(m.) which is given by

me = (1 I+1%]) - (F+5)

= /20504 (1 — cos ¢=) (2.24)

where p5 and p% are the electron and neutrino transverse momenta. The transverse
mass is unaffected by longitudinal Lorentz transformations (boosts) and is only af-
fected at second order by transverse boosts [25]. It is with the transverse mass that

the W boson mass will be measured.



Chapter 3

Fermilab and the D@ Detector

3.1 Fermilab

The Fermi National Accelerator Laboratory is the highest energy collider in the
world with a center of mass energy of the proton-antiproton (pp) collisions of 1.8 TeV'.
Five different accelerators are used to achieve this energy. Figure 3.1 shows the

locations of the accelerators and the D@ and CDF experimental halls.

The first stage uses a Cockroft-Walton to accelerate H™ ions to 750 keV. The
hydrogen ions are then injected into the Linac which is approximately 150 m long.
The Linac is made up of nine drift tubes whose spacing increases along the length
of the device. The ions drift inside the tube when the alternating electric field is in
the wrong direction and are accelerated when they emerge from a drift tube. At the
end of the Linac the ions have reached of 400 MeV, a carbon foil is used to strip the

ion of its electrons leaving the bare proton. The Booster is a synchrotron which uses

17
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COCKROFT-WALTON

Figure 3.1: The Fermilab accelerators and experimental hall locations.

magnets to bend the protons in a circle while a radiofrequency (RF) cavity increases
the energy of the beam. The Booster accelerates the protons to 8 GeV. The fourth
and fifth stages are also synchrotrons that are housed in the four mile underground
tunnel. The fourth stage, known as the Main Ring, is made of 1000 conventional
copper-coiled magnets which are used to increase the protons energy to 150 GeV.
The Tevatron finally accelerates the beam to 900 GeV. The Tevatron is made of

1000 superconducting magnets operating at liquid helium temperatures.

If the accelerator is making antiprotons then the Main Ring only accelerates the
protons to 120 GeV. This beam is then extracted and sent to a nickel target which
produces a series of secondary particles. The resulting particles contain a fraction

of antiprotons which are then collected and stored in the antiproton Accumulator.
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Once a suitable number of antiprotons have been collected they are extracted from
the Accumulator and injected into the Main Ring. The Main Ring accelerates them
to 150 GeV and injects them into the Tevatron. When the accelerator is operating
in the collider mode six bunches of protons and antiprotons are circulating in the
Tevatron. When all twelve bunches have been injected into the Tevatron they are
ramped up to 900 GeV. At this energy the crossing time of the bunches is 3.5 usec.
The beams are allowed to collide at the locations along the ring which house the
D@ and CDF detectors. The beams are kept apart at the other four locations by

electrostatic separators.

3.2 The DO Detector

The purpose of the D@ Detector [26, 27] is to measure particles produced in pp
collisions. The D@ Detector is a very large instrument weighting 5000 tons and
standing 40 feet tall. It consists of three major subsystems: the central tracker, the
calorimeter, and a magnetic muon spectrometer. Figure 3.2 shows the major systems

of the detector.

3.2.1 The Central Tracker

The central tracker is used to determine the spatial orientation for a charged particle
and to provide discriminating power between the different particles produced during

the collision. The idea behind the tracking system is that when a charged particle
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Figure 3.2: The D@ detector.
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Figure 3.3: The four systems that comprise the central detector.

traverses a gaseous medium it will ionize the gas. An electric field forces the image of
the accelerating charge to be deposited on a wire producing a pulse. The orientation
of the hits indicates the track for that particle. The central tracker is comprised

of four subsystems: the vertex chamber (VTX), the transiti diation detect

(TRD), the central drift chamber (CDC), and the forward drift chambers (FDCs).
Figure 3.3 shows the components of the central tracker.
The VTX, CDC, and FDC are wire chambers designed to identify the tracks

associated with the charged particle. The TRD is designed to discriminate between

electrons and hadrons.
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Figure 3.4: R-¢ view of one quadrant of the
VTX chamber.

The Vertex Chamber

The vertex chamber is the innermost tracking device [28]. The chamber occupies a
radial distance of 3.7 to 16.2 cm and is approximately 110 cm long. The chamber
consists of three concentric layers. The inner layer is divided into 16 cells in ¢ and the
outer two layers 32 cells. Figure 3.4 shows the layout of the wires for the chamber.
The gas is CO,(95%)-ethane(5%) with a small amount of H,O. The water helps to

stabilize the detector in a high radiation environment [29)].

The Transition Radiation Detector

Since D@ does not have a central magnetic field the transition radiation detector

was designed to help distinguish electrons from hadrons. When a highly relativis-
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tic particle passes through a boundary with different dielectric constants X-rays
are produced [30]. The energy spectrum of the X-rays produced is a function of
v (y=E/mc?). The mass difference between the electron and pion allow for the
ability to distinguish between the two particles. The TRD has three separate radi-
ators and X-ray detectors arranged in a concentric cylinders beginning outside the
VTX and ending inside the CDC. Each radiator is made of 393 foils of 18 um thick
polypropylene immersed in nitrogen gas. The spacing between the foils is 150 ym
and is maintained by using a hatched geometry placed on the polypropylene sheets.
For this configuration the energy spectrum of the X-rays ranges from 8 keV to 30
keV [31]. Between the radiator and the X-ray detector is at 23 ym gap filled with
CO, gas to provide a buffer so that the detector gas, Xe(90%)CH,(7%)C.He(2%),
is not contaminated with the radiator gas. The outer layer of the gap is coated
with aluminum which provides a high voltage cathode for the detection chamber.
Figure 3.5 shows a slice of the TRD. The X-rays produced typically convert in the
15 mm area outside the milar window. The cascade of particles are then amplified

in them 8 mm region just inside the 70 pm grid wire.

The full drift time is 0.6 usec, so the charged that is collected is not only the
converted X-rays but also from ionization radiation and delta rays. The magnitude
and time of arrival of the charge is used to distinguish between the electrons and

pions.
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Figure 3.5: A cross section of the TRD.

The Central Drift Chamber

The central drift chamber is a cylindrical device positioned outside the TRD and
just before the central calorimeter [32]. Figure 3.6 shows an end view of the central
drift chamber. The chamber has a radial dimension of 49.5 to 74.5 cm and is 184 cm
long. This covers a pseudo-rapidity range from -1.2 to 1.2. The chamber is composed
of four layers each with 32 cells in ¢. The second and fourth layers are offset by 2%
with respect to the first and third layers. The maximum drift distance is ~7 cm.

There are 23 wires in each cell: the two outer wires are the delay lines, seven inner
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Figure 3.6: R-¢ view of one quadrant of the CDC chamber.

sense wires, and 14 grounded potential wires. The gold-plated tungsten sense wires
are staggered 200 gm in ¢ to resolv; left-right ambiguities in the cell. The sense
wires are read out at one end of the CDC. The R-¢ coordinate is determined by the
drift time to the sense wires. The delay line is constructed by winding a coil on a
carbon fiber epoxy core and is embedded in the cell wall. A signal is induced upon
the delay line by the hit on the nearest sense wire. The inner and outermost sense
wires have an additional grounded potential wire to minimize the signal from the
next nearest sense wire. The delay lines are read out at both ends; the difference
in time of arrival of the pulse is used to determine the Z coordinate of the hit. The
gas used in the CDC is Ar(92.5%)CH,CO,(3%) with 0.5% H,0. The gain of the gas

varies from 2-6x10* depending on the location of the sense wire.
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The Forward Drift Chamber

The forward drift chambers are located at both ends of the CDC just in front of the
forward calorimeters [32, 33]. The FDCs approximately cover a range of

1.4<|7|<3.0. Figure 3.7 shows the exploded view of the three modules for one of
the FDC chambers. Two modules give information on the © angle and one on &.
The two © chambers are set on either side of the & chamber and are offset by 7 /4
with respect to one another. The © chamber is made up of rectangular cells that
increase in length as the radial distance. Each cell has eight sense wires running
parallel to the Z direction and normal to the radius and a delay line, of the same
type as in the CDC, to measure the position along the cell. The  chamber is divided
into 36 azimuthal chambers with wires running radially from the beam line. The

composition of the gas in the FDC is that same as in the CDC.

3.2.2 The Calorimeter

The calorimeter measures the energy of particles produced during the collision. The
DO calorimeter was designed for the simplicity of calibration, linear compensating
response with energy, and good hermeticity [26, 34]. The calorimeter is a pseudo-
projective uranium-liquid argon sampling calorimeter. For this geometry the size
of a readout pad varies as a function of 5. Figure 3.8 shows the pseudo-projective

geometry of the DO calorimeters.

A particle that enters the calorimeter will interact with the absorber and produce

a series of secondary particles. There are three different types of absorbers used in the
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Figure 3.7: Exploded view of one of the forward drift cham-
bers.

calorimeter: uranium, copper, and stainless steel. The secondary particles interact
electromagnetically in the active medium, of the liquid argon, producing electrons
and ions. A typical calorimeter cell is shown in Figure 3.9. The potential of the
absorber plate is kept at ground and the resistive surfaces of the readout board are
kept at a positive 2000 V. In the electromagnetic field the ionized particles induce a
charge on the readout pads. The electron drift time across the gap is 450nsec. This
signal is measured by a preamplifier which sends the information on to the base line
subtractor (BLS) which does the analog shaping. One signal is sent to the analogue-
to-digital converters (ADCs) where they are converted into energies and another is

sent to the trigger framework. If a signal is within 20 of the pedestal value it is not
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Figure 3.8: One quadrant of the DO calorimeter and tracking system.

read out. This i d the ber of calorimeter ch 1s read out

from 50,000 to 5,000 per event.

The DO calorimeter has three different cry The end calori south

(ECS) covers a range of 1 <7 < 4, the end calorimeter north (ECN) covers a range

of -4 <7 < -1, and the central calorimeter (CC) covers a range of |7|< 1.
The CC is composed of three types of modules. Outward, away from the beam-

line, they are: the electromagnetic (CCEM), the fine hadronic (CCFH) and the

coarse hadronic (CCCH). The CCEM has four longitudinal layers of approximately
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Figure 3.9: Schematic view of a typical uranium
liquid argon readout cell.

2.0, 2.0, 6.8, and 9.8 radiation lengths (X,) respectively. The number of interaction
lengths (A4) for the CCEM is 0.76. The CCEM is characterized by relatively thin
uranium plates of 0.3-0.4 cm. Layers 1, 2, and 4 have an 7 x ¢ segmentation of
0.1x0.1. Layer 3 has an 7 x ¢ segmentation of 0.05x0.05. For an electromagnetic
object layer 3 is where the maximum shower deposition occurs so the finer  x ¢
segmentation improves the position resolution. The CCEM layer 3 is located ~90
cm radially from the beamline. The CCFH and CCCH have an 7 x ¢ segmentation of
0.1x0.1. The CCFH has three longitudinal layers of 1.3, 1.0 and 0.9A 4. The CCFH
plates are fabricated from a uranium-niobium(2%) alloy and are 0.6 cm thick. The

CCCH has only one layer of 3.214 composed of 4.7 cm thick plates.
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The ECs are composed of four types of modules. They are the electromagnetic
(ECEM) [35] , the inner hadronic (ECIH), the middle hadronic (ECMH), and the
outer hadronic (ECOH). Figure 3.8 shows the different module types for the end
calorimeter. The ECEM is composed of uranium disks which range from 5.7 cm to
a radius of 84 to 104 cm. The ECEM has four readout layers of 0.3, 2.6, 7.9, and
9.3Xs. The material in front of the first layer increases the number radiation lengths
to ~2. Like the CCEM, the third layer of the ECEM has a finer 5 X ¢ segmentation
than the rest of the layers in the EC. The ECIH modules are cylindrical disks of
radii 3.92 to 86.4 cm. The fine hadronic portion of the ECIH contains four readout
layers of 1.1)4 each. The coarse hadronic is built from stainless steel plates and has
a single readout with 4.104. The ECMH has four fine hadronic sections of 0.9A4
and a stainless steel coarse hadronic section of 4.4\ 4. The stainless steel plates of

the ECOH are tilted 60° with respect to the beam axis.

The region between the central and forward cryostats is instrumented with scintil-
lating tiles. The intercryostat detectors (ICDs) [36] are attached to the front surface
of the EC. The tiles have an 7 X ¢ segmentation of 0.1x0.1 to match the cell size
in the calorimeter. The tiles are made from Bicron BC-414 scintillator and are read
out with 2 mm bundles of wave shifting fiber. The relative gain of the photomultipli-
ers is maintained by pulsing the scintillator with an ultra-violet laser. Additionally,
scintillator is mounted on the face of the CCCH, the ECMH, and ECOH to provide
additional calorimetry and are refered to the the massless gaps. The result of inclu-

sion of these tiles is to improve the E; resolution since the energy of the particles
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entering this region would otherwise be lost.

3.2.3 The Muon Spectrometer

The D@ muon system consists of three layers of proportional drift tubes (PDTs)
along with five toroidal magnets to measure momentum. The central toroid (CF)
covers a region of |7 |<1 and two forward toroids (EF) covering from 1<| 5 |<2.5.
Collectively, they are referred to as the wide angle muon system (WAMUS). The
PDTs near the beam pipe are referred to as the small angle muon system (SAMUS)

and cover the region from 2.5<|7|<3.6.

Figure 3.2 shows the three layers of PDTs and the toroids of the WAMUS system.
The three layers of WAMUS chambers are labeled A, B, and C. The A layer is inside
the toroid and is composed of four layers of cells. The B and C layers are outside
the toroid and have only three layers of cells. The B and C layers are separated
by 1m allowing for a good measurement of the direction after the muon has passed
through the magnet. A PDT cell is composed of a diamond shaped cathode pad on
top and bottom and a gold-plated tungsten anode wire. The period of the diamond
pattern is 60.9 cm. The aluminium PDT is kept at ground while the cathode pad
and anode wire are kept at +2.3 kV and +4.56 kV respectively. Determining where
the hit occurred along the anode wire is a two step process. In order to give access to
the muon electronics the anode wires for adjacent calls are jumpered together. The
difference in time of arrival of the signal gives a rough estimate of the position along

the wire. Using the cathodes, the sum and difference of the charge on the inner and
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outer pads can be used to find the position within 0.3 cm.

The SAMUS system is composed to three layers of drift tubes. Each layer is
composed of three sub-layers where the sub-layer is composed of two layer of tubes
offset by half their width. The doublets are then rotated with respect to one another.

The tubes are 3 cm in diameter and have a single anode wire.

The drift time of a PDT can take up to 1.2 usec. The Fermilab upgrade will
increase the number of bunches in the Tevatron from 6 to 36 decreasing the bunch
crossing time to 0.396 usec. In order to identify which interaction the muon came
from a fast muon timing tag is required. A layer of scintillating counters has been
built to do this. The scintillator covers the region outside the C layer of PDTs for
| n |<1 and all of ¢ except the region from 225-315°. Each counter is 25in wide
and 81.5 to 113in long. The light from the Jin thick scintllator is propogated to
photomultiplier tubes by 1 mm diameter optical fiber. The counters were used
during Run 1b in the trigger and as a cosmic veto. See Appendix A.l for more

details on the muon scintillator.

3.2.4 Triggering

At D@ triggering is the filtering of specific signals from a large number of less interest-
ing interactions. Most interactions occurring at D@ are uninteresting low transverse
momentum events. The DO trigger has four levels of filtering to decide which events
should be kept and written to magnetic tape. The four levels of triggering are called

level 0, 1, 1.5, and 2. The first three levels of triggering are done by dedicated
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hardware whereas the fourth level is a software trigger.

Level 0 is designed to look for the break up of the proton and anti-proton. It
consists of two scintillator hodoscopes mounted on the forward calorimeters. The
detector is composed of two layers of rectangular scintillator and are readout with
photomultiplier tubes. The coveragein |7|is 1.9 to 4.3 but because of the rectangular
geometry the ¢ coverage is not uniform. By comparing the difference in the time
of arrival of the hits in the two hodoscopes a Z vertex for the interaction can be
determined. This vertex is then available for pr calculations in the subsequent

trigger levels. The efficiency of level 0 is >98% [38).

The level 1 trigger has two components; muon and calorimeter. For more infor-
mation on the muon trigger see reference [37]. The level 1 calorimeter trigger is a
hardware trigger which uses information taken from the BLS cards. The job of the
level 1 trigger is to reduce the input rate of ~200 kHz from level 0 to an output rate
of ~200 Hz. The trigger tower, the region in which trigger decisions are based, is at
level 1 a 0.2%0.2 in 7 X ¢ region out to an 7 of 4. The electromagnetic (EM) and fine
hadronic (Had) energy for each tower is available for decision making. A number of
global quantities are then calculated and can be used to trigger. Level 1 can also
make decisions using only the individual tower transverse energies [37]. If the level
1 criteria is satisfied then an event may be passed directly to level 2 or sent on to

level 1.5 for further evaluation.

Level 1.5 uses the information available at level 1 but then clusters the two highest

energy towers into a single object. These towers can only be clustered along the 7
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or ¢ direction. For level 1.5 the transverse energy (EX'®) and EM fraction (fL!-°

are calculated from equations 3.1 and 3.2.

2
Ef'* = Y E;(EM)sin ©; (3.1)

i=1

15 _ v E;(EM)
el:" - z E,(EM) + E;(Ha.d)

i=1

(3.2)

Where O, is the polar angle defined by the Z vertex and the center of the it 2x2

tower. If EX'® and fL!-% pass certain thresholds the event is sent to level 2.

The level 2 trigger is a software trigger where information for the entire detector
is available to make trigger decisions. Level 2 has a farm of processors which run
software tools to identify electrons, muons, jets,...etc, in the event. This information
is then used to select whether or not the event is kept and written to tape. The
energy of the electron candidate taken from the region 7 x ¢, equal to 0.3x0.3,
about the highest ET tower from Level 1. An electron is identified from the shower
shape, electromagnetic fraction, and isolation. The transverse shape is based on the
difference in energies in the regions 0.25x0.25 and 0.15x0.15. The isolation (f~Z2
condition is given by

L2 _ E(0.4) - E
iso —E
< 0.15 (3.4)

(3.3)

where E(0.4) is the energy in a cone of radius (R) equal to 0.4 and E is the energy of

the electron candidate. The rate at which the event is written to tape is 2-4 Hz. The
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events are then sent offline where a more thorough reconstruction program produces

the events used in the physics analysis.



Chapter 4

Event Selection

4.1 Overview

The Tevatron Run 1 took place over a period of three years from late 1992 to early
1996. The run was broken up into three distinct periods given the labels 1a, 1b, and
1c. The data for this analysis were taken during the Tevatron Run 1b from February
1994 to April 1995. The integrated luminosity over this period was 76 pb~! which
is approximately 6 times the amount of data collected during Run la. Figure 4.1
shows the integrated luminosity as a function of the date. The difference between
the delivered and recorded luminosity is due to a beam that was not suitable for

data taking or detector problems.

36
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Figure 4.1: The Run 1 integrated luminosity as a function of time.
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4.2 Defining the Observables

The observables in a W(Z) boson event are the event vertex, the electron(s) position
and momentum, and the recoil transverse momentum. An electron is defined to be a
deposition of energy in the electromagnetic portion of the calorimeter along with an
associated track in the tracking chamber. The electron energy cluster is required to
pass some loose shower shape cuts and an electromagnetic fraction (fem) cut. The
energy of the electron is the sum of the cells in a 7 X ¢ region equal to 0.5x0.5 in the
first five layers (EM1, 2, 3, 4, and FH1) of the calorimeter. This region is called a
5x5 window and covers approximately a 2500 cm? region of the detector. The depth
of the five layers is ~ 40X,. The f.,, is the ratio of the energy in FH1 to the total
energy in the window. The electron centroid Z.=(Xgic, Yzic, ZEi.) is calculated from

5 _ Ziwiil'
=
2w

(4.1)

where the sum runs over all the cells of the electron and Z; is the location of the

center of the i** cell. The weights are given by

w; = max (O,wo +1n (%)) (4.2)

and E; is the energy in the i*? cell in EM3, E is the energy of the cluster, and the
weight w, is chosen to minimize the resolution. The motivation for the log weighting

is given in reference [39]. Small corrections are made to Zgi. to correct for biases

observed in the DOGEANT [40] Monte Carlo simulation of electrons [41].
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The event vertex Z position (Zv ) is calculated from the electron centroid and the
center of gravity (COG) of the associated track, £:=(Xrrk, Yrrky Z7rk). It has been
found that a bias exits in the measured Z position (Z2$**) determined by the CDC.
The CDC Zr, has been calibrated using cosmic ray and collider muons [42, 43] and

is given by the following function
Zrk = ScpcZ™ + Bepc- (4.3)
where the scale (Scpc) is 0.988+0.002 and B¢cpc is consistent with zero.

The vertex is given by

Ry,
= ok — ————— c— 2Tr 4.4
Zy ZTek Bor — Rron (Zetc — Z1vi) (44)

where R, = \/(X., - Xv)*+(Ya—Yv)? and a = {Trk,Elc}. The vertex is de-
termined with this method because when several interactions occur during a beam
crossing the vertexing algorithm cannot distinguish between two vertices when they
are less than 10 cm apart. The COG method has poorer resolution then the conven-
tional method of finding the vertex but has the virtue of being independent of the
instantaneous luminosity at which the event was observed. The (Xy,Yy) position
of the vertex is measured by the VTX. Given this information the electron vector

components are given by

E, = Esinfcos¢ (4.5)

E, = Esinfsin¢ (4.6)



E, = Ecosf (4.7)
where
_ Yo -Yy
tang = ; —o (4.8)
REgi.
tanf = ——mM8M— 49
an Zgic — Zv (4.9)

and the magnitude of the electron transverse momentum is written as Er = Esin 6.

The recoil momentum of the W(Z) boson is calculated by summing over all the
calorimeter cells except for the cells occupied by the electron(s). The components of

the recoil vector are

pE =Y E;sinb;cos ¢, (4.10)

pf = Z:E,' sin 0,’ sin ¢,’ (4.11)

where E; is the energy in the i** cell and 6; and ¢; are the angles determined with
respect to the vertex and the center of the i cell. For a W boson event, given the

recoil momentum (77) and electron vector (5% ), the neutrino transverse momentum

(Pr) is inferred by

-

fr=— (5 + %) (4.12)

and magnitude of the neutrino vector is written as £ . The transverse momentum

of the W boson event is defined to be equal to the negative of the recoil vector.
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There are some convenient variables used to describe W and Z boson events.

Figure 4.2 shows the variables U and U, which are defined as

-OR. —e
b = p——lTﬁepT
T
= | BT | cosg™" (4.13)
U, = |pF|sing>F. (4.14)

U, is the projection of the recoil along the electron transverse direction and U, is
the projection of the recoil perpendicular to this axis. If U has a large negative
value then the recoil is away from the electron and the electron is boosted. If the U,
is large and positive the recoil is near the electron and the neutrino gets the boost.
Figure 4.3 shows a useful way of defining the variables in a Z boson event. The 7 axis
is the bisector of the electrons in the transverse plane and the { axis is perpendicular
to the 7 axis. The 7 axis is used because it minimizes the sensitivity to the electron

resolution.

4.3 Event Selection

The W and Z boson candidates are selected with a trigger according to their kine-
matic properties. A W boson is identified by a high pr electron and significant
missing transverse energy, and a Z boson by two high pr electrons. The offline

selection is simply refinements of these basic criteria.



42

Figure 4.2: Definition of Uj and U, .

4.3.1 Triggering

Z Boson Events

The trigger framework first requires a Z boson candidate fire the Level 0 trigger,
i.e. the breakup of the proton and antiproton is observed. The Level 1 trigger,
EM_2_MED, requires two electromagnetic objects with Er >7 GeV. This candidate
is then passed to the Level 1.5 trigger framework which requires that one of the
objects pass an Er >10 GeV cut. The Level 2 trigger, EM2_EIS2_HI, selects two
isolated electromagnetic objects with Er >20 GeV. Also, Level 2 requires that the
clusters have longitudinal and transverse shower shape consistent with electrons from

the testbeam. If the candidate passes these criteria it is written to magnetic tape.
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Figure 4.3: Definition of the useful axis and projections in a Z boson
event. The 7 axis is the bisector of the electrons in the transverse plane
and the { axis is perpendicular to the 7 axis.

W Boson Events

The trigger conditions for the W boson did not require a Level 0 to have fired.
This was to allow for the study of diffractive W boson events. The first trigger
requirement for a W boson candidate was a Level 1 trigger, EM_1_HIGH, which
required one electromagnetic object with Er >10 GeV. Level 1.5 then required the
Level 1 object pass an Er cut of 15 GeV. The Level 2 trigger, EM1_EISTRKCC_MS,
required one electromagnetic object with Er >20 GeV and £ >15 GeV. The same
isolation and shower shape cuts were required on the W boson electron as on the Z

boson electrons.



4.3.2 Offline Selection

The final selection of W and Z boson events involves a combination of kinematic,

fiducial, electron quality, and detector status cuts.

Kinematic

The kinematic cuts for the W boson events are:

o Er >25 GeV
o B >25 GeV

o pY <30 GeV/c

and the Z boson events:

o Ex? >25 GeV .

Fiducial

The fiducial cuts are used to ensure the electron(s) are measured in a part of the
calorimeter that has good response. This means cutting away from edges, cracks,

and regions of low response. There are two fiducial cuts for electrons in the central

calorimeter (CC):

o The absolute value of Zg;. must be less than 107.7 cm which is equivalent to

an |pet|<1.0 cut where 7p,, is the detector eta.
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o The ¢ of the track may not point to within 10% of a CC ¢ module boundary.

The forward calorimeters (ECs) do not have ¢ cracks so the fiducial cut selects

electrons in the region 1.4<|7p.:|<2.6.

Electron Quality

The electron quality cuts are designed to reject background while maintaining a
high efficiency for electrons. The quality cuts used are the isolation, a cluster shape
variable, the electromagnetic fraction, and the track match. The isolation is defined

E(0.4) — EM(0.2)

fiso = EM(0.2)

(4.15)

where E(0.4) is the total energy in a cone of radius (R) equal to 0.4 and EM(0.2)
is the electromagnetic energy in a cone R = 0.2. This cut is independent of the

electron location and is f;,, < 0.15. Also, the electrons are required to have

fem > 0.9.

A covariance matrix is used to define a variable (x?) which measures how consis-
tent the shower shape is to that expected from an electron [44]. The Monte Carlo
electrons used to generate the matrix were tuned on test beam electrons. There
are 41 variables used in the covariance matrix: the energy fractions in EM1, EM2,
EM4, and in a 6x6 grid centered around the highest energy cell in EM3, the log of
the total energy, and the vertex position divided by the RMS of vertex distribution.

Table 4.1 lists the value of x? cut depending on the location of the electron.
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| Parameter | CC Value | EC Value

x* < 100 < 200
OTrack <5H < 10

Table 4.1: Electron quality cuts in the different cryostats.

The track match significance (0'rrqack), or just track match, is a measurement of
how well the track matches to the electron position. The track direction is extended
into the calorimeter and a three dimensional match is performed to the cluster po-

sition. The track match is defined as

AR AZ
ARp  AZ

4.16
OR¢ OAZ ( )

OTrack =

where AR¢ is the difference between the track and the cluster in the R — ¢ plane,
ORe i8 the resolution of the R¢ difference, AZ is the difference between the cluster
and the track at the nearest point in the R — Z plane, and oAz is the resolution of

AZ. Table 4.1 lists the value of track match cut depending on the electron location.

Detector Status

The components of the detector are required to be in good working in order for the
event to be allowed into the data sample. If any detector component was not in
good working order during a run, the run was flagged as a BADRUN. Any run that

is selected as a BADRUN is removed from the sample.

During a run there are times when the accelerator affects the detector. The

largest effect is due to the Main Ring when it is in the production of antiprotons.
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The Main Ring passes through one of the coarse hadronic modules of the calorimeter.
If protons are lost from the Main Ring they may end up depositing energy in the
calorimeter. Since the ¥ is the sum of all cells in the calorimeter any energy from
the Main Ring will bias this quantity. There are two cases when the Main Ring is

flagged for affecting the detector.

The first is MRBS (Main Ring Beam Sync.) loss and occurs when the protons
are first injected into the Main Ring and is accelerating the protons to the working
energy of 120 GeV. The proton losses during this time are large and result in the
calorimeter being sprayed with particles. When this happens a flag called the MRBS

loss bit is set to true.

The second case is after MRBS and the protons are circulating in the Main Ring.
If the protons in the Main Ring are passing through the detector at the same time as
when the Tevatron beam is colliding at D@ another bit is set called the yBLANK.

These two effects result in a loss of 20% of the available luminosity!

Any W boson candidate that has either the uBLANK or the MRBS loss bit set
is removed from the data sample. For the Z boson events the event may be kept
depending on what analysis is being performed. If a Z boson event is being used
to study the electrons then the uBLANK or the MRBS loss cuts are not made. If
the event is being used to study the hadronic portion of the event then the event is

removed.

The final selection criteria is to require that the Level 0 trigger have fired. This

forces the W and Z boson events to have similar trigger conditions.
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Number of Events
Topology | Total | 70< M(ee) <110 GeV/c* | uBLANK, MRBS
CC-CC 1562 1470 1323
CC-ECS 772 733 637
CC-ECN 776 728 656
ECS-ECS 302 251 260
ECN-ECN | 344 291 294

Table 4.2: Number of Z boson events for the different topologies where the second
column is all events passing the selection criteria, the third column restricts to the

invariant mass region 70-110 GeV/c?, and the fourth column removes events where
the uBLANK or MRBS loss bit was set.

Number of Events

| Topology | Total | 80< m; <90 GeV/c* |
[ CC 32856 27040 '
ECS 12041 9557
ECN 12629 9881

Table 4.3: Number of W boson events for the different topologies where the second
column is the total number of events and the third column is the number of event
in the transverse mass window 60-90 GeV/c?.

4.4 The Data Sample

The number of Z boson events that pass the cuts in section 4.3 are listed in table 4.2.
Table 4.3 lists the number of W boson events which pass the cuts in section 4.3.

Figure 4.4 shows the electron E7, ¥ and m; for the CC W bosons and the invariant
mass distribution for the Z boson CC-CC events. Figure 4.5 shows the lego plot for
a W boson event. This is a W boson candidate because there is one high pr isolated
electron and large missing pr. The lego plot involves slicing the calorimeter along

the ¢ direction and displaying the transverse energy in a given area as the height
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Figure 4.4: The Er, E; , and m, distributions for the CC W boson
events and the invariant mass distribution for the CC-CC Z boson
events passing the selection criteria.
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of the tower. Observe that in figure 4.5 that there is one energetic electromagnetic
object and very little other energy elsewhere in the event. Figure 4.6 is a display
of the electron in figure 4.5 where energy in the first four layers of the calorimeter
is displayed. At the bottom of figure 4.6 is shown the energy deposition in the first
five layers of the calorimeter and on the left side of the figure is displayed various
quantities associated with the electron. The electron in figure 4.5 is shown as an
example of a well isolated electron. Figures 4.7 and 4.8 show an example of an
electron that passes the selection criteria but has an isolation value near the cut.
One can see this is not a well isolated electron from the energy surrounding the

electron, see figure 4.7. Figure 4.9 shows the lego plot of a Z boson event.
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Figure 4.5: The lego plot of a W boson event where the electron is well isolated. The
cone in which the electron is isolated extends from the center of the electromagnetic
cluster out two-thirds of a grid width.
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Chapter 5

The Monte Carlo

5.1 The W and Z Boson Event Generator

The W boson mass is measured by performing a maximum likelihood fit to the
transverse mass distribution. Other kinematic variables such as the Er, ¥; ,and E
may also be used to measure the mass but each suffers from systematic or statistical
errors that make that measurement less precise. The transverse mass does not have
a simple analytical form, therefore 8 Monte Carlo is used to provide transverse mass
lineshapes as a function of the W boson mass. The CMS (Columbia-Michigan State)
Monte Carlo was written for this purpose. It was designed to be fast and easily
modifiable. The CMS Monte Carlo had its origins in the fast Monte Carlo used for
the Run 1a W boson mass measurement [45] but significant modifications were made

due to the luminosity dependences found in Run 1b and general improvements in

the algorithm.

56
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The final W boson mass quoted is a measurement of the ratio of the measured
W and Z boson masses. The CMS Monte Carlo generates both the W and Z boson
in the same program to be certain that each is treated in the same manner. The

final W boson mass is given by

Mw
Mw = (_) . MLEP 5.1
YT\ Mz/pe T (5-1)
where MZEP is the world average Z mass [14]. The ratio measurement has the

virtue that many cancelations occur which reduce the systematic error. The major
drawback is that the measurement has a large error due to the statistical error on

the Z boson.

5.2 The Physics

‘The Monte Carlo simulates the production and decay of W — ev and Z — ee events.
“The following sections discuss the production of W bosons but is also valid for the

&Zeneration of Z bosons. Any differences in the algorithm will be pointed out.

5.2.1 ppoW —ev

The triple differential cross section pp — W completely defines the production of the

W boson. The theoretical model implemented assumes that the cross section can be
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factorized in the following manner

dio o do

dydprdm ~  dydpr dm (5:2)

where y is the rapidity, p} is the transverse momentum, and m the mass of the W
boson. In general this is not correct and the issue of the correlation between the two

terms in equation 5.2 is addressed later in this section.

The generation begins by selecting the sign of the W which then defines the
polarization of the boson. For a W+ the polarization vector is opposite the proton
direction, where the proton direction is taken to be along the +Z axis. A fraction
(fes) of events involve quarks that both originate from the sea. If this is the case
then 1/2 of these events have their polarization reversed. From the distribution of

%w the rapidity and transverse momentum for the W boson are selected.
T

d?o

There are two . g

distributions used which depend upon whether or not a sea

d?o

quark was involved in the interaction. The calculation of .
T

was provided by the
authors in reference [23]. The mass of the boson is then selected from a relativistic
Breit-Wigner modified by a function that depends upon the parton luminosity. The
parton luminosity term occurs because the momentum distribution of the quarks

makes it more probable that a particle with a mass of 60 GeV/c? will be produced

than a mass of 90 GeV/c?. The mass distribution is given by

do
o = PL(m)- (5.3)
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where PL(m) is the parton luminosity term, m is the mass of the particle being gen-

erated, M is the true mass of the particle, and I is the natural width of the particle.

e=Am
m )

The parton luminosity distribution is well modeled by the function, PL(m) =
where the slope (8) is evaluated in the following way. The cross section may be

written as

d?
dz, ;,,2 = fap(21) fz 5(22)3(m’) (5.4)

where f,/,(f;7/5) is the probability a (anti)quark from the (anti)proton carries a
given momentum fraction z,(z;). Using m? = z,z,s, where /5 is the center of mass

energy, to change variables in terms of the mass, equation 5.4 becomes

do e Pm

dm~ m

&(m?) (5.5)

where

G- _ 2m? 1 dz,

m?
2 o B o) e (). (55)
The S used depends upon the rapidity distribution of the W(Z) boson and therefore
on the cuts applied to the leptons. The allowed rapidity range of the boson changes
the choice of 8 because of the correlation between the mass and the rapidity. Fig-
ure 5.1 shows the parton luminosity slope for the W+ as a function of the W boson
rapidity for the MRSD-’ parton distribution function (pdf). To measure 3 the in-
variant mass distribution from the CMS Monte Carlo is compared to that from the

RESBOS Monte Carlo [46]. The RESBOS Monte Carlo does the full triple differen-

tial cross section (J#) . Before the selection cuts and with a 3 averaged over the
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Figure 5.1: Parton luminosity slope as a function of the rapidity of the
W+ for the MRSD-’ parton distribution function.

entire rapidity distribution, the mass spectra of the two Monte Carlos are identical.
After applying the selection cuts to the leptons the differences in the invariant mass
distributions are due to the change in the parton luminosity factor. Table 5.1 shows

the parton luminosity slope for the most recent parton distribution functions.

The vertex of the event is generated according to a Gaussian distribution with a
mean (=0 cm) and RMS (=25 cm) which are the same as that observed in the data.

At this point kinematics of the W boson event are entirely defined.

In the rest frame the W boson is decayed into the leptons. The angular distri-

bution of the leptons depends upon the type of quarks that produced the W boson.
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Bwx100 | Bzx100
PDF | (GeV/3?)! | (GeV/3A) ! | f.
MRSA 0.667 0.359 0.207
MRSD-’ 0.646 0.373 0.201
CTEQ3M 0.624 0.326 0.203

Table 5.1: The parton luminosity slope for different parton distribution functions.
Bw is the slope for CC W boson events and [z is the slope for CC-CC Z boson
events. The last column is the fraction of sea-sea interactions for the given parton
distribution function.

For the W+ the cross section [45] may be written as

d’o

1 do, do, do,
dyd cos 6*

1
~ _ =\2 -\2
(1 — cos67) (2 a + dy)+(1+cos€)2dy

~ (1—cos 0‘)2% + (1 + cos? 0‘)& (5.7)

dy

where the subscript v(s) refers to the contribution from valance(sea) quarks and 6" is
the angle of the electron with respect to the +Z direction. The leptons are generated
with the angular distribution given in equation 5.7 with the ¢ being generated ran-
domly from 0 to 2x. Deviations from the angular distribution given in equation 5.7
due to higher order loop effects are expected to be small for the p¥ region used in
this analysis [47]. The leptons are then boosted into the lab frame using the four

vector of the generated boson.

The angular distribution of the leptons in Z boson decays have the form [45]

do
dcos 6*

~ [(98)” + (6%)7] [(95)° + (g5)] (1 + cos 87)? +

89V 949795 cos 6° (5.8)
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where g¥, z = {V,A} and y = {q,¢}, are the vector and axial couplings for the
quarks and leptons. Because D@ does not have a central magnetic field the sign
of the leptons is not measured. This effectively averages cos §* to zero giving the

angular distribution of the leptons the form (1 + cos *)2.

5.2.2 pp—oW —wevyand W — v — evvv

The radiative process W — ev+ is generated using the calculation from Berends and
Kleiss [48]. This calculation is done at O(a.m) and does not include the radiation
from the initial state quarks. The calculation has a lower limit on the energy of the
photon that may produced (yumin). The value of yasi, defines the fraction of events
that radiate. The nominal value of s, is 50 MeV which defines ~31% of the events
as radiative events. For events that have a photon in the final state the p}¥, y, and
mass are determined in the same manner as in section 5.2.1. The electron, photon,
and neutrino are then boosted into the lab frame. The separation of the electron

and photon in the lab frame is defined by

R, = \/(¢e = ¢4)* + (e — 1,)? (5.9)

where ¢ and 7 are the phi and rapidity of the electron and photon. Figure 5.2 shows
the R.. and transverse momentum of the photon for CC W boson events. Due to
detector effects if the photon is near the electron it will not be observed as a separate
object. If R, , is less than a parameter (Rcogicsce) then the photon energy is merged

with the electron. The value of Rcogicsce=0.3 is taken from a Monte Carlo study of
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Figure 5.2: The distribution of the separation between the elec-
tron and photon, and the pr of the photon for CC W boson
radiative events.

radiative events where the electron and photon were put through the DOGEANT

simulation and the event reconstruction program [56].

The radiative program also does the Z — eey decay [48] where one of the elec-
trons is allowed to radiate. For the nominal value of yps;, ~66% of the events are

radiative.

The W — v — evvr decay is topologically indistinguishable from the W — ev
decay. The 7 — evv decay is included in the Monte Carlo with a branching fraction
for 7 — e of 0.18. The process W — v is generated in the same manner as
W — ev. In the rest frame of the 7 the three body decay, 7 — evv, is done. The
energy and angular correlations of the electron with respect to the 7 polarization
vector are preserved by selecting from a two dimensional distribution obtained from

T — evv decays generated with the ISAJET [49] program. After the selection cuts
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are applied 2.3% of the W — 7 — e events are accepted.

5.3 Detector Resolutions

In order to properly model the W and Z boson events the effect of the detector must
be applied to the observed quantities. The detector effects are: the electromagnetic
energy and angular resolutions, the hadronic momentum resolution, the efficiencies,
the acceptances, and small corrections to the electron and recoil momentum vectors.

The resolutions and efficiencies used in the Monte Carlo are mostly measured from

the collider data.

5.3.1 Angular Resolution of the Electrons

The polar angle (8) of the electron is determined from COGs of the electron cluster
and track. These points have a resolution associated with them which translates
into a resolution on the polar angle. The electron cluster position resolution is taken
from a DOGEANT simulation of single electrons. In the central calorimeter this
resolution was found to be both a function of the angle of incidence and the position

in the calorimeter. The resolution is parameterized with the following function

o(0,2)=(a+b-0)+(c+d-0)|Z| (5.10)

where Z is the position in the calorimeter in centimeters, and §' is the angle with

respect to the normal in degrees. The values of the parameters are shown in table 5.2.
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Parameter | Value
a 0.33183 cm
b 0.52281-10~2 cm/degree
c 0.41968-10°3
d 0.75496-10~* /degree

Table 5.2: Parameters used in the resolution function for the Z position in the central
calorimeter.

In the CC the Z position resolution varies from 0.4 to 1.1 cm depending on the angle
and position. In the forward calorimeters the electron radial position resolution is
found to be 0.2 cm. The azimuthal angle resolution of the cluster is determined from
several methods: test beam, Monte Carlo, and data studies and in the central and

forward calorimeters is ~ 3 - 10~3 rad.

The second point used to determine the polar angle comes from the (Z7,&, Rrrk)
position of the COG of the associated track. The resolution of the track COG is
determined from CC-CC Z boson events. The polar angle for each electron defines a
Z position along the beamline (Z; and Z,). The difference between the Z positions
(AZ, = Z, — Z,) for each Z boson event is then plotted. The Monte Carlo is then
compared to the AZ, distribution as a function of the Zcpc position resolution. It
has been found that a double Gaussian for the Z¢pc resolution best reproduces the
observed AZ, distribution. Figure 5.3 shows the AZ, distribution from the data
and the Monte Carlo simulation. Table 5.3 lists the resolutions of the two Gaussians

and the fraction of time that each Gaussian is used.
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Gaussian | Zgpc Resolution | Fraction

1 0.306 cm 94%
2 1.556 cm 6%

Table 5.3: The resolution parameters used to smear the Zcpc position. The fraction
represents the percentage of time that each resolution is used.
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Figure 5.3: The AZ, distribution from CC-CC Z boson events. The
dots are the data and the solid line the Monte Carlo simulation.
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Parameter | Central Calorimeter | Forward Calorimeter

C 0.973:30% 1.00%
S 13.5% vGeV 15.7% vGeV

Table 5.4: Electromagnetic energy resolution parameters for the central and forward
calorimeters.

5.3.2 Electromagnetic Energy Resolutions

The electromagnetic energy resolution may be written as follows [50]

AE S
E vEr

N
® % (5.11)

where C is the constant term, S is the sampling term, and N is the noise term. The
square root of Er is used for events in the central calorimeter but in the forward
calorimeter v/E is used [51]. Table 5.4 lists the values of the resolution parameters
in the CC and EC. The resolution due to the noise term is taken directly from the
W boson events and is incorporated into a correction to the electron energy, see
section 5.3.4. The sampling term is measured by using the testbeam data [58] and
is taken to be exact. Any uncertainty in the energy resolution is incorporated into

an error on the constant term.

The constant term is determined from the width of the invariant mass distribution
from CC-CC Z boson events. At this point all the resolutions that affect the invariant
mass distribution have been measured except for the constant term. By varying the
constant term in the Monte Carlo the best fit to the invariant mass distribution is

obtained. Figure 5.4 shows the x? fit to the invariant mass distribution as a function
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Figure 5.4: The x? between data and Monte Carlo as a function of the
electromagnetic resolution constant term for CC-CC Z boson events.

of the constant term. The minimum of the chi squared (x3,,) yields a constant term

of 0.9%. The error on the constant term is determined from the range allowed by

Xifin + 1 and is 2530%.
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5.3.3 Hadronic Response and Resolutions

A W or Z boson event can be thought of as a hard scattering which produces the
boson plus the hadronization of the spectator partons. The hard scattering produces
a W boson with some initial transverse momentum which is balanced by energy flow
in the opposite direction, and the spectator partons which produce an energy flow
which is symmetric in ¢. The recoil vector that is measured by the detector is the
sum of these two processes. The model used to simulate the recoil vector is twofold.
The resolution of the recoil that balances the initial pr of the boson is assumed to
be modeled by the function

Arr oo S (5.12)
pr

vPT
where from the QCD group the value of Cy is taken to be 4%. The sampling term

(Sy) is measured from the Z boson data and is presented below.

The contribution from the spectator partons is modeled using minimum bias data.
A minimum bias event is an event where an inelastic collision takes place between the
proton and antiproton. The ¥ from the minimum bias event is added, randomly in
@, to the Monte Carlo. The minimum bias events were collected throughout the run.
The luminosity at which the W boson events were recorded varies from 1.10% to
20-10% cm~2sec™! and is shown in figure 5.5. From references [51, 52] the following
relationship between the instantaneous luminosity of the W(Lw) and minimum bias
(Lmin) events is given by

oLpint

1+olwt = 1= e=eCamint

(5.13)



70

1!!|vv|]vv|]vvl|\vv]lvvmdnllvl[vrly‘3‘7

1200

1000

Number of Events

800
600
400

200

o'lllllljlllllAAleL]Al I S e b - TR
0 2 4 6 8 10 12 14 16 18 20

Luminosity (x10E30 cm™sec™")

Figure 5.5: The instantaneous luminosity distribution for the W boson
events.

where =46 mb is the total inelastic cross section integrated over the D@ acceptance,
and ¢=3.5 usec is the beam crossing time. From equation 5.13 and the luminosity
distribution of the W boson events the appropriate luminosity from which to pick
the minimum bias event is determined. It is important to match the luminosity
distribution of the W boson events since as the instantaneous luminosity increases
the average number of interactions increases and other effects like pileup and detector
noise are then modeled properly. The magnitude of the £ from the minimum bias
event is scaled by a factor (MB) which allows for the tuning of the resolution. How

Sy and MB are measured will be discussed later in this section.
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Figure 5.6: The fit to (p%° + 1) -7} versus p5° - fj for CC-CC and CC-EC
Z boson events. The fit has a x?/dof = 7.4/6.

Hadronic Response

The hadronic response (ay) is the energy scale of the hadronic recoil of the boson.
The hadronic response is measured relative to the electromagnetic energy scale. The
hadronic response is lower than the electromagnetic response for several reasons.
The recoil is mainly composed of pions which inherently have a lower response than
electrons and the recoil particles may go into regions of the calorimeter that have

poor response. The hadronic response is defined to be

—ee

1')'7’-2 = aypr - (5.14)

From Z boson events the plot of (755 + ) -7 versus ps° -7 measures ay, see figure 5.6.

The events used in figure 5.6 are CC-CC and CC-EC events. CC-EC events are
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Figure 5.7: Slope of the fit to the (5% + pr) - f versus ay. The fit to
the data and errors are plotted yielding ay = 0.810+0.015.

used in order to give the Z boson the same topology as the CC W boson events since
the neutrino is not observed so its rapidity is not restricted to the central region.
The Monte Carlo is then used to derive fit slope values as a function of ay, see
figure 5.7. This is done because in the Monte Carlo there are corrections applied
to the recoil which affect the hadronic response, see section 5.3.4. Figure 5.7 shows
the value of the hadronic response for a given slope value. Using the slope from
figure 5.6 the hadronic response is found to be 0.810+0.015. The hadronic response
obtained from figure 5.7 is lower by 0.007 than if the slope in figure 5.6 had been
used. This change is less than half the statistical error on ay. The error on ay is
assigned a 0.005 systematic error due to the uncertainties in the EC electromagnetic

energy scale. Thus, the hadronic response is ay = 0.810 3 0.016.

Several consistency checks have been performed on the stability of the value of

the hadronic response. If one restricts the electrons from the Z boson to the central
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calorimeter only then ay = 0.804 + 0.019(stat.). This value is consistent with the
CC-CC/CC-EC events. For the fit in figure 5.6 the intercept is allowed to float. One
could argue that if the p7° = 0 then you should not have an offset and indeed the
offset that is returned is consistent with zero. This is checked by forcing the fit in
figure 5.6 through zero. This gives a hadronic response of 0.800 + 0.010(stat.), with

a x?/dof = 7.6/7, which is again consistent with the previous result.

Hadronic Resolution

To measure the hadronic resolution parameters the Monte Carlo is used to determine
the resolution on the 7-balance as a function of MB and Sy. The %-balance is
computed with the hadronic recoil vector that is corrected for the hadronic response,

i.e. the n-balance is equal to (p%° + pF/ay) - . The following equation is evaluated

6 (a;',(Elc) ® 0,(MB) ® 0,,(Su) — ”3)2 (5.15)

XQ(MB,SH) = Z 5

=1

where for the bin 1

oy is the n-balance resolution from the data

6;" is the error on the 5-balance resolution from the data

o;(Elc) is the n-balance resolution due to the electrons

o;(MB) is the 7-balance resolution due to the number of minimum bias events

04(SH) is the n-balance resolution due the hadronic sampling term.
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Cu SH MB
4% | 49+14% | 1.01+0.03

Table 5.5: The hadronic resolution parameters.

pr(ee) -9 n-Balance Resolution(GeV/c)
bin (GeV/c) | Electron | Sy | MB | Quadrature| Data | x
0-1 0.163 0.225 | 4.220 4.229 4.42+0.21 | 0.91
1-2 0.177 0.509 | 4.275 4.309 4.401+0.24 | 0.38
2-4 0.183 0.767 | 4.299 4.371 4.41+0.21 | 0.19
4-7 0.207 1.115 | 4.225 4.375 4.141+0.20 | -1.18
7-12 0.258 1.526 | 4.235 4.509 4.774+0.23 | 1.14
12-25 0.389 2.182 | 4.223 4.769 4.95+0.29 | 0.62
L x*/dof = 4.1/4 |

Table 5.6: The (55° + pr/cay) - f resolution in the different p§° - 7 bins. Shown are
the values for the nominal values of resolution parameters for the electron, Sy, MB,
the three taken in quadrature, the data values, and the comparison between the data
points and the Monte Carlo.

The sum runs over bins pr(ee) - 7 of the size 0-1, 1-2, 2-4, 4-7, 7-12, and 12-25
GeV/c which were chosen to give the same error on §,,. The values of MB and
Sy are taken from the minimum of equation 5.15 (x3;,). The error on hadronic
resolution parameters is taken from the contour traced out from the x3,,,+1 ellipse.
Figure 5.8 shows the 1o contour in the MB and Sy plane. Table 5.5 lists the
nominal values of the hadronic resolution parameters and their errors. Figure 5.9
shows the contribution from each component of the 7-balance resolution as a function
of pr(ee) - 7} for the nominal values of the resolution parameters. Figure 5.10 shows
the comparison between the Monte Carlo and data for the 5-balance and ¢-balance

distributions.
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pr(ee) - € ¢-Balance Resolution(GeV/c)
bin (GeV/c) [ Electron | Sy | MB | Quadrature | Data X

0-1 1.654 1.344 | 4.256 4.760 4.411+0.21 | -1.67

1-2 1.643 1.379 | 4.312 4.816 4.39+0.24 | -1.78

2-4 1.657 1.373 | 4.285 4.795 4.77+£0.23 | -0.11

4-7 1.659 1.478 | 4.267 4.811 4.52+0.21 | -1.39

7-12 1.670 1.591 | 4.280 4.862 4.84+0.24 | -0.09
12-25 1.647 1.634 | 4.300 4.886 5.341+0.31 | 1.47 |
T [ x%/dof = 10.1/6 ]

Table 5.7: The (55 + p2/ay) - € resolution for the nominal values of the resolution
parameters.

5.3.4 Corrections to the Momentum Vectors

Due to the manner in which the electron and the recoils are measured in the data
corrections to the Monte Carlo vectors are required. There are two effects: a cor-
rection to the electron vector for energy flowing into the window that is not from
the electron and a correction to the recoil vector for energy lost under the electron.

These two values are different due to the zero suppression of the calorimeter cells.

The measurement of the recoil vector does not include the electron(s) window
cells. The correction to the recoil vector is called AU because the correction is
along the electron axis which defines U). This quantity is determined from the W
boson events by rotating, in ¢, a 5 x 5 window away from the electron and summing
the energy within that region. An isolation cut is applied to the rotated window
position since the rotated window may overlap with a region of high activity [53]. If
this were the case then the electron identification cuts would remove this event. The

electron energy from the core of the electron (EM(R=0.2)) is used to calculate the
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Figure 5.11: The AU correction versus U), after the lu-
minosity dependence has been removed.

isolation variable (f/2) for the rotated position. The isolation is required to pass
the fR°* <0.15 cut. The AUj correction is found to be luminosity dependent and is

given by

dAT; MeV
=12 g (5.16)

Observe that AU) changes by over 200 MeV for the instantaneous luminosity range
given in Run 1b. The AU correction is also found to be dependent upon the Uj of
the event. This is because when the recoil energy is near the electron more energy
will flow into the window. Figure 5.11 shows the AU correction versus the U} after
the luminosity dependence has been removed. The mean value of AU) for the entire

event sample is 460 MeV with an error of 25 MeV. The error was determined by
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varying the isolation cut by +0.05 about the nominal value.

The energy flow into the electron window that is not due to the electron is called
the underlying event energy (E,.). This energy is from the spectator partons and the
recoil of the boson. To measure this quantity ISAJET electrons which have the same
7 and Er distribution as electrons from W boson events are used. These electrons
are put through DOGEANT. The electrons are then superimposed onto non-zero
suppressed minimum bias data. This gives us three sets of data: the single electrons,
the non-zero suppressed minimum bias events, and the overlapped events. The three
sets of data are put through the same reconstruction program that was used for the
collider data. Then on an event by event basis the energy flow under the electron is
computed by taking the difference between the three sets of data. It is found that
the underlying event, in the CC, is flat in sin 4. The luminosity dependence that
is used is the same as given in equation 5.16. The average value of the underlying

event is (215 + 25) MeV.

In the Monte Carlo the corrections E,. and AU, are modelled according to the
distributions which were determined during the analysis. Figure 5.12 shows the
distribution of AU) used in the Monte Carlo after the luminosity and U effects
have been applied. By using a similar distribution for E,. the noise term for the

electromagnetic resolution is properly modeled.
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Figure 5.12: The distribution of AUj, used in the Monte
Carlo.

5.4 Efficiencies

There are four efficiencies that are used in the Monte Carlo. They are the trigger
turn on curves for the electron and missing Er, the electron identification efficiency
for the radiative events, and the electron identification efficiency which depends upon

the proximity of the recoil vector to the electron.

5.4.1 Trigger Turn on Curves

The trigger turn on curves are a result of the poorer resolution of the kinematic
quantities at the trigger level. The electron trigger turn on curve is measured by

taking the ratio of the signal trigger to a monitor trigger as a function of the offline
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Figure 5.13: The electron and missing pr trigger turn on curves. The
solid line is the electron turn on curve and the dashed line is the missing
pr turn on curve.

electron Er [54]. The monitor trigger has a lower Level 2 Er threshold and is 100%
efficient in the Er range of interest for the signal trigger EM1_EISTRKCC_MS. The
monitor trigger used is ELE_.1_ MON which has a Level 2 Er cut of 16 GeV on the
electron. The electrons from the ELE_.1_MON trigger are required to pass the same
quality cuts as the EM1_EISTRKCC_MS trigger. The signal trigger is found to be

93% efficient for an electron with ET of 25 GeV and 100% efficient at 30 GeV [54].

The F7 turn on curve is done in a similar manner. The monitor trigger used was
EM1_ELE_MON which had the same electron Level 1 and 2 trigger requirements as
EMI1_EISTRKCC_MS trigger except it did not have a £ cut. The ratio of these
two triggers as a function of the offline £, determines the turn on curve. The
EMI1_EISTRKCC_MS trigger is 96% efficient at a £ of 25 GeV which rises to 99%
at a fr of 30 GeV [55]. Figure 5.13 shows the trigger turn on curves that are

implemented in the Monte Carlo.
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5.4.2 Electron Identification Efficiencies

There is an electron inefficiency due to the presence of the photon in radiative events.
When the photon is near the electron it may cause the isolation or the x? cut to fail
the event. This inefficiency has been studied using DOGEANT where the electron
and photon were put through the full detector simulation [56]. The efficiency for
accepting an event was found to be dependent upon the transverse energy of the
photon and the separation between the electron and photon. Most radiative events
have either the photon with low pr or near the electron, i.e. R, <0.1. In either of
these cases the electron identification is not effected by the presence of the photon.
When the photon has Er > 1 GeV and is in the region 0.1< R., <0.4 then the x?
and isolation cuts have the largest effect. The efficiency that is applied in the Monte
Carlo is a function of the pr of the photon and R, ,. The number of radiative events

lost due to these inefficiencies is 2.5%.

Another electron inefficiency is due to the presence of the recoil particles near the
electron. This inefficiency is determined as a function of the U} in the event since
this quantity is a measure of the electron and recoil topology. The Uj efficiency is
determined by taking single electrons which have the same kinematic and angular
distribution as electrons from W boson events and superimposing them on a W
boson data event. The overlapped events are then put through the trigger simulator
and the reconstruction program. The Er of the overlapped events is then tuned to

match the data since U and Er are highly correlated. The following function is
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used for the U) efficiency

Ui <Uj
1-s(U) - Up) U >Up

F(Uy) = (5.17)

where Up = (3.85+0.55) GeV and s = (0.013+0.001) GeV~! [57].

5.5 Comparison between the Monte Carlo

and the VW Boson distributions

All the parameters and efficiencies used in the Monte Carlo have now been deter-
mined, except for the electromagnetic energy scale which will be discussed in chap-
ter 6. Some distributions from W boson events and the Monte Carlo simulation are
presented. Figure 5.14 shows the comparison between the data and Monte Carlo for
the p} distribution. Figure 5.15 shows the Uj and U, distributions. Figure 5.16
is the average U) versus the p}, m;, Er, and E; . Figure 5.17 shows the rapidity
distribution of the electron. The distribution, which is area normalized, shows a
decrease in the number of events in the central region. Figure 5.18 shows the elec-
tron and track COG Z positions in the CDC and CC which are used to calculate 7.
Both distributions also show a depression at zero. This may be due to a tracking
inefficiency at the center of the CDC. The issue of an 5 dependence in the W boson

mass fit is discussed in section 7.4.
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the recoil vector in the W boson events.

Variable Data Monte Carlo
(GeV) Mean RMS [ Mean | RMS |
U -1.33+0.04 | 6.70+0.03 | -1.39 6.62
U, -0.04+0.04 | 7.32+0.03 | 0.01 7.53

Table 5.8: The mean and RMS values for the U} and U, distributions. The effect of
the backgrounds have been included in the Monte Carlo.
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Parameter Symbol | Value and Error ||
CC Constant Term [4 0.97035% .
Hadronic Response ay 0.810+0.016
Hadronic Sampling Term Sy 494+14%
Number of Min. Bias Events MB 1.01+0.03

Average AU| Correction < AU > 460125 MeV
Average Electron Er Correction | < E,. > 215125 MeV
CDC Z Resolution 0.1 0.306+0.02 cm

Table 5.9: A summary of the inputs to the Monte Carlo.

5.6 Summary

The CMS Monte Carlo has been shown to reproduce the observed kinematic variables

in the W and Z boson events. A summary of some of the inputs to the Monte Carlo

is shown in table 5.9.
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Chapter 6

The Electromagnetic Energy Scale

6.1 Measuring the Energy of an Electron

The energy of an electron is measured in a window of 0.5x0.5 in 7 X ¢ and includes
the first five layers of the calorimeter. Each layer has 25 cells except for EM3 which
contains 100 cells. Each cell is built from a number of unit cells which are ganged
together. A unit cell consists of a uranium plate, liquid argon gap, and a readout
pad, see figure 3.9. The signal received from a cell is digitized and stored as the
number of ADC counts. To convert ADC counts to energy sampling fractions have
been determined from the test beam data [58]. The energy for the i** electron is

given by

Ei=a) BiAi+6 (6.1)
Jj=1

91
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Parameter Value
o 1.308+0.008
B 0.85210.007

B3 1.0

Ba 0.966+0.004

Bs 1.8395
a x 103(GeV/ADC) | 2.956+0.005
8(GeV) 0.347+0.013

Table 6.1: Sampling fractions determined from the test beam data.

where a is an overall scale, 3; is the weight for layer j, A,; is the sum of the ADC
counts in layer j, and 6 is an overall offset. The electron test beam data for the
central calorimeter was taken at the three values of = (0.0,0.45,1.05) and spanned
an energy range from 7.5 to 150 GeV. The sampling fractions are chosen to provide
the best linearity, resolution, and uniformity. Since, there is an overall scale a the
weight of the third layer (83) is defined to be 1. The weight of the FH1 layer (8s) is
given the value expected for a minimum ionizing particle since there is little energy
deposited in FH1 and because the optimization technique is insensitive to 85. The
parameters a, £, 5,, 8, and § are obtained by minimizing

N

-T2 o2

=1

where p; is the momentum of the electron, E; is the energy calculated from equa-
tion 6.1, and o is the resolution for the energy point E. Table 6.1 lists the sampling

fractions obtained from this procedure [58].

It is a very difficult process to measure the absolute energy scale in a test beam
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and then transfer that calibration to another detector with the precision required
for the W boson mass measurement. So are the § and a are determined from the
test beam the correct values for the DO central calorimeter? The offset § has been
attributed to energy loss due to material in front of the calorimeter [59]. The test
beam had different types and amounts of material in front of the calorimeter than
the D@ detector. For example, the thickness of the cryostat wall at the test beam
was different than what was used in the D@ calorimeter. It follows that the §
evaluated from the test beam data should be different than what is required for the

D@ calorimeter.

Another difference between the test beam and the D@ central calorimeter is due
to the ¢ modules that were used. The studies conducted at the test beam used only
two calorimeter modules. In contrast the D@ central calorimeter was built from 32
modules and the two modules that were in the test beam were not put into the D@
calorimeter. Thus, the scale a which was determined from these two modules may
not reflect the response of the D@ calorimeter. For instance, the scale is very sensitive
to the spacing of the uranium plates. If the spacing of the two modules in the test
beam was somewhat different than what was put in the calorimeter a difference in
the response would be expected. A confirmation of this uncertainty comes from the
relative calibration of the CC modules done during Run 1a [51]. The relative response
of the CC modules was obtained by using an inclusive electron trigger and counting
the number of events above an Er threshold [60]. The distribution of the relative

response for the CC modules had an RMS of 1.3%. Therefore, a scale determined
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from just two modules should not be expected to give the correct scale for the D@

calorimeter.

6.2 The Scale and the Offset

The task now is to measure the scale and the offset from the collider data. The
functional form the energy response is more easily measured, than the absolute

energy scale, at the test beam and is given by

EMeaa = aEMETrue + 6EM (6.3)

where EM®% ig the measured energy, ag is the scale, E7™% is the true energy, and
8eMm is the offset measured relative to the offset in the sampling fractions. Figure 6.1
shows the fractional deviation of the electron energy response versus momentum

using equation 6.3. From equation 6.3 the mass may be written as

MMear — qpp MT™ 4 f6m + O(655,) (6.4)
where
E,+E
f= —1—;!—’(1 ~ cos) (6.5)

and v is the opening angle between the two decay products. Now that the measured

mass is related to the true mass, scale, and offset the electromagnetic decays of the
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the region of pream > 10GeV/c and only deviates at low momentum.

7%, J/+, and Z boson may be used to constrain agp and 8gps.

6.2.1 =°

The electromagnetic decay of the x° into two photons allows us to use this resonance
to measure the response of the electromagnetic calorimeter. If the x° has a pr > 1
GeV/c then the photons from the decay cannot be separated in the D@ calorimeter
and the invariant mass cannot be reconstructed. There is a ~ 10% chance that a
photon will convert into a ete™ pair. If both photons convert then the tracking sys-
tem can be used to determine the opening angle. The signal sample 7° — ete~ete™
is selected by looking for two doubly ionizing tracks in the tracking chamber. The

energy of the 7° is defined as the energy of the cluster (E(7°)) which has two doubly
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ionizing tracks pointing at it. The symmetric mass (m,;m) is defined as

R L (6.6)

where v is the opening angle between the converted photons. The magnitude of the
symmetric mass is greater than or equal to the invariant mass. A Monte Carlo was
written to determine the mass of the #° from the symmetric mass distribution as a
function of agy and égps. Figure 6.2 shows the background subtracted symmetric
mass distribution and the Monte Carlo fit. Since the mass is a function of the scale
and the offset these two quantities are correlated. Figure 6.4 shows the contour of

the allowed agy and §gp values for the 7° analysis. A more detailed account of
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solid line is the fit to the peak plus the background shape.

this analysis can be found in [61] and [62].

8.2.2 J/vy

A sample of J/1¢ events was collected during special runs with a low Er di-electron
trigger. Figure 6.3 shows the distribution of J/9 events along with the expected
background. The mass that is measured is 3.032+0.035(stat.)+0.190(syst.) GeV/c*.

The mass expected to be observed is

Moy, = agmMM )y + f1740EM (6.7)
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with the Monte Carlo value of f;/,=0.56. Figure 6.4 shows the allowed values of
agy and §gps from the J/9 analysis. A more detailed account of this analysis can

be found in [63].

6.23 7

The Z boson events can also be used to constrain agpr and §gpr because the electron
energies are not monochromatic. The measured Z boson mass as a function of fz
is shown in figure 6.5. The values in figure 6.5 are then compared with the Monte
Carlo as a function of agy and égps. Figure 6.4 shows the allowed contour from the

Z boson data.

6.2.4 The Combined Result

Figure 6.4 shows the one standard deviation contour of agas versus g for the three

data samples. The three results are combined to measure an offset of

Sgam = —0.16 £+ 0.03 GeV. (6.8)

Remember this offset is relative to the § given in table 6.1 which would imply the §

that should be used in the sampling fractions is 0.187 GeV.

In this analysis the assumption is that equation 6.3 holds true. The test beam
data does accommodate a small term in the energy response that goes as EZ. If

this term is allowed to vary within the test beam limits the error on §gas becomes
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asymmetric and is

bgm = —0.16+0%3 GeV. (6.9)

Using the Z boson data alone, the offset is determined to be —0.25+0.35GeV which
is nearly as accurate as the combined result and does not suffer from the possible

higher order effects at low energy.

The x° and J/4 constrain 6 in a manner which is nearly independent of azy;.
Therefore, when measuring agps the offset is fixed to -0.16 GeV and allow the CC-
CC Z boson data alone to determine the scale. The CC-CC Z boson invariant mass
spectrum is fit in the from 70 to 110 GeV/c?. The background shape is found to be

well modeled by an exponential and has a slope equal to (—0.036+0.002) (GeV/c?)™!.
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The background shape was determined by selecting two electromagnetic objects
which fail an electron identification requirement. The magnitude of the background

in the fit is allowed to float. Figure 6.6 shows the fit to the invariant mass distribution

for CC-CC Z boson events. From this fit a Z boson mass of

Mz = 91.189 + 0.083 GeV/c? (6.10)

is measured for a scale of

apM = 0.95372. (6.11)

The statistical error on the Z boson mass translates into an uncertainty of 0.00091
on agpy. Figure 6.7 shows the relative likelihood curve used to determine the value
of agpy. Figure 6.8 shows the comparison between the Monte Carlo and data as a
function of the invariant mass. The variable x is the data value minus the theory

divided by the error on the data point.

The Z boson mass is insensitive to choice of the fitting window and variations
in the magnitude of the background. The parton distribution functions and other
systematic errors contribute a negligible amount to the uncertainty on the Z boson

mass [64, 45].
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6.3 The Effect of the Offset on the W Boson Mass

What is the effect of the error on §gp on the W boson mass? The ratio (R) of the

measured W to Z boson masses is written as

R = (%) e (6.12)

Using equation 6.4 to write the measured W and Z boson masses as a function of
the agn, §EMm, and the true masses, equation 6.12 becomes

R ~ apm My ™ + fwlem
agmMZ™ + fz65m

M True 5 . MTrue - . MTrue
Mz QEM Mz . Mz

(6.13)

where fiv and fz are the kinematic factors given in equation 6.5. Observe that if
8em = 0 then the ratio of the true masses is equal to the ratio of the measured
masses. The derivative of the ratio with respect to the offset is

R 1 (fw ME— £ ME)
86em QEM Mgrue . M%'rue .

(6.15)

The true W boson mass is

Ml = R. M (6.16)
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and so the derivative of the true W boson mass with respect to the offset is

anT",rue N 1 (.fW . Mg’ruc - fZ . MVT",rue)
86em agMm Mzre '

(6.17)

Therefore, the effect of the offset on the W boson mass is suppressed by a factor
which depends upon the W and Z boson masses and kinematics. Equation 6.17 is
evaluated with the Monte Carlo and determined to be

a Mvi"',rue
06em

~0.1. (6.18)

From equation 6.18 the error on the W boson mass due to uncertainty on gy is

21 MeV/c.

6.4 Summary

The electromagnetic energy scale has been determined, for the central calorimeter,
to a precision of 0.095%. The uncertainty on the energy scale is currently dominated
by the statistical error on the Z boson events. The energy scale error for the W
boson mass is 77 MeV/c?, where 74 MeV/c? is from the statistical uncertainty of
the Z boson and 21 MeV/c? is from the uncertainty on §gp. The data used to

measure the W boson mass are corrected with a §zp of -0.16 GeV.



Chapter 7

The W Boson Mass and

Systematic Errors

7.1 The W Boson Mass

The W boson mass is measured by performing a fit to the transverse mass distribu-
tion. The Monte Carlo generated probability distributions are compared to the data
distribution using the maximum likelihood technique [65]. The maximum likelihood
is the product of the probabilities of the events coming from a given distribution.

Stated mathematically, the likelihood (L(m)) as a function of a given mass m is

L(m) = [T P(m) (7.1)

where P;(m) is the probability of the i** event for a mass m, and N is the number

of events in the data sample. In practice the negative log likelihood (L) is used and

106



107

is given by

L = —-InL

N
= =) InP(m). (7.2)

i=1
The Monte Carlo used to generate the probability distributions was discussed in
chapters 5 and 6. The mass is given by the minimum of equation 7.2 and is

oc

o, =° (7.3)

The error on My is the region allowed by the minimum of £ plus 1/2 a unit.

Figure 7.1 shows the best fit to the data and yields a W boson mass of
My = 80.346 % 0.069 GeV/c>. (7.4)

The fitting region is the transverse mass range from 60-90 GeV/c?. Figure 7.2 shows
the relative likelihood as a function of the W boson mass. Figure 7.3 shows the x
per bin over the transverse mass fit range. No bias is observed in the x distribution
which is consistent with that expected from statistical fluctuations. The x?/dof is
78.6/59. The Kolmogorov-Smirnoff test [65], which is sensitive to the shape of the

distribution, returns a probability of 90%.
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7.1.1 The Lepton Fits

The W boson mass can also be measured from the fits to the Er and £ distributions
and are shown in figure 7.4. The observed masses are: 80.329 + 0.092(stat.) for the
E7 fit and 79.741 + 0.126(stat.) for the ¥ fit. The lepton fits are used only as

consistency checks on the m; fit and will be discussed later in section 7.4.
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Figure 7.3: The comparison between the Monte Carlo
and data as a function of the transverse mass.

7.2 Systematic Errors

In general, the evaluation of the systematic errors involves varying in the Monte
Carlo a parameter within its limits and measuring the change of the W boson mass.
For a particular value of a parameter the Monte Carlo is used to produce “experi-
mental” data sets of 30,000 events. Each of these experiments is then fit with the
probability functions used to measure the W boson mass. Typically 56 experiments
were generated for each parameter value. Figure 7.5 shows the distribution of W

boson mass fits for 56 experiments of 30,000 events for a mass of 80.400 GeV/c?.
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These experiments were generated without any variation of the parameters and so
the returned mean should be 80.400 GeV/c?. Note the sigma of the distribution is

consistent with the statistical error observed on the m; fit from the data.
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Figure 7.5: The distribution of fitted W boson masses
for 56 experiments containing 30,000 events.

7.2.1 Theoretical Error

There are number of inputs to the theoretical model that have uncertainties on them

which lead to systematic errors on the W boson mass. The theoretical errors are due

to: the choice of dT‘::W the pdfs, and the parton luminosity. All three are correlated

)
T

through the choice of the pdf. The radiative model also has uncertainties associated
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with it since it involves a cutoff parameter vas;p,.

The ﬁgy Model

The model rﬁ:;r has three parameters, g;, g,, and g3, which parameterize the non-
perturbative physics [23]. The p¥ spectrum is found to be most sensitive to the
parameter g,. To measure g, the Monte Carlo p§° distribution, from Z boson events,
is compared with the data. Figure 7.6 shows the p%Z distribution for two extreme
values of g;. The method for constraining g, can be found in reference [66]). The error
on g, is taken to be +20 where o is the value from reference [23]. Table 7.1 shows
the variation of the W boson mass as a function of g, for the m, fit and table 7.2 for
the lepton fit. An error of 12 MeV/c? is assigned to the error on the W boson mass

due to the uncertainty on g, for the m, fit, and 61 MeV/c? for the lepton fit.

PDFs

The pdfs are partially constrained though the W boson asymmetry [67]. To evaluate
the uncertainty of the pdf, due to the error on the asymmetry data, the CTEQ [68]
collaboration has provided special versions of their CTEQ3M pdf for two different as-
sumptions on the asymmetry data points. The asymmetry data is from the CDF [69]
collaboration. A special version of the pdf is determined by simultaneously increasing
each data point by its error and rederiving the pdf. This pdf is called “asymmetry
high”. The second pdf is when all the data points are simultaneously decreased,

and so this pdf is called “asymmetry low”. Table 7.1 shows the variation of the W
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boson mass for the three CTEQ3M pdfs, and as a function of g,. The variation in
the asymmetry leads to an error of ~ 40 MeV/c? on the W boson mass. Since the
probability of all the asymmetry points fluctuating coherently by one sigma is small,
a conservative error of 20 MeV/c? is assigned for the uncertainty on the asymmetry
to account for the effect on the pdfs. From table 7.2 the error on the lepton fits is

taken to be 90 MeV/c%.

The error on the W boson mass due to the choice of pdf is determined from the
variation in the mass for the modern pdfs. Table 7.3 lists the variation of the W

boson mass for the modern pdfs relative to the MRSA value. Without the ability to
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JMW{(MeV/cz) g2 — 2 | g2 g2+20 | g2 + 4o |
Asymmetry Low 56+11 | 40+11 | 23+11 | 27+11
Asymmetry Nominal | 916 0 -14+6 | -21+6
Asymmetry High -65+11 | -51+11 | -63+11 | -52+11

Table 7.1: The variation of the W boson mass for the m, fit as a function of g, and
different assumptions of the asymmetry for the CTEQ3M pdf.

SMw(MeV/c?) gs — 20 g2 g2 +20 | g2+ 40

Asymmetry Low 149+14 | 126+14 | 33+14 4+14

Asymmetry Nominal | 62+9 0 -59+9 | -126+9

Asymmetry High -40+14 | -T1+14 | -145+14 | -193+14 b

Table 7.2: The variation of the W boson mass for the lepton transverse momentum
fit as a function of g, and different assumptions of the asymmetry for the CTEQ3M
pdf.

further select a pdf the maximum variation between the pdfs is taken as the error
on the W boson mass. For the transverse mass this is 48 MeV/c? and the lepton

fits 150 MeV/c2.

Fit Variable
PDF m Er
MRSA 0 0
MRSD-’ -2+14 | -261+20
CTEQ3M | -48+11 | -150+15

Table 7.3: The variation of the W boson mass from the different pdfs. The center
column is the transverse mass fit and the right column the lepton Er fits.
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Figure 7.7: The variation of the W boson mass as a function of
YMin (left) and Rcoaicsce (l'ight).

Parton Luminosity

The parton luminosity changes the shape of the invariant mass distribution which
translates into a change in the transverse mass lineshape. The parton luminosity
parameter (3) is assigned a 25% error to cover the uncertainty in its calculation.

This leads to an error on the W boson mass of 10 MeV/c?.

Radiation

There are two components to the uncertainty on the W boson mass from the radiative
events. The first is from the parameter v)s;, used in the calculation and the second
is from the detector effect which forces the use of the parameter Rcoaiesce- Figure 7.7
shows the variation of the W boson mass as a function of these parameters. From
the variation shown in figure 7.7 and reference [70] an error of 20 MeV/c? is assigned

to the error on the W boson mass due to radiative decays. Table 7.4 summarizes
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§Mw(MeV/c?)
Uncertainty my Er
T Model 12 61
Asymmetry 20 90
Parton Distribution Functions | 48 150
Parton Luminosity 10 10
Radiative Decays 20 40
Total 58 190

Table 7.4: A summary of the theoretical uncertainties on the W boson mass mea-
surement.

the theoretical errors on the W boson mass measurement.

7.2.2 Detector Effects

The inputs to the Monte Carlo have been evaluated to measure their sensitivity on
the W boson mass. For incidence, figure 7.8 shows the variation, or derivative, of
the W boson mass with respect to the hadronic response for the m, and Ey fits.
The derivative (%:’-) is measured to be 16.6 M—JKIL", for m, fit and -28.5 M—;_‘;IL"’ for
the Pr fit. The hadronic response is an interesting quantity in that the m; and ¥

anti-correlate, whereas most parameters tend to be correlated. Table 7.5 lists the
systematic errors, the derivative of the W boson mass with respect to the parameter,
and the error on the W boson mass for the m, fit. Table 7.6 shows the same items for
the lepton fits. If the variation of the W boson mass with respect to a parameter is
not linear the error is symmetrized by assigning it to the largest value. An example

of this is shown in figure 7.9 which is the variation of the W boson mass with respect

to the electromagnetic constant term.
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Figure 7.9: The variation of the W boson mass as a function of the
electromagnetic constant term for the m; fit. The difference is with
respect to the nominal value at 0.9%.

Occasionally the derivative is evaluated on the ratio of the W and Z boson masses
to take advantage of the cancelations that occur between the W and Z boson. An
example of this is the error from the CDC scale. The error on the W boson mass,
when the ratio is used, is 38 MeV/c?. If the ratio was not used then the error on the
W boson mass would have been 76 MeV/c?. In this case the ratio gives a substantial

reduction in the error.

Many of the parameters in the Monte Carlo are correlated but most are not

strongly correlated. Since Sy and MB both smear the hadronic recoil they are



120

strongly correlated, see figure 5.8. This correlation is taken into account when the

error is evaluated. The error on the W boson mass may be written as follows

oM _ \* (oM 2 oM\ ( M

where 2 is the change of the W boson mass with respect to the variable

X = {Su,MB}, §x is the error on variable, and cov(Sy, MB) is the covariance of

Sy and MB. The correlation coefficient (p) given in terms of the covariance is

Sy, MB
, = =(51,MB) (7.6)
8s,6MB

= —0.5876. (7.7)

Using equation 7.5, correlation coefficient, and the derivatives and parameters given
in table 7.5 the error on the W boson mass from Sy and MB is determined to be

32 MeV/2.

7.3 Backgrounds

The background to the sample has two components: from QCD jets and Z — ee
events. The QCD background occurs when a jet fakes a high pr electron and detector
effects produce significant missing pr. The Z — ee background occurs when one of

the electrons is lost producing missing Er. All other backgrounds are negligible.
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7.3.1 QCD Background

To measure the QCD background the EM1 ELE_ MON trigger is used. This trigger
had loose electron requirements and no missing pr cut. From these events the £

is plotted for events passing the W boson selection criteria. These are called “good”
events. Two regions are defined in the ¥, distribution: the signal region is

25< Er < 60 GeV, and a normalization region, Z; < 15 GeV. A sample of “bad”
events is selected by requiring x? > 200 and o'rrqck > 10. The good and bad samples
are normalized to the same number of events in the normalization region. Figure 7.10
shows the f; distribution for the good and bad events normalized in this region.
The background is taken to be the ratio of the number of bad events to the number
of good events in the signal region. The background was measured as a function of
the luminosity and is shown in figure 7.11. The total QCD background, weighted by
the luminosity distribution of W boson events, is (1.5+0.3)%. The error of 0.3% is

from the variation of the points in figure 7.11.

The shape of the QCD background has been measured in two ways. One method
uses the bad events in the signal region and the distribution of their transverse
mass. The second method selected fake electrons using the TRD and then plotted
the transverse mass of these events. The background to the lepton fits are well

represented by an exponential with a slope of -0.08 for the Er fit and -0.10 for the

B fit.

The error on the W boson mass is taken as the combination of the error on the

normalization and variations on the allowed background shape, and for the m; fit is
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Figure 7.10: The E; distribution of the good (dots) and
bad (solid histogram) events. The two samples are nor-
malized in the low E; region. The amount of back-
ground is the ratio of the number of events in the signal
region.

13 MeV/c2.

732 Z—ee

The Z — ee background, where one of the elect is lost, is determined by using

ISAJET Z boson events and putting them through the GEANT simulation. The
Er for the GEANT simulated events was smeared to match the £ observed in

the data. The W boson selection cuts were then applied to the GEANT simulated
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Figure 7.11: The QCD background as a function of the
luminosity. The luminosity bins are 0-5, 5-10, and 10+
in units of 103¥cm=2sec™!.

events and the background is found to be (0.55+0.05)%.

Tables 7.5 and 7.6 summarize the effect of the backgrounds on the W mass

measurement.

7.4 Consistency Checks

A number of consistency checks have been done to test the stability of the W boson
mass value. The mass is measured with the data divided into sub-samples based on

an interesting quantity to see how it varies.
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Fitting Window

The upper and lower values of the fitting window has been varied over a large range.
Figure 7.12 shows the change in mass for different values of the fitting window relative
to the nominal value. The W boson mass only begins to move appreciably for fitting

windows that are high up on the distribution or way out on the tail.

¢ Dependence

The data are broken into 32 parts corresponding to the ¢ modules of the central
calorimeter. The mass of each subsample, each having approximately 1000 events,
is measured and is shown in figure 7.13. Because of the Main Ring a dependence
on ¢ may have occurred but none is observed. The RMS of the fit values has two
components: one from the statistical error of the mass measurements and the other
from the variation in the response of the CC ¢ modules. The RMS of the points
in figure 7.13 is 605 MeV/c? and the statistical error of each point is 380 MeV/c?.
This gives the ¢ module variation of 0.6% which is in excellent agreement with the
0.5% given as the uncertainty on the CC ¢ module calibration constants determined

in reference [51].

n Dependence

Fits have been performed on the data for which a more restrictive 7 cut was applied
to the electron. For this study the Monte Carlo also had the cut applied to the

electron(s). The W boson mass, measured from the ratio, as a function of the 3
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Figure 7.12: The variation in the mass as a function of the fitting window. For the
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cut is shown in figure 7.14. The values in figure 7.14 are relative to the point at
n = 1.0 which is the nominal value. The errors on the points are statistical only. No

dependence on the mass as a function of the 7 cut is observed.

Comparison with the Lepton Mass Fits

The W boson mass extracted from the lepton fits is used as a consistency check of the
m, fit. The statistical error on the difference of the W boson masses is determined
from the Monte Carlo for the m; and lepton fits. For 30,000 events the RMS of
the difference between the mass values from the m; and Er fits is 94 MeV/c? and
between the m, and E; fits is 115 MeV/c?. The difference in the W boson masses

from the m; and Er7 fits is

AMw(my, Er) = 17 + 94(stat.) + 150(syst.) MeV/c? (7.8)
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= 174+ 177 MeV/c

and between the m; and E; is

AMw(my, E7) = 605+ 115(stat.) + 167(syst.) MeV/c?

= 605+ 203 MeV/c?

and between the lepton fits is

AMy (Er,E;) = 588 £ 155(stat.) + 141(syst.) MeV/c?

= 5884210 MeV/c2.

(7.9)

(7.10)

(7.11)

(7.12)

(7.13)

The systematic errors are evaluated using the derivatives in tables 7.5 and 7.6. The

statistical significance of A My (m,, ET), AMw(m, E1), and AMw(Er, E7), is 0.10,

2.98 and 2.800 respectively.
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Luminosity Dependence

The Tevatron Run 1b more than doubled the highest instantaneous luminosity at
which data had been collected at D@. In the Monte Carlo several of the parameters
are implemented in a luminosity dependent way. For example the underlying event
correction and the minimum bias events that are added to the Monte Carlo depend
upon the luminosity at which the W boson was taken. Errors in the application
of these luminosity dependent effects could be observed when the data is divided
into luminosity regions. The data are broken into four luminosity bins each with
roughly the same number of events. These regions are 0-5, 5-7, 7-9, and 9+ in units
of 10¥cm~2sec™!. The Monte Carlo is run with the luminosity distribution relevant
for each bin. Figure 7.15 shows the Z boson mass as a function of the luminosity.
No dependence on the Z boson mass on the luminosity is observed. Figure 7.16
shows the W boson mass as a function of the luminosity for the m;, Er, and £,
fits. The W boson mass in the last luminosity bin of the £, distribution is much
lower than other three points. The question becomes how does this effect the W
boson mass extracted from the m, fit? If the W boson mass is fit using only the data
in the first three luminosity bins, for the m, fit, a mass of 80.436 GeV/c? is observed.
Statistically, the change in the W boson mass one would expect from removing the
events in the last luminosity bin is 44 MeV/c?. Thus, the change observed is a two
sigma effect. A variation of this size may be statistical but also warrants further

investigation of the hadronic resolutions in the high luminosity environment.
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Figure 7.15: The Z boson mass as a function of the luminosity.
The central line in the fit is the mean value of the four data
points and the two outer lines the statistical error.

7.5 Summary

The W boson mass from the m mass distribution is measured to be 80.3461+0.067(stat.)+

0.091(syst.) GeV/c?. The mass has been found to be stable when divided into sub-
samples and variations of the fitting window. The fits to the electron and neutrino
pr distributions give 80.329 + 0.092(stat.) & 0.196(syst.) and 79.741 + 0.126(stat.) +
0.236(syst.), respectively. All three fits have a common 0.077 GeV/c? energy scale

error. Table 7.5 summarizes the systematic errors on the W boson mass.
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Parameter Value and Error %W- SMy
(MeV/c?)

CC Constant Term C = 0.91032% -7.3 M 2 22
Hadronic Response ap = 0.810+0.016 16.6 M¥/E 27
Hadronic Sampling Term Sy = 49+14% -12.8 %%L"’ 18
# Minimum Bias Events MB = 1.01+0.03 -13.1 Mevie 39
AU Correction AU = 460+25 MeV/c 1.1 ﬁ;‘:vcz 28

U Efficiency Slope e = 0.013:0.001 2,7 Mevic <5
W Natural Width | T = 2.06+0.06 GeV/c* | -15.9 ;MeV/e 10
CDC Z Scale Scpc = 0.988+0.002 | 18.6 MeV/2 37
Trigger Efficiencies Spread - 15
QCD Background 1.5+0.3% - 13

Z Background 0.55+0.05% - <5
Theoretical Table 7.4 - 58

o1 |

Table 7.5: The systematic errors on the W mass using the transverse mass distribu-
tion. The total error of 91 MeV/c? is evaluated with all the errors taken in quadrature
except for the uncertainty from Sy and MB which combined is 32 MeV/c?.
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Fit Type Electron Er Missing pr

Parameter oMy SMy oMw SMw

CC Constant Term 3.1 %’%ﬁ 9 -5.7 %%@ 17
Hadronic Response -0.1 M—g.‘;lﬁ <5 | -28.5 M{%IL"J 46
Hadronic Sampling Term | -0.6 M¥/€ | <5 | .24.5 MV[e | 34
# Minimum Bias Events | 2.6 ¥/ | g | 349 MV/? | 05

AU Correction 0.1 % <5 2.1 %’VL/:Z 53

U, Efficiency Slope 8.5 MVie | g | 169 MV/Z | 7

W Natural Width | -15.9 ooy | 10 |-159 eetlos | 10

CDC Z Scale 18.6 MVie | 37 | 186 MVIZ | 37

Trigger Efficiencies - 15 - 15

QCD Background - 15 - 18

Z Background - 8 - 6
Theoretical - 190 - 190

196 236

Table 7.6: The systematic errors on the lepton pr fits. The values of the errors are
shown in table 7.5.




Chapter 8

Conclusion

8.1 The W Boson Mass

The W boson mass, measured in W — ev decays with the transverse mass spectrum,

is

80.346 + 0.069(stat.) + 0.091(syst.) + 0.077(scale) GeV/c? (8.1)

80.346 + 0.137 GeV/c. (8.2)

This thesis describes currently the single most precise measurement of W boson mass.
Figure 8.1 shows the most recent W boson mass measurements. This measurement

is combined with the previous values and presented.
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Figure 8.1: The current measurements of the W boson mass. The vertical
lines are the world average and error before this measurement.
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8.2 Combined W Boson Mass

To combine the Run la and 1b W boson mass measurements from D@ the procedure

given in [71] is used. The mass may be written in terms of its errors as

M, + M}, + SMZ™ (8.3)

where M, is the mass of the i** measurement, § M}, is the uncorrelated error, and
SM ™ is the common error between the measurements. To combine the D@ la and
1b measurements the weighted average is evaluated with the uncorrelated errors and

is given by

Mig /(M) + MY/ (SM3)?

DO _
M = = Mgy + 1/(6MBP (84)
with the error on M5? being
1
Do _ com )2 .
M = | Ty T+ ) &2

The uncorrelated and common errors between the Run 1a and 1b W mass measure-
ments are shown in table 8.1. Using the results of table 8.1, Mj? = 80.35 GeV/c?,

and equation 8.2 in equations 8.4 and 8.5 the combined D@ W boson mass is

MJ? = 80.347 £ 0.130 GeV/c%. (8.6)
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Source Run 1a | Run 1b | Common
W Statistics 140 67

Z Statistics 160 74
Offset(6em) 21
CC Constant Term 70 22

Hadronic Resolution 88 32

Hadronic Response 50 27

AU, Correction 35 28

CDC Z Scale 34 37
Efficiencies 30 15
Backgrounds 34 14
Theoretical 35 62
Total (MeV/c?) 257 116 75

Table 8.1: Summary of the errors on the Run 1a and 1b W boson mass measurements.

This measurement is now combined with the results of other experiments, listed in

table 8.2 [55], and found to be
M}yerd — 80.341 + 0.123 GeV/c? (8.7)

where the common error used is 85 MeV/c?. Figure 8.2 shows the allowed Higgs

W Mass Experiment | Uncorrelated Error
(GeV/?) (MeV/c?) |
79.91+0.39 CDF 90 385 1
80.36+0.37 UA2 92 360
80.410+0.180 CDF 1la 173
80.347+0.130 | DO 1a/1b 114

Table 8.2: Summary of recent W boson mass measurements.
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mass values for the current world average W boson mass from equation 8.7 and top
quark mass [20, 72] of 174+7 GeV/c?. Though the contour in figure 8.2 is narrowing
the precision of the W boson and top quark masses is insufficient to put any definitive

constraints on the Higgs mass.
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Figure 8.2: The 1o contour allowed by the world average W boson and top
quark masses. The bands are the predictions of the Higgs mass as a function
of the W boson and top quark masses.
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8.3 The Future

The future will bring evermore precise measurements of the W boson mass. When
D@ and CDF combine all their results from Run 1 the error on the W boson mass
should be between 80 and 100 MeV/c?. Currently, the limiting factor on the mass

measurement is the number of the W and Z events.

The measurement of the W boson mass at the Tevatron during Run 2, which is
scheduled to begin in 1999 and accumulate ~ 1000 pb~! of data, is expected to have
an error of ~ 50 MeV/c?. There is also discussion about upgrading the Tevatron to

provide even higher luminosities and energies after Run 2 [73].

At the moment the e*e~ collider at CERN (LEPII) is producing W*W ™ pairs.
With several years of running each of the four experiments is expected to measure
the W boson mass with and error between 60 MeV/c? to 80 MeV/c?. When the

four masses are combined, and accounting for the common errors, the error on the

mass could be as low as 40 MeV/c? [73].




Appendix A

The Muon Scintillation Counter

A.1 Introduction

When the Tevatron is upgraded to 36 bunches the crossing time of the beams will
be reduced from 3.5 usec to 396 nsec. The required drift time of the D@ muon
system PDTs is up to 1.2 usec. In order to accommodate this higher rate a fast
detector is needed to identify which interaction produced the muon. To fulfill this
task scintillation counters were built and mounted outside the C layer of the WAMUS
system. Currently six of the eight octants in azimuth are instrumented. The bottom
two octants will be covered after the detector has been rolled out of the collision
hall. This appendix covers the design, construction, and testing of these counters.
The counters for the forward regions ( || > 1 ) have not yet been built since the

requirements in this higher multiplicity region are still under investigation.
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A.2 The Muon Scintillation Counter

The motivation for the counter is to provide information on when and where a muon
passed through the D@ detector. The procedure is to have the muon interact with
a medium which produces light. The light is then piped to a photomultiplier tube
which converts the light into an electrical pulse. The pulse is sent to the electronics
whicix digitize the signal. The signal is then available to the trigger for selecting

events or later offline for the physicist to use as she sees fit.

A.2.1 Design Considerations

Scintillator was chosen because the counter was required to be a fast. Waveshifting
fiber was chosen to readout the scintillator, over a more traditional waveshifting bar
or sheet, since this removed the need for the polishing of the scintillator surfaces.
The use of fiber allows the phototubes to be positioned at any location along the
counter. Thus, the same basic counter design could be used in the very limited space
on the bottom of the detector. The use of two phototubes per counter was decided
upon to reduce the singles rates from each counter. Each PDT has eight counters

mounted on it.

The design of the readout electronics required that the minimum threshold of
the output signal be 10 mV. The counters were designed to be 100% efficient for a

threshold of 30 mV.
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Length (in) | Width (in) | Depth (in)
81.5 25 1/2
108 25 1/2
113 25 1/2

Table A.1: The different sizes of the scintillation counters.

A.2.2 The Scintillator

The counters are made from Bicron 404A 1/2” thick scintillator [74]. The scintillator
is 25” wide and from 81.5” to 113” long depending on which PDT it is mounted.
At one end of the counter a 45° cut was made on each corner. The cut removed
~1.19 in? of scintillator. This cut allowed the counters to be mounted in a nested
configuration which removed any geometrical inefficiency. Table A.1 summarizes the
different counter sizes. The Bicron 404A scintillator was chosen for its relatively low
cost and good performance. The characteristics of the Bicron 404A scintillator are
listed in table A.2. A muon passing through this scintillator deposits between 1.8
and 2.0 MeV of energy per centimeter. About 10 photons are created for each keV of

deposited energy. Therefore, each muon creates ~2x10* photons in the scintillator.

On the top surface of the scintillator are machined grooves 4 mm wide and 1.75
mm deep, with spacing of the grooves of 8 mm. A groove runs only half the length
of the counter. As it nears the center of the counter the depth is decreased until
it is flush with the top of the scintillator. From the other end of the counter this

procedure is repeated.
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Physical Constants for the Bicron 404A | Value
Light Output, % Anthracene 60
Wavelength of Max. Emission (nm) 408
Decay Constant, Main Component (nsec) | 2
Bulk Light Attenuation Length (cm) 170
Refractive Index 1.58
H/C Ratio 1.107
Density 1.032
Softening Point (°C) 70

Table A.2: Physical Constants for the Bicron 404A scintillator.

| Physical Constants for Bicron BCF91A Fiber Value ]
Core material Polystyrene
Core refractive index 1.60
Cladding material Acrylic
Cladding refractive index 1.49
Cladding thickness (%) 3
Emission Color Green
Emission Peak (nm) 494
Decay Time (nsec) 12
1/e Length (m) >3.5
Trapping Efficiency (%) 3.44 minimum

Table A.3: Physical Constants for Bicron BCF91A fiber.

A.2.3 The Fiber

Bicron BCF91A is used for the waveshifting fiber for the counter [74]. This fiber
is specifically designed to be used in conjunction with the 404A scintillator. Table
A.3 lists the characteristics of the waveshifting fiber. Four 1 mm fibers area laid in
each groove and are epoxied at seven locations with Bicron 600 Optical epoxy. The
ends of the counter were polished with a diamond cutter built at Michigan State

University. In order to increase the light yield a 0.032” anodized aluminum sheet
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was attached to the polished ends with mylar tape [75]. The fiber laid in the grooves
that end on the 45° cut are specially prepared. Their ends were polished with the
diamond cutter and sputtered with aluminum. In this way all fibers have a reflecting

surface on their far end.

At the center of the counter the fibers are bundled together with two cookies. A
cookie is a hollow acrylic tube, 2” long and 1.5” in diameter, which hold the fibers.
Two of the fibers from each groove go to a cookie. The optical epoxy was used to
hold the fibers in the cookie. After hardening the diamond cutter was used to polish

the face of the cookie.

A.2.4 The Packaging

The scintillator and fiber are wrapped with a white Tyvek [76] sheet. Around the
first sheet is wrapped a second more durable Tyvek sheet. Electrical tape is used to
secure the Tyvek sheet and cover any holes or seams. The top and bottom surface
of the scintillator are then covered with a 0.020” thick aluminum sheet. An 8” by 7
and 13/32” opening is cut in the top sheet for the fiber bundles. Around the hole
is mounted an aluminum angle-iron lip. The aluminum sheets are taped together
around the perimeter of the counter. To provide the support for the counter Unistrut
bars are slipped over the aluminum sheets, around the edges, and bolted together.

The counters then had cross braces attached for additional support.

A plastic cover is used to provide access to the fiber bundles. The plastic cover

is fastened to the angle-iron with velcro and the seams are taped. Bolted to the
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cover are two SHV and BNC connectors for the high voltage and output signal of

the phototubes.

A.2.5 The Photomultiplier Tube, Base, and Assembly

The characteristics required of the phototube include: small diameter, fast response,
high gain, uniform quality, and that it match the spectral output of the fiber. For
this task the EMI 9902KB photomultiplier was chosen. The diameter of the tube is
1.5” with an effective cathode diameter of 1.26”. The rise time of the tube is less
than 3 nsec. The current amplification of the tube is 107 with a dark current less

than 10nA. The spectral response of the tube extends into the green region matching

the fiber.

In order to be compatible with the D@ high voltage system the construction of
the base required that it draw only 0.2 mA at 2000 V. The circuit diagram for the
bases is shown in figure A.1. This circuit minimizes output noise by filtering the
signal and isolating the signal ground from the common ground. In order to keep
the base assembly as compact as possible this circuit was mounted on a 1.75” x1.5”
printed circuit board (PCB). This PCB was soldered to a circular PCB which was
attached to a Hamamatsu socket. A 2”x4” aluminum cylinder is used to contain the
PCBs and provide electromagnetic shielding. The socket protrudes from one end of

the cylinder and the BNC and SHV connectors from the other end.

The phototube and base are secured to the cookie with a spring mechanism. Two

springs are connected to the aluminum can, they extend along the phototube and are
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Figure A.1: The circuit diagram for the photomultiplier base.
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attached to the cookie with screws. The tension of the springs keeps the phototube
flush with the end of the cookie. At the interface of the photocathode and cookie
it was decided that optical grease would not be used since tests showed no notable

improvement in the efficiency when the optical grease was applied.

Phototubes are very sensitive to magnetic fields. Simply rotating the phototube
in the magnetic field of the Earth will change the gain. At D@ the strength of the
stray magnetic fields varies depending on the location of the counter. To ensure
adequate protection a Magnetic Shield Corporation Model 17P37 magnetic shield

was placed around the phototube [77].

The tube-base-shield assembly was connected to the counter with two aluminum
fasteners. Each fastener was made in two parts. The bottom part was bolted to
the aluminum sheet. The tube-base-shield rested in this bottom part while the top
fastener was bolted to the bottom fastener. Two high voltage and signal cables were
then connected to the bases and attached to the SHV and BNC connectors of plastic

cover.

A.2.6 Quality Control and Testing

Quality control was maintained during all phases of the detector construction. Test-
ing was done on the raw components of the counter and on the counter at different
phases of the assembly process. The components that were test include: the scintil-
lator, the fiber, and the phototubes. The counter was tested to obtain its response

versus other counters. The completely assembled counter was tested after mating
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the counter with the phototubes.

Scintillator

From each delivery one scintillator sheet was selected to be tested to verify that the
light output was consistent with prior batches. The scintillator was placed inside
a light tight box. A 2 ft by 2 ft anodized aluminum sheet was placed under the
scintillator. A ribbon of 91A fiber was laid on top of the scintillator and readout with
a EMI9902KA phototube. A cosmic ray telescope was used to provide the trigger.
The telescope was made from three 1 ft? scintillator paddles and a coincidence of the
three paddles was used to select a cosmic ray event. The signal from the phototube
was sent to a LeCroy QVT which integrates the pulse area. The distribution of charge
was compared to a reference set. During this testing no scintillator was rejected due

to low response.

Fiber

Every reel of fiber used in counter construction was tested. The fiber was delivered
in spools containing 500m of material. From this a 3 m length of fiber was taken and
tested at the fiber testing facility at Fermilab. An ultraviolet light, from a pencil
source, was used to excite the fiber. The light was then readout using a silicon
photodiode. The current from the photodiode is proportional to the light intensity.
The test was performed at three locations along the fiber: 30, 150, and 270 cm from

the readout end. The fiber was required to pass two criteria: an attenuation length
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measurement and an absolute light output measurement.

The attenuation length is defined to be proportional to the ratio of the light
intensity at 150 cm to that at 270 cm. Fibers that had a low attenuation length
were rejected. The second test measured the absolute light output of the fiber. This
value was compared relative to a reference fiber. Eventually 5% of the delivered fiber

was rejected by these two tests.

Phototube and Base

To determine the operating voltage, of the phototube and base, the light from an
LED was used. Inside a light tight box the green (562nm) LED was pulsed with a
fast voltage (8 nsec). The LED was positioned at the center of the photocathode
a standard distance away. A voltage was applied to the tube and the signal was
sent to a LeCroy QVT where it was integrated. The integrated signal was then
compared with a reference tube, a Hamamatsu R580-17, for which the gain had
previously been measured. The operating voltage of the EMI tube was defined as
that voltage which gave the same integrated signal as the Hamamatsu tube. For
different voltages around the operating voltage the pulse heights were measured.

This gives information on the gain of tube near the nominal voltage.

Assembled Counter

The counter testing took place in the D@ assembly building. A Digital VAXstation

Model 3100 was used to control the testing electronics and to store the test results.
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The workstation interfaced with the CAMAC equipment through a Jorway Model
111 PDP-11/CAMAC interface. The apparatus tested three counters at the same
time. The counters were stacked on top of one another inside a light tight box. The
light tightness of the counters themselves was secured during another test. Only the
response of the counter was tested at this stage. The same six photomultiplier tubes
and bases were used to test all the counters. The six tubes were selected to have a
similar response. Telescopes were setup the counter at three locations; at the ends
and in the middle. When a cosmic ray muon fired the telescope the counters were
readout. The ratio of observed counter hits to telescope hits defined the efficiency.

Figure A.2 is a diagram of the logic for one telescope and counter.

The testing equipment was run 12 to 24 hours. Two runs were made on each set
of counters. One with the high voltage was set at the nominal value and one with
the voltage set at nominal-200V. These two points allowed a relative comparison to
be made between all counters. The procedure was verified by testing a counter that
was deliberately built with fibers that failed the quality standards. This counter
showed a notable reduction in response. The overall variation in the quality of the
production counters was small. Though, in order to make all counters have a similar
response, a counter that showed a lower response was matched with a phototube

that showed a higher than nominal gain.

The final test before installation involved using the same testing equipment. With
the counter in its completed form a test was run with the high voltage set at nominal

and then nominal minus 100, 200, and 300V. This test verified that the nominal
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& LeCroy 623B @30mV

% LeCroy 365AL

Figure A.2: A partial diagram of the scintillation counter test apparatus. T(1,2,3)
refers to the output signal of the three paddles of the telescope. C(1,2) refers to the
output of the two photomultiplier tubes for the counter. The LeCroy 623B discrim-

inates the signal with a 30 mV threshold. The LeCroy 365AL is used as a multifold
AND logic unit.
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voltage was ~100% efficient and gave the turn on curve for the counter. This turn
on curve allows thresholds adjustments to be made online without compromising

efficiency.

A.3 Conclusion

The scintillation counters were installed and operated during the Tevatron Run 1b.
The counters were used successfully in the trigger to help reduce the wasted band-
width from cosmic rays. The counters are also used in the offline analysis for muon

identification.
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