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This dissertation reports on the measurement of the W boson mass from a direct
determination of the ratio of the transverse masses of W and Z bosons using the DO
detector at the Tevatron collider at Fermilab. The analysis is based on the W — ev

and Z — ete” decay modes.

In the standard D@ W boson mass measurement method the transverse mass
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distribution of the W — ev decay products is compared to Monte Carlo templates
for a set of input W mass values, and a sample of Z events is used for the calibration of
electron and hadronic energy. The ratio method compares the transverse mass of the
W sample directly to the scaled transverse mass of the Z sample. The comparison
is based on the assumption that the transverse mass of the two decay products is
insensitive to the production and decay mechanism of the two bosons but depends on
the mass of the parent boson. If the M (Z) distribution is scaled down by a factor of
M(W)/M(Z), the new distribution would be identical to that of My (W) for ideally
measured transverse momenta of the decay products. The W mass is given by the
product of the Z mass measured precisely at the LEP collider at CERN and the scale
factor that optimizes the Kolmogorov-Smirnov probability for the two transverse

mass distributions corrected for the detector acceptance and energy resolution.

As compared to the standard DO W mass analysis, the ratio method is less
sensitive to uncertainties in the W and Z production model but has a larger statistical
error due to a limited sample of Z events. The overall performance of the ratio method
is expected to be competitive with the that of the conventional method in Run II of

the Tevatron collider.

This study corresponds to an integrated luminosity of 82 pb ™! acquired by the DO
detector during the Tevatron collider Run Ib (1994-1995). The data samples have

been collected in both central and forward region of the detector. The W boson mass



is found to be:

my = 80.115 + 0.211(stat.) & 0.050(syst.) GeV.
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Chapter 1

Introduction

1.1 Fundamental Particles in the Standard Model

Advancement of fundamental physics over the twentieth century has evolved into a
beautiful theory of fundamental particles and forces called the Standard Model [1,
2, 3, 4]. The Standard Model is a quantum field theory which describes particles in
terms of excited states of quantum fields. It is based on the SU(3) ® SU(2) @ U(1)
symmetry group, the SU(3) group describing the strong color interaction, and the

weak isospin and hypercharge group SU(2) ® U(1) — the electroweak interactions.

The following three types of the fundamental particles exist in the Standard Model:

Spin 1/2 fundamental fermions are the building blocks of matter. They are sub-

divided into the quarks and leptons. Unlike the leptons, the quarks are subject
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to the strong interaction, and both the quarks and leptons engage in the elec-

troweak interaction.
Spin 1 gauge bosons carrying interactions between the fermions.

Spin 0 Higgs boson which is responsible for the spontaneous symmetry breaking
and the masses of the gauge bosons and fundamental fermions in the electroweak
sector of the Standard Model. The Higgs boson remains the only particle in the

Standard Model yet to be observed experimentally.

Table 1.1 summarizes the fundamental particles of the Standard Model and their

basic properties [4].

1.2 Motivation for Precision Measurement of the

W Boson Mass

In the Standard Model the mass of the W boson is related to other electroweak

parameters by the following equation [5]:

wa(M%) 1
My, = 1.1
YN V2Gy sinfwyVI—Ar (1)

where fw is the weak mixing angle, M, is the Z boson mass which is precisely

measured by the LEP collider experiments at CERN [6], G is the Fermi constant [7],



1.2 Motivation for Precision Measurement of the W Boson Mass

Name | Electric charge | Mass, MeV
e —1 0.51099907 = 0.00000015
Lenton m ~1 105.658389 4 0.000034
ePLOnS T —1 1777.05 0.2
. Ve 0 <1.5-1077
Spin 1/2 v, 0 <0.17
v, 0 <182
u 2/3 15...5
d —1/3 2...6
Quarks c 2/3 (1.1...1.4) - 10°
. s —~1/3 60...170
Spin 1/2 t 2/3 (174.3 £5.1) - 103
b —1/3 4.1-10%...4.4- 103
0% 0 0
Gauge bosons g 0 0
Soin 1 w* | +1 (80.41 £0.10) - 10°
P Z 0 (91.188 = 0.007) - 10
g;{gfsoBoson H° |0 > 7.75 - 10*

Table 1.1: Properties of fundamental particles in the Standard Model

and « is the electromagnetic coupling constant. Experimental measurements of these
parameters constrain radiative corrections Ar. The dominant contributions to Ar
are the loop diagrams from the top quark and the Higgs boson shown in Fig. 1.1.

The corrections depend on the Higgs and top masses in the following way [8, 9, 10]:

G 2 12 [y M?—I
—3M{ cot” 0 — My In —- 1.2
32 ¢ cot” Oy + 3 Mw IIMI%V ) (1.2)

Ar ~ Ao +

where Aa ~ 1 — a/a(M%) ~ 0.06 is a correction due to the running of the electro-

magnetic coupling constant.
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W W W W

Figure 1.1: Loop diagrams contributing to radiative corrections Ar: left — top quark
diagram, right — Higgs boson diagram

Fig. 1.2 shows the allowed region for the Higgs boson mass constrained by the
current experimental data [11, 12]. A precision measurement of the mass of the W
boson, along with the top quark mass [13], is therefore essential for future searches

of the Higgs boson and tests of the Standard Model.

If the Higgs boson is discovered and its mass measured in the upgraded Tevatron
or LHC experiments, comparison between the measured mass and the value calcu-
lated from the top and W mass would be an important cross-check of the Standard
Model [14]. A discrepancy between the two values may indicate a presence of a new
physics. Corrections to the W mass in the Minimal Supersymmetric Model — one
of the popular extensions to the Standard Model — have been studied by Pierce et

al. [15].



1.3 W Boson Production in pp Collisions

80.6

direct (10)

all (90% CL)

80.4 -

M,, [GeV]

80.2 -

M, [GeV]

125 150 175 200
m, [GeV]

Figure 1.2: The Higgs boson mass vs. the mass of the top quark and W boson

1.3 W Boson Production in pp Collisions

The dominant production mechanism for the W bosons at the Tevatron collider is
the Drell-Yan process of annihilation of a quark and an antiquark [16]. Fig. 1.3
shows the lowest order I production diagram, and Fig. 1.4 — processes including
the first order corrections in the strong coupling constant a; where the W production

is accompanied by a gluon or a quark jet.

For a specific initial state of the Drell-Yan process, the W™ production cross
section is [17]

L G R
6(qf — W) = 27r|qu/|27gM5V5(s — M2), (1.3)
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Figure 1.3: W boson production at the
lowest order

Figure 1.4: W boson production at the first order in ay

where § is the square of the center of mass energy of the quark—antiquark system,
and |Vz| is the Cabibbo-Kobayashi-Maskawa matrix element. The inclusive W

production cross section is given by

2K 1 1 .
0—(pﬁ — W+ X) = ?/0 dxa/o dzxy ZQ(xaa MI%V)ql(xba MI%V)O—QIYU (1'4)

4,7

where 6,7 is the cross section of the ¢q7 — W™ process defined by Equation 1.3,



1.4 W Boson Decay

x, and x;, are the momentum fractions of quark ¢ in the proton and antiquark ¢’
in the antiproton, ¢(z,, M7,) and @ (xy, M7,) are the structure functions describing
the probability to find the quark in the state with momentum fraction z, and the
antiquark in the state with momentum fraction x;, respectively. The factor of 2 is due
to the sum over the two possible charges of the final state, and 1/3 is the color factor.
Factor K ~ 1 is a weak function of energy absorbing the QCD corrections [18].
Discussion of the production model of the W and Z bosons will continue in Sec-

tion 4.1.1.

1.4 W Boson Decay

A W boson decays within ~ 1072% seconds width into a quark-antiquark or a lepton-
neutrino pair. Table 1.2 shows the possible decay modes of the W boson with the

corresponding branching fractions [4]. The hadronic decay channel is difficult to pur-

| W+ Decay Mode | Branching Fraction |
ey, 10.9£0.4%
wiy, 10.2+0.5%
Ty, 11.340.8%
qq’ 67.8+£1.0%

Table 1.2: Decay modes of the W boson and their branching fractions

sue experimentally because of the large background from directly produced dijets.

The 7 mostly decays hadronically, so this channel is also contaminated with back-
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ground, and the uncertainty in the jet energy scale does not allow to make a precise
mass measurement. Since the D@ detector does not have a good momentum resolu-
tion for high pr muons, the muon mode does not make a precise mass measurement
possible either. Therefore, only the electron channel can be used to measure the W

boson mass in DO,

The leading order diagram for the W — ev process is shown in Fig. 1.4. The

angular distribution of the decay products in the W rest frame is given by

P(0) x (1 — AQcosh)?, (1.5)

where A = %1 is the boson helicity assumed to be aligned along the pp axis, () is the
boson charge, and 0 is the angle between the electron and the proton beam axis. Both
electron and neutrino are assumed to be massless in this model. In the approximation
that the boson spin is oriented along the pp axis the ¢ distribution of the decay is

uniform.

The assumption that the W is polarized along the pp axis is only valid if the
transverse momentum of the boson is zero. Corrections due to the finite boson pr

have been calculated by Mirkes [19] in the next to leading order QCD. In the Mirkes

! Addition of the central solenoid to the D@ detector in Run II of the Tevatron would allow one
to use the muon channel for the W mass measurement along with the W — erv mode
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Figure 1.5: Lowest order diagram of the
W — ev decay

model angular distribution 1.5 becomes

P(fc s) oc 1+ a;cosfo s + aycos® O s, (1.6)

where fc_g is the polar angle in the Collins-Soper frame [20].

Further details of the W and Z boson decay model will be given in Section 4.1.2.
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Chapter 2

Experimental Apparatus

2.1 Fermilab Accelerator Complex

The Tevatron accelerator at the Fermi National Accelerator Laboratory is currently
the highest energy collider in the world [21] with the center of mass energy of the
proton and antiproton collisions of 1.8 TeV.

There are seven parts of the accelerator complex a particle has to go through to

reach the collision point inside the D@ detector:

1. Cockroft—Walton accelerator (pre-accelerator),
2. Linear accelerator (Linac),
3. Booster synchrotron,

4. Main ring,



12 Experimental Apparatus

5. Antiproton source,

6. Antiproton debuncher,

7. Tevatron ring.

The Fermilab accelerator complex is shown in Fig. 2.1.

Antiproton Proton
Direction Direction

TARGET HALL

ANTIPROTON
SOURCE

BOOSTER
LINAC

COCKROFT-WALTON

Figure 2.1: Fermilab accelerator complex

Protons originate from hydrogen gas interacting with a hot cesium cathode to
produce H™ ions. The ions are accelerated by electric field in the Cockroft—Walton
accelerator to an energy of 750 KeV and injected into the Linac where they are

accelerated by the high radio frequency cavities to an energy of 200 MeV. The ions
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then pass through a carbon foil which strips off the electrons thus creating a beam of

protons.

The next stage of acceleration occurs in a 151 m diameter synchrotron called the
booster. The synchrotron consists of three major parts: the radio frequency cavities,
bending magnets, and focusing magnets. The alternating electric field in the cavities
accelerates the bunches of particles every time they pass through the cavities and
synchronize them with the cavity frequency. The dipole magnets are used to bend
the orbit of the beam, and the alternate quadrupole magnets keep the beam focused
in both transverse and longitudinal directions to ensure its stability and maintain high
particle density. Protons travel about 20,000 orbits inside the booster as their energy
is increased to 8 GeV. The booster repeats its cycle 12 times in rapid succession,

delivering 12 pulses of bunches of protons for injection into the main ring.

The main ring is a proton synchrotron with a circumference of ~6 km. It con-
sists of a string of 774 conventional magnetic dipoles, 240 quadrupoles, and 18 radio
frequency cavities. Once the protons have been injected into the main ring, they
are accelerated to 150 GeV and then injected into the Tevatron ring. The main ring
also produces a beam of 120 GeV protons which are extracted and used to generate
antiprotons. The main ring beam pipe passes through the upper part of the DO
detector. Since proton losses can give rise to spurious signals in the detector, events

are not recorded during the time of main ring activity.
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For the antiproton production, the 120 GeV beam extracted from the main ring
is directed onto a nickel or copper target. The collisions produce a large quantity of
secondary particles including antiprotons which are selected by a series of magnets
and transferred to the debuncher ring !. Here they are cooled and subsequently

transferred to the accumulator ring for beam storage and further cooling.

The debuncher is designed to increase the density of antiprotons using two cooling
techniques. The first one uses a computer coded radio frequency voltage to speed
up slower protons and slow down the faster ones. The second technique, known as
stochastic cooling, reduces the transverse momentum of the antiprotons: the particles
deviated from the central orbit are detected by sensors, and signals are passed to kicker

electrodes which correct the particle trajectories.

The Tevatron ring is located below the main ring in the same accelerator tunnel. It
consists of 1000 superconducting magnets operating at the liquid helium temperature
of ~4.6 K which allow acceleration of protons and antiprotons up to 900 GeV. The
150 GeV bunches of protons are transferred into the Tevatron from the main ring. The
antiprotons are transferred from the accumulator ring to the main ring accelerated to
150 GeV, and then transferred to the Tevatron on the orbit in the opposite direction
to the protons. During Run I, the Tevatron was operated with six proton and six

antiproton bunches spaced by about 3.5 ps. The luminosity is increased by focusing

LAt this point the beam is contaminated by negative pions, however, they are quickly damped
because they have a significantly smaller mass
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the beams with superconducting quadrupole magnets which are located near the
interaction region. The beam spot has a transverse size of ~ 40 ym and a longitudinal
size of about 30 cm. The proton and antiproton beams are allowed to collide at two
points on the ring housing the DO and CDF detectors. At the other four bunch

crossing locations electrostatic separators keep the beams apart.

2.2 Overview of the DO Detector. D@ Coordinate

System

2.2.1 General Design and Purpose

The DO detector [22] is a large general purpose detector (Fig. 2.2) designed to study
processes with high transverse momentum and high mass states in pp collisions at the
Tevatron collider. The detector has been collecting data since 1992. The main DO

physics topics are:

e Top quark analysis,

Precision electroweak measurements,

Perturbative QCD physics,

B physics,

Searches for physics beyond the Standard Model.
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D@ Detector

Figure 2.2: 3-D view of the DO detector

The major components of the detector include the central tracking and transition
radiation detectors, calorimeter, and the muon system. Fig. 2.3 shows the subsystems

of the DO detector.

2.2.2 DO Coordinate System

D@ uses a right handed coordinate system with the z axis along the beam line, the
positive direction coinciding with the direction of the proton beam (Fig. 2.4. The
x axis is defined in the horizontal and the y axis — in the vertical direction. The
azimuthal angle ¢ and the polar angle # are defined in a standard way for the spherical
coordinates: ¢ is measured with respect to the positive x direction, and # — positive

z direction.
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Figure 2.3: Side view of the D detector

It is convenient to introduce a function 7 of the polar angle # called pseudorapidity:

In the high energy limit (E > m) n approaches the true rapidity y of the particle:

= —Intan —.
n nan2

yziln

E+p,
E_pz

(2.1)

(2.2)

Rapidity is invariant under a longitudinal Lorenz boost, which makes it a useful

variable.
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Figure 2.4: DO coordinate system

It is important to distinguish between the “physics” (or “true”) pseudorapidity
and the detector 7 of a particle. The two are different because of the vertex z position

spread of about 30 cm.

2.3 Central Detector

The central detector is designed to measure the trajectories of the charged particles
originating from the interaction point and determine the interaction vertex position.

It also provides additional information for particle identification. There is no magnetic
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field in the central part of the DO detector, therefore no particle momentum informa-
tion is available from the central detector alone. The central detector is 270 cm long
and 78 cm in radius. It provides good spatial resolution and energy loss determination

in the region of |n| < 3.2.

The components of the central detector (see Fig. 2.5) are:

Vertex drift chamber (VTX),

Transition radiation detector (TRD),

Central drift chamber (CDC),

Two forward drift chambers (FDC).

2.3.1 Drift Chamber Operation Principle

A drift chamber consists of an enclosed volume filled with gas and arrays of anode
and cathode wires creating regions of approximately uniform electric field. When a
charged particle passes through the chamber, the electrons produced in the ionization
are drawn to the anode wires and create a signal pulse on the wire. By measuring
the time it takes to collect the charge, called the drift time, and the position of the

hit wire, the particle coordinates can be determined.
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Figure 2.5: DO central detector

2.3.2 Vertex Chamber (VTX)

The vertex chamber is the innermost part of the tracking detector with inner and
outer radii of 3.7cm and 16.2 ¢cm, respectively. It consists of three layers of concentric
cells with 110 cm long wires oriented parallel to the beam axis. The innermost layer
has 16 cells in azimuth and the outer two layers have 32 cells each. The sense wires in
each cell provide coordinate measurement in the (r,¢) plane. Signals from the wires
are read out on both ends, which provides the z coordinate measurement. Figure 2.6

shows the (r, ¢) view of the vertex chamber.
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Fine Field

Figure 2.6: (r,¢) view of the vertex chamber

2.3.3 Transition Radiation Detector (TRD)

Operation principle of the TRD is based on the fact that highly relativistic particles
(v > 10%) emit X-rays on a cone with the opening angle of ~ 1/ when they pass
through a junction between two dielectric materials [23]. Thus, the energy flux of the

radiation is proportional to the v of the particle.

The D® TRD information is used to distinguish electrons from charged pions
independent of the calorimeter. The TRD consists of three separate modules, each
containing a radiator and an X-ray detection chamber. The X-ray energy spectrum
is determined by the thickness of the radiator layers and the gaps between these
layers. Each of the modules contains 393 polypropylene foils with a mean gap of

150 um located in a gaseous nitrogen volume. Proportional drift wire chambers are
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used to convert the X-rays, and the resulting charge is radially drifted to sensor wires
for readout. Both magnitude and the arrival time distribution of charge are used to
distinguish electrons from hadrons. The DO TRD is shown in Figure 2.7.

CROSS—SECTION OF TRD LAYER 1
OUTER CHAMBER SHELL
70um GRID WIRE
ALUMINIZED MYLAR
/ 8m:

RADIATOR STACK CONVERSION  ®

.
STAGE L4
Ny
30um ANODE WIRE

/ 100um POTENTIAL WIRE
23um MYLAR WINDOWS
HELICAL CATHODE STRIPS

Figure 2.7: Transition radiation detector

2.3.4 Central Drift Chamber (CDC)

The central drift chamber is located between the TRD and the central calorimeter
and is used to detect tracks at |n| < 1.2.

The CDC is a cylindrical shell of length 184 cm with a radial coverage from
49.5cm to 74.5cm. An end view of the CDC is shown in the Fig. 2.8. It consists of
four concentric rings with 32 azimuthal cells per ring. Each cell contains 7 equally
spaced tungsten sensor wires of 30 pm in diameter. The wires are parallel to the z

axis and read out at one end to measure the ¢ coordinate. Delay lines embedded in
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the inner and outer shelves of each cell are used to propagate the signals induced from
the nearest neighboring anode wire. The z coordinate of a track is measured from
the difference in the signal arrival times at the two ends. The position resolution in

(r, ) plane is ~ 180 um and the z resolution is ~ 3 mm.

Figure 2.8: End view of the central drift chamber

2.3.5 Forward Drift Chambers (FDC)

The forward drift chambers are used to extend the coverage for charged particles up
to |n| < 3.1. There are two FDC modules located at the either end of the central
detector and just before the end cap calorimeters. Each FDC consists of a & chamber
sandwiched between two © chambers, as shown in Fig. 2.9. The ® module has
radial sense wires and measures the ¢ coordinate and the © chambers measure the
6 coordinate. The FDC position resolution is about 200 um in the (r, ) plane and

300 ym in (r,0).
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Figure 2.9: Forward drift chamber

2.4 Calorimeters

2.4.1 General Design and Operation Principle

Because of the absence of a central magnetic field that would enable a momentum
measurement, the energy measurements at the DO experiment rely heavily on the
calorimeter. The calorimeter is also used for identification of electrons, photons, jets,

and muons as well as determination of the transverse momentum balance in the event.

There are two types of particle showers in a calorimeter — electromagnetic and
hadronic. An electro-magnetic shower consist of a cascade of electrons, positrons, and

photons produced by bremsstrahlung and e*e™ pair production. High energy elec-
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trons or positrons radiate photons when passing through material, and the photons in
turn create lower energy ete™ pairs. The number of particles increases exponentially
until electrons reach the critical energy at which they lose the same amount of energy
by radiation and ionization. After that, the number of particles decreases and their
energies gradually dissipate through the process of ionization. Such an electromag-
netic shower has a short and narrow energy profile. The longitudinal development of
the showers is characterized by the radiation length X of the calorimeter material,
which is the the mean distance over which an electron loses all but 1/e of its energy

by bremsstrahlung.

Hadronic showers are caused by the strong (nuclear) interactions between the
hadrons and the nuclei of the calorimeter material. In such an interaction most of the
energy is transferred to the nucleus resulting in the production of secondary hadrons,
which in turn produce more hadrons. This cascade process terminates when the
energies of the secondary hadrons are small enough to be exhausted by ionization or
to be absorbed in a nuclear process. Hadronic showers tend to be wide and more
penetrating than the electromagnetic showers 2. A characteristic length of hadronic
showers is the nuclear interaction length A; which is given approximately the following
relation [24]:

A =354Y3g . cm 2, (2.3)

2A hadronic showers also has an electromagnetic component produced by photons from the 7°
decays
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where A is the atomic number of the material.

The DO calorimeters consist of stacks of energy absorbing plates of depleted ura-
nium, copper, or stainless steel and inter-plate gaps filled with liquid argon to sample
the ionization produced by electromagnetic and hadronic showers. The calorimeter is
divided into three parts: the Central Calorimeter (CC), the North End Calorimeter
(ECN), and the South End Calorimeter (ECS). Each part is enclosed in a cryostat
and has an electromagnetic section (EM) with 3mm and 4 mm thick uranium plates
in the central and forward region, respectively, a fine hadronic section with 6 mm
uranium-niobium alloy plates and a coarse hadronic section with 46.5 mm either cop-
per (CC) or stainless steel (EC) plates. A cut-away view of the DO calorimeter is

shown in Fig. 2.10.

Outer Hadronic
(Coarse)

Middle Hadronic
(Coarse & Fine)

Coarse Hadronic

Inner Hadronic

(Coarse & Fine) Electromagnetic

Figure 2.10: Cut-away view of the DO calorimeter
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The electromagnetic section of the calorimeter is ~21 radiation lengths deep and
is divided into four longitudinal layers, EM; through EM,, for the study of shower
depth profiles. The hadronic sections are 7 to 9 nuclear interaction lengths thick.
They are divided into four layers in the central calorimeter, three of which are called
fine hadronic (FH; through FHj) and one called coarse hadronic (CH). There is
one coarse and four fine hadronic layers in the end calorimeter. The calorimeter
segmentation in 7 and ¢ is 0.1x0.1 (see Fig. 2.4.1) except for 0.05x0.05 in the third

EM layer, where the maximum of electromagnetic showers is expected.
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Figure 2.11: One quadrant of the calorimeter showing the arrangement of cells and
towers
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Fig. 2.12 shows a typical unit cell of the calorimeter modules. The absorber plate
has a ground potential and the resistive surfaces of the readout are kept at +2000 V.

The electron drift time across the gap is about 450 ns.

4 Absorber Plate Pad Resistive Coat Liquid Argon A
\ GlOlnsulator | / Gap
| /
l |
\ €< —— UnitCl ——> J

Figure 2.12: Calorimeter cell

2.4.2 Central Calorimeter

The central calorimeter consists of three concentric cylindrical shells 226 cm in length
with a radial coverage of 75 < r < 222 cm and a pseudorapidity coverage of approx-
imately |n| < 1. There are 32 electromagnetic modules in the inner ring, 16 fine
hadronic modules in the surrounding ring and 16 coarse hadronic modules in the

outer ring.
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2.4.3 End Calorimeters

There are two end calorimeters located at the north and south ends of the cen-
tral calorimeter. Each calorimeter consists of one electromagnetic module, one inner
hadronic module, and 16 middle and outer hadronic modules. The transverse seg-
mentation of the electromagnetic module is identical to that in the central calorimeter
except that the third layer segmentation 0.1 x 0.1 is for |n| > 2.5. The azimuthal
boundaries of the middle and outer hadronic modules are offset to prevent projective

cracks.

2.4.4 Inter-cryostat Detectors and Massless Gaps

There is a substantial amount of material in the form of cryostat walls which lies in
the region of 0.8 < |n| < 1.4. To provide uniform coverage across the gaps between
the cryostats, two inter-cryostat detectors (ICD) are used. Each ICD consists of an
array of scintillator tiles located between the CC and EC cryostats. The scintillation
counters are used to correct for the energy deposited by the particles in the uninstru-
mented cryostat walls. Each ICD consists of 384 scintillator tiles of size 0.1 x 0.1 in
n and ¢, exactly matching the segmentation of the calorimeter cells.

In addition, separate readout cells called massless gaps are installed inside the CC
and EC cryostats in the region of 0.8 < |n| < 1.4. They consist of three liquid argon

gaps and two readout boards with no absorber plates. The massless gap detectors
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together with the ICD provide an approximation to the sampling of electromagnetic

and hadronic showers with a worsened energy resolution.

2.4.5 Calorimeter Energy and Position Resolution

The performance of the calorimeter has been studied by using electron and pion
beams with energies between 10 and 150 GeV at a test beam facility [25]. The energy

resolution is parameterized as

S22 N2
%:\/oz+f+ﬁ, (2.4

where C', S, and N are called the constant, sampling, and noise term, respectively.

Their values for electrons are found to be:

C = 0.003 £ 0.003,
S = 0.157 +0.006 VGeV, (2.5)

N = 0.29+0.03GeV.

The position resolution of the calorimeter is important for identification of the
electron backgrounds due to overlap of photons and charged particle tracks. This
varies approximately as 1/ V'E and also varies between 0.8 and 1.2mm over the full

range of impact positions.
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2.5 Muon System

2.5.1 General Design

The muon system (Fig. 2.13) is the outermost part of the DO detector. It consists of
five toroidal magnets surrounded by three layers of proportional drift tubes (PDT).
The PDTs are arranged into the wide angle (WAMUS) and small angle (SAMUS)
muon spectrometers. The toroids provide magnetic field of ~ 2T to bend the muon
trajectory measured by the drift chambers. This system enables muon identification
and measurement of trajectories down to approximately 3 degrees from the beam

line.

2.5.2 Wide Angle Muon Spectrometers (WAMUS)

Each WAMUS consists of a toroidal magnet and three layers of proportional drift tube
planes. Layer A of PDT chambers is mounted on the inner surface of the magnetized
toroids. Layers B and C are mounted outside of the toroids and are separated by
~ 1.4m. The A layer consists of four planes of PDT’s whereas the B and C' layers
each have three planes. The central toroid covers the pseudorapidity region of |n| <1

and two end toroids cover 1 < |n| < 2.5.
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Figure 2.13: Muon system

2.5.3 Small Angle Muon Spectrometers (SAMUS)

The small angle muon spectrometers consist of two toroids and sets of PDT’s. The
chambers cover the pseudorapidity region of 2.5 < |n| < 3.5 and are arranged into
stations A, B, and C' in a manner similar to the WAMUS spectrometers. Each layer
consists of three doublets of proportional drift tubes oriented in z, y, and u directions,

u being defined 45° with respect to the x and y axes.
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2.6 Trigger and Data Acquisition

2.6.1 Trigger and Data Acquisition System Overview

The bunch crossing rate of the Tevatron during Run I (1992-1996) was 290 kHz. In
order to select the interesting events at a rate of a few events per second from a large
number of collisions, a four level trigger system is used in D@. The first three levels
of the trigger called Level 0, Level 1, and Level 1.5 are implemented in hardware,
while the last stage called Level 2 is a software trigger.

Data from the detector subsystems and the L0 and L1 triggers are read out using
eight high speed data cables. Events accepted by the L2 trigger are passed on to the
host computer for run time monitoring and recording on tape. Events are buffered
in the host until about 500 have been accumulated and then the file is closed and
moved to a 8 mm data tape for permanent storage. The average size of the event is
500 Kbytes.

A block diagram of the D@ trigger and data acquisition system is shown in

Fig. 2.6.1.

2.6.2 Level 0 (LO) Trigger

The Level 0 trigger indicates occurrences of inelastic collisions and serves as a lumi-

nosity monitor for the experiment. It consists of two arrays of scintillator hodoscopes
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mounted between the forward drift chambers and the end calorimeters. The timing
information from the LO counters is used to determine the approximate z coordinate
of the interaction for the subsequent trigger levels, and the hit rates are used to

monitor instantaneous luminosity.

2.6.3 Level 1 (L1) and Level 1.5 (L1.5) Trigger

The L1 trigger collects information from the calorimeter and the muon system. It
reduces the the input rate of ~ 200 kHz from L0 down to ~ 200 Hz. The calorimeter
trigger tower is a 0.2 x 0.2 region in the (1, ¢) space up to |n| < 4 on which trigger
decisions are based. The electromagnetic and fine hadronic energy for each tower is
available for decision making. A number of global quantities are calculated and can
be used further at the L1.5 and L2 triggers.

At Level 1.5 the two highest energy towers in 7 or ¢ are clustered together and
two variables, the transverse EM energy and the EM fraction, are calculated for the

new object:

ET = E1 (EM) sin 91 + EZ(EM) sin 92, (26)

B Ey(EM) E,(EM)
JEM = BB + B, (Had) | B(BM) + By(Had)’

(2.7)

where 6; is the polar angle defined by the vertex and the center of the ¢th tower. The

rate after the L.1.5 trigger is reduced to about 100 Hz.
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2.6.4 Level 2 (L2) Trigger

The L2 trigger system is software based and consists of a farm of 50 parallel VAX
nodes connected to the detector electronics and triggered by a set of eight 32-bit high
speed (40 Mbytes/s) data cables. The L2 nodes are coordinated through the host
computer. Event filtering is built around a series of filter tools with specific functions
related to identification of a type of particle or event characteristic. These include
tools for jets, muons, calorimeter EM clusters, track association with calorimeter
clusters, Y Er, and missing Er. Other tools recognize specific noise or background

conditions. The rate of events accepted at Level 2 is about 2 to 4 Hz.

2.6.5 Main Ring Veto Triggers

The main ring passes through the course hadronic portion of CC and EC calorimeters
(see Section 2.1. It is active during the production of antiprotons and during injection
of a new beam into the Tevatron. Beam loss from the main ring can cause spurious
signals in the hadronic calorimeter and muon chambers. Typically this occurs once
every 2.4 seconds when the protons are injected into the main ring and 300 ms later
when the beam passes through transition. A timing circuit linked to the main ring
control system is used to set a hardware flag. This is set every time the protons are
injected and remains set for 400 ms until the beam has passed through transition and

muon system recovers. In addition, smaller beam losses occur with every passage of
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the beam. These are significant only if the passage of the main ring beam coincides
with a pp crossing in the Tevatron. This is flagged using another bit which is set if a

main ring beam passes within +800 ns of a crossing.
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Figure 2.14: DO trigger system
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Chapter 3

Event Reconstruction and Particle

Identification

3.1 DQ@RECO Program

The DPRECO package is a set of software algorithms which are used to perform par-
ticle and jet reconstruction. The reconstruction program is run on a farm of Silicon
Graphics computers at the Fermilab central computing facility. In addition to the
reconstruction of the data, DBRECO reduces the volume of the stored data by consider-
able fraction, thereby making data storage and handling easier. DPRECO creates three
types of output data streams in the ZEBRA [26] format: Standard (STA), Data Sum-

mary Tape (DST) and Micro DST (uDST). The STA files are the largest in size and
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contain all of the raw data plus the complete results of the reconstruction. The DST
files are a compressed version of the STA files containing only processed information

and the pDST files are the series of analysis specific highly compressed DST files.

3.2 Track Reconstruction and Vertex Finding

The track reconstruction procedure in the CDC, FDC, and vertex detector has the

following three stages:
e Pulse identification and hit finding,
e Segment finding,
e Segment matching and global track fit.

First, the raw data containing the digitized charge vs. time for each wire address
are unpacked. Individual pulses are identified by their leading and trailing edges, and
each pulse is integrated to compute the total deposited charge. This is used later
for calculating the dE/dz. After applying channel-to-channel calibration corrections,
the time of arrival of the pulse is used to determine its position: the drift time to the
sense wire determines the distance from the hit to the wire, and the arrival time from
the delay lines gives the hit position along the wire.

Next, hits within single layers are connected. This process uses a road method in

the (r,¢) plane. The z information is added to the segments afterwards. The road
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is defined by a hit from the innermost wire and a hit from the outermost one. In
the absence of the magnetic field all roads are straight. They are also constrained
to be nearly radial since the tracks originate from the interaction vertex and do not
encounter significant multiple scattering. The road width is chosen such that full
efficiency is retained and the number of fake segments is minimized. The road width
is about five times larger than the single hit resolution. All hits on the intermediate
wires within the road are then considered. When a certain number of hits is found,
a straight line fit is performed: a segment is identified if the y? of the fit over the

number of degrees of freedom is less than 10.

Once all segments are found they are linked into tracks. In order to be linked,
two segments must be collinear: they have to point in the same direction in space,
and their spatial mismatch must be small. Finally, a straight line fit is performed
using all the hits from the linked segments: if the fit is good, and a minimum of three
out of four layers are found, then a track is formed. Each track has five associated
parameters: three coordinates of the center of gravity of the hits called the track

centroid, the polar angle 8, and the azimuthal angle .

After the tracks have been identified, vertex positions can be reconstructed. In
order to determine the z coordinate of the vertex (or vertices), each CDC track is
projected onto the beam line. The vertex identified as the peak of the distribution

of the z intercepts with the largest number of projected tracks is called primary. All



42 Event Reconstruction and Particle Identification

high pr objects are assumed to originate from the primary vertex. Other vertices
are associated with the minimum bias interactions in the event. The resolution of
the vertex position with this method is about 2 cm. Multiple vertices are identified if

they are separated by at least 7cm.

3.3 Energy Measurement in the Calorimeter

The physical address of a calorimeter cell can be determined by a set of three integer
indices: the 7 index —37 < I,, < 37, the ¢ index 1 < I, < 64, and the layer (or
depth) index 1 < I; < 17. For the electromagnetic calorimeter, the layer index runs
from 1 to 8, I}, = 1 corresponding to the calorimeter section EM;, I} = 2 to EM,,

I = 3 through 6 to EM3, I, = 7 to EMy, and I, = 8 to FH;.

Digitized ADC counts from the calorimeter cells are converted into energy through
a set of calibration constants determined from the test beam data [25]. A cell is
accepted for the cluster finding procedure if its energy passes a cell specific threshold.
Vector

—

E(I,, I, 1) = @E(I,, 1, 1) (3.1)

is defined for each cell, where 77 is a unit vector defined by the interaction vertex

and the center of the cell, and E(I,, I,, I}) is the energy deposited in the cell. The
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projection of vector 3.1 onto the transverse plane

BEr(Iy, 1, 1) = E(I,, 1,, 1)) cos 6 (3.2)

is called the transverse energy of the cell.
A collection of cells with specific I,, and I, is called a tower. Cell energies are

combined into the electromagnetic and total tower energy as

EEM(LWLP) = Z E(Im[np:II) (3 3)
=1
and
17
Etotal(jnalap) = Z E(Inalea-ll)a (34)
=1

respectively. Components of vector 3.1 are combined into the corresponding tower
energy components similar to 3.3 and 3.4, and the transverse energy E1'°"" and the

tower

tower - prower are calculated.

angular coordinates ¢ ,and 7

3.4 Electron and Photon Reconstruction

3.4.1 Clustering Algorithm

Reconstruction of electron and photon energy uses a nearest neighbor cluster algo-

rithm [27]. Starting with the highest transverse energy tower, the energy of adjacent
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towers are added provided that they are above a few GeV Er threshold, and that
the cluster size is not too large. Each cluster is required to have at least 90% of its
energy contained in the electromagnetic calorimeter, and at least 40% of the total en-
ergy contained in a single tower. The centroid of the cluster is then calculated using
a logarithmic energy weighting technique to account for the transverse distribution
of energy within the shower [28]. This gives a cluster position resolution of about
2mm. At this point the reconstruction program searches for a central detector track
pointing from the interaction vertex to the calorimeter cluster within a road of size
+0.1 in both n and ¢. If one or more tracks are found, the object is classified as an

electron candidate. Otherwise, it is classified as a photon candidate.

The sample of electron candidates selected with the above procedure is contam-
inated with two types of background: the low energy charged hadrons overlapping

with energetic photons from °

or 1 decays and the isolated photons converting to
ete™ pairs in the beam pipe or tracking chambers. Several tools have been developed

to suppress these backgrounds while retaining most of the real electrons for further

analysis. These tools are discussed below.
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3.4.2 Electromagnetic Energy Fraction and Isolation Frac-

tion

The electromagnetic energy fraction of a cluster is the fraction of its energy contained
in the electromagnetic calorimeter. For electrons or photons, the EM calorimeter
contains almost all of the energy, while charged hadrons will deposit there only a
small fraction of their energy. Thus the EM energy fraction of a cluster serves as a

discriminant against charged hadrons.

Electromagnetic clusters are narrow as compared to the clusters produced by
hadrons: they are usually contained in a cone of radius R = 0.2 in (1, phi) space,

where the cone radius is defined as

R =\/(An)2 + (Ap)2. (3.5)

D@ defines an isolation fraction fi, as:

ER:0.4 R=0.2

fiso — total _ EM , (36)
E]é?,MO.Q

where EEZ94 is the total energy contained in the cone of radius 0.4 and E5%2 is the
electromagnetic energy in a cone of radius 0.2. This gives a good measure to select

isolated electrons.
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3.4.3 Shower Shape — The Covariance Matrix

Electromagnetic showers can also be characterized by the fraction of the cluster energy
deposited in each layer of the calorimeter. These amounts of energy are correlated
and depend on the incident particle energy. The correlations can be used to dis-
tinguish electrons from hadrons and jets. Based on test beam studies and Monte
Carlo simulations of electrons with energies between 10 and 150 GeV, a 41 variable

covariance matrix is constructed [29]:

Mij = (@7 — 7)) (2§ — 75), (3.7)

n=1

1
N

where [V is the number of reference electrons, z7' is the ith variable of the nth electron,

and Z; is the average of the ith variable over the N electrons. The 41 variables are:

Fractional energies in EM;, EM,, and EM,.

Fractional energy in each cell of the 6 x 6 array of the EMj3 cells centered on

the most energetic tower of the cluster.

Logarithm of the cluster energy.

e 2 coordinate of the interaction vertex.
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The H matrix is defined as the inverse of the covariance matrix 3.7. A x? is computed

for the observed shower shape:

X2 = Z (xl — ZZ'Z)H”(J?] — Zf'j). (38)

The lower the x? is, the more the candidate cluster resembles an electron shower.

3.4.4 lIonization Energy Loss

Isolated photons that convert to e™e™ pairs inside the beam pipe or the tracking
chambers may result in tracks which match to EM clusters. Since there is no central
magnetic field, the two tracks do not separate and are often too close to resolve.
However, in the tracking chambers the ionization energy per unit length (dF/dx) of

a ete pair is about twice that of a single charged particle.

3.4.5 Track Match Significance

A source of background for electrons is photons from the decay of 7° or n mesons.

The photons do not leave tracks in the central detector, but a track might appear
if a charged particle is nearby. This background can be reduced by demanding a

good spatial match between the calorimeter cluster and the nearby tracks. The track
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match significance for the central region is defined as

Tinke = J (%)2 + ((IAA'Z)Q (3.9)

where Ay and Az are the azimuthal and longitudinal distances between the calorime-

ter cluster and the track, respectively and oa, and oa, are the corresponding reso-

lutions. In the forward region z is replaced by the radial distance r.

3.4.6 TRD Efficiency

The response of the Transition Radiation Detector (TRD) is characterized by the

efficiency variable

© N
/E o= (B dE

~ON
/OaE,(E)dE

e(E) = (3.10)

where F is the total energy recorded in the TRD minus that recorded in the layer
with the largest signal and EYod is the energy spectrum from a sample of W — ev
events. Since € decreases as E increases, hadrons will tend to have values near unity

while the distribution from electrons is roughly uniform over the allowed range of zero

to one [30].
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3.5 Missing Energy

Neutrinos and possibly other weakly interacting neutral particles are not directly
observed in the event but their presence is inferred by momentum imbalance measured
in the detector. A significant number of particles in the event have their momenta
at a small angle with respect to the z axis and escape detection thus leaving a large
uncertainty in the longitudinal momentum of the event. Therefore, only the transverse

component of the missing momentum can be reconstructed.

The initial transverse momentum of a proton-antiproton system in collision is
negligible, the final transverse momentum is expected to be small as well. Therefore,
when a high pt neutrino is produced, the negative sum transverse momenta of all the
detected particles will match the transverse momentum of the neutrino. The quantity
used to indicate the presence of a neutrino is called the missing transverse energy Fr-.

It is defined so that it cancels the total transverse energy measured in the calorimeter:

Br=— Y Er(l, I, 1) (3.11)

Inalkpzll

Since muons escape the calorimeter depositing only a small fraction of their energy,
the apparent missing transverse energy defined in 3.11 must be corrected for the muon

energy obtained from the muon system.
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3.6 Jet Reconstruction

The most common algorithm used in D@ is the cone algorithm [31]. It is based on

summing the observed calorimeter transverse energy within a fixed radius cone in the

(n, ) space.

Jet reconstruction starts from calculating the transverse energy for all of the
calorimeter towers which are then sorted in order of decreasing Er. Beginning with
the highest Er tower, clusters are formed by adding the towers within a radius R
of the highest energy tower. The process is repeated for the remaining calorimeter
towers and is referred to as preclustering. Next, the centroid of each cluster is cal-
culated by performing an Er weighted sum of the tower (1, ¢) positions. Then the
whole process is iterated using the jet centers as cluster seeds until the position of

the cluster converges. This procedure is called cone clustering.

In order to remove any fake jets produced by calorimeter or main ring noise, DO
has developed a set of quality cuts based on the jet characteristics. These are cuts
on the jet electromagnetic fraction (EMF) which is used to distinguish between EM
objects (electrons and photons) and jets, the hot cell energy fraction (HCF) which
helps reduce calorimeter noise, and the coarse hadronic energy fraction (CHF) which

helps to remove activity caused by the main ring.

The measured jet energy usually is not equal to the energy of the original parton

which formed the jet. There are several effects contributing to this and which are
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corrected for using a DO software algorithm CAFIX [32]. The corrections allow for the
non-uniformities in the calorimeter and nonlinear response for low energy particles
(< 2GeV), electronics and the uranium absorber radioactivity noise, and the energy
deposited in the jet cone from partons that do not come from the hard scattering

process'.

!These partons are typically from the soft interactions of spectator quarks and gluons within the
proton and the antiproton and are referred to as the underlying event
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Chapter 4

Analysis Procedure

4.1 A Fast W and 7 Monte Carlo Generator

The transverse mass ratio method used in this analysis does not use Monte Carlo
simulations to the extent the standard D@ W mass analysis method does. However, in
order to substantiate the legitimacy of the ratio method as well as to study systematic
effects on the W mass, various tests have been made using a fast Monte Carlo program
called CMS (Columbia—Michigan State) [33, 34].

The simulation process in the CMS program is implemented as a sequence of the

following three stages:

Vector boson production

At this stage the sign of the boson charge (for the W), the boson four-momentum,
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the z coordinate of the vertex, and the event luminosity are generated.

Boson decay and final state radiation

The four-momenta of the boson decay products are calculated.

Detector smearing
A parameterized detector model is appied to calculate the observed electron

momenta and the transverse recoil momentum.

4.1.1 Vector Boson Production Model

The theoretical model for the W and Z boson production in the CMS Monte Carlo
is based on the assumption that the triple differential cross section can be factorized

in the following manner:
d*c d’c  do
CX P —
dydprdm ~— dydptr dm’

(4.1)

where m, pr, and y are the mass, transverse momentum, and rapidity of the produced
boson, respectively.
The resummed double differential cross section can be rewritten in terms of the

Fourier transform:

Lo &2y,
= YPTIY (b 4.2
dprdy / (27r)26 W), (42)

where integration variable b has a meaning of the impact parameter in the transverse
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plane. The low pr (large b) region is handled by the following substitution [35]:
W (b) = W (b,)e™5»®) (4.3)

where b, is defined as

L (4.4)

V1+02/02 .
Factor W(b,) is a well defined (although complicated) function calculated in the
perturbation theory [36]. Factor Sy, incorporates the non-perturbative effects and has
been calculated by Collins and Soper [37] and Arnold and Kauffman [38]. The CMS

generator uses a more recent parameterization for S,, by Ladinsky and Yuan [39]:

Sup(b) = gib? + gob? In % + g193 In(100z,13), (4.5)
0

where () is the mass of the boson, )y is an arbitrary momentum scale, and z, and
xp are the momentum fractions of the incoming quarks. Parameters g;, g2, and g3
have been determined by Ladinsky and Yuan from the fit to the Drell-Yan and Z

production data. For the choice of Qy = 1.6 GeV and by = 0.5 GeV 1,

g = 011 799 qev?,
o = 058 703 Gev?, (4.6)

g = —15 91 qev2
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A study of the relative contributions of each of the three g terms shows that g, is the
dominant parameter [34].
The mass distribution is a product of the Breit-Wigner distribution by the parton

luminosity term:

do m?
d— — m4F4 Ep, (47)
m (m? — M2)2 +
M2

where M and I' are the boson mass and width. For historical reasons, the parton

luminosity is parameterized as

L,="— (4.8)

Slope [ is obtained from the parton distribution functions introduced in Equation 1.4
using the HERWIG Monte Carlo generator [40]. Figure 4.1.1 shows the parton lumi-

nosity effect on the mass distribution.

P A B R I A WA LA AN RN A
E IS P1 0.3106E+12 + 0.6461E+10
P2 0.8634E-02 + 0.2602E-03

Relative probability

Figure 4.1: Mass distribution from
HERWIG using the MRSA pdf show-
N ing the parton luminosity effect (plot
[ from I. Adam [34])

LM
140 150
M, (GeV)

Evvw b b b b b b b b
50 60 70 80 90 100 110 120 130

The event vertex is picked up randomly from a Gaussian distribution with the

mean and r.m.s. values obtained from the data.
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4.1.2 Boson Decay

The angular distribution of the boson decay products is obtained using the Mirkes
calculation introduced in Section 1.4.

There is an important correction to the decay process due to radiation of photons
by the electron or by the W itself. The dominant effect relevant for the W mass
measurement is the case when the final state electron emits a photon of significant
energy at a large angle with respect to the electron so that it is not included into the
electromagnetic cluster in the calorimeter. The final state radiation is simulated in
the CMS Monte Carlo using the calculation by Berends and Kleiss [41].

There is an irreducible background to W — er decays from the W — 7v chan-
nel. The CMS generator simulates the latter in the same manner as the electron
decay mode for a specified fraction of 7 events with the subsequent 7 decay into the
electron and two neutrinos. The energy and angular distribution of the final state
electron with respect to the 7 momentum are selected from the two dimensional dis-
tribution obtained from the 7 — evv decays simulated with the ISAJET Monte Carlo

program [42].

4.1.3 Parameterized Detector Model

In order for the Monte Carlo program to be capable of generating millions of W and

Z events at a reasonable CPU time expense, a parametric detector response model
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has been used instead of full simulation of passage of particles through detector.
Momenta of the decay products are smeared according to the electromagnetic and

hadronic energy scale and resolution model which is described in detail in Chapter 5.

4.2 Overview of the Ratio Method

4.2.1 Kinematic Observables Used in the W Boson Mass
Analysis

Since only the transverse component of the neutrino can be measured (see Section 3.5),
the full invariant mass of the W boson cannot be reconstructed. Instead, the W mass
analysis relies on other kinematic variables sensitive to the W boson mass. These
variables are the electron and neutrino transverse momenta and a variable called the

transverse mass [43]:

My = \/2p5% (1 — cos(p¢ — ¢¥)), (4.9)

where p% and pf are the transverse momenta of the electron and neutrino, respec-
tively, and ¢° and ¢” are the corresponding azimuthal angles. The transverse mass
distribution has a Jacobian peak at the value of the mass of the parent particle and
is smeared in the low mass region by the longitudinal components of the momenta of
the particles.

Figure 4.2 shows the CMS Monte Carlo distributions of the transverse mass of
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the W boson and transverse momentum of the electron. The transverse mass dis-
tribution is only weakly sensitive to the transverse momentum of the boson (i.e. on
the boson production and decay model) but is affected considerably by the detector
smearing. On the other hand, changes in the distribution of the electron transverse
momentum due to the detector effects are insignificant but it is sensitive to the boson

pr distribution.

dN/dm,
dN/dp;(e)

55 60 65 70 75 80 85 90 95
m, (GeV) p.(e) (GeV)

Figure 4.2: Distributions of the transverse mass of the W boson (left) and transverse

momentum of the electron: solid histograms — ph%°® = 0, dots — with correct pbos°n

distribution, shaded area — with detector effects.

4.2.2 Ratio of Transverse Masses of the W and Z Bosons

In the standard D@ method of W boson mass measurement distributions of kinematic

variables of the W decay products are compared to the corresponding Monte Carlo
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templates for different input W masses [44]. The standard analysis uses a sample of Z

events for detector calibration, tuning of Monte Carlo parameters, and cross checks.

In the ratio method [45] the transverse mass is reconstructed for each of the two
data samples, W — ev, and Z — ete™ with low transverse momentum of the boson .
If the M distribution of the Z sample is scaled down by a factor of M (W)/M(Z),
the new distribution would be identical to that of the W sample for ideally measured
transverse momenta of the decay products. In Fig. 4.3 the transverse mass of the
W boson is shown on top of the scaled transverse mass of the Z boson using the

unsmeared (generator level) kinematic variables from the CMS Monte Carlo.

In this analysis, the W mass is obtained as a product of the Z mass value from the
LEP collider at CERN by the scale factor that provides the best match between the
two distributions corrected for the detector acceptance and energy resolution. The
distributions are compared using a technique called the Kolmogorov—Smirnov test

described in the next section.

A choice of the transverse mass over the transverse momentum of the electron or
neutrino for the ratio fit was made because of a smaller sensitivity of mr to the boson
production physics (see Figure 4.2). The effect of the parton distribution functions
is shown in Figure 4.4 for the three kinematic variables of the W decay products,

mr, p5, and p4., for two choices of the parton distribution functions, CTEQ2M and

!The cut on the boson p,. reduces the difference between the two transverse mass distributions
due to the production mechanism differences
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7500~
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2500- 110

2500 N

60 70 80 90 100
m., GeV

Figure 4.3: Transverse mass of the W boson (solid histogram) and scaled transverse
mass of the Z boson (dots). Lower plot shows the bin-by-bin difference between the
two distributions over the error with the horizontal band corresponding to the 20
difference. This will be a standard convention further on. The disagreement between
the two distributions at the peak is due to the production and decay effects.

MRSD—'. The difference between the spectra is slightly more pronounced for p§. and

p't than for the transverse mass.

Another approach would be to use the difference instead of the ratio of the trans-
verse masses. A disadvantage of this method is a larger sensitivity than in the ratio
to the electron energy scale which cancels to the first order in the ratio. Dependence

of the transverse mass ratio on various detector response parameters will be discussed
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30 40

50 60
Electron g, GeV

80 90
m;, GeV

Figure 4.4: W transverse mass (left), electron pr (center), and neutrino ppr W dis-
tributions for two choices of pdfs, CTEQ2M (solid line) and MRSD—' (dots). The
bottom part of each plot shows the bin by bin difference between the two spectra
divided by the error, and the horizontal band corresponds to +2standard deviations

in Section 6.3.2.

4.2.3 Kolmogorov—Smirnov Test

The Kolmogorov—Smirnov test is a statistical tool that provides a quantitative mea-
sure of the likelihood for two sets of measurements of a random variable to originate

from a same parent distribution [46].

1,2 1,2 1,2 . i
Let ;7 < xy” < ... <., be the two sets of measurements sorted in ascending

order with weights wjl- 2 j=1,...m"2. A single variable called the running difference

EMWE?2)

"TVEO T 5@

-max [P (€) = FA(9) (4.10)
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is constructed from the two normalized cumulative distributions

pli2
> w

PR =5 (4.11)

where

ml 2

w

]:1

i (4.12)

sz
and x , < &<t 1 »241- For sufficiently large numbers of events in distributions F!
and F? picked randomly from the same parent distribution, probability p for the
running difference defined by Equation 4.10 to be greater than a certain value p can

be calculated as a function of p [47]. This probability will be referred to as the

Kolmogorov-Smirnov probability. The dependence of p(p) is shown in Fig. 4.2.3.

%
<
21
0.75
0.5 . .
Figure 4.5: Kolmogorov—Smirnov
probability as a function of the
0.25 running difference between two
distributions
00

Fig. 4.2.3 shows the Kolmogorov—Smirnov probability for the two transverse mass
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distributions, My (W) and scaled Mr(Z) as a function of the scale factor for the
unsmeared CMS variables. The maximum of this function corresponds to the best
match between the two distributions shown in Fig. 4.3, and the width of the curve
is interpreted as the statistical error of the W mass measurement. The ~ 30 MeV
difference between the position of the maximum of the Kolmogorov-Smirnov prob-
ability and the generated value of the W boson mass (80.4 GeV) is partially due to
different production and decay mechanisms for the W and Z bosons. This effect will

be discussed in Section 6.3 along with other systematic uncertainties.

%)
4
o
0.15)
0.1+
: . 0.05)
Figure 4.6: Kolmogorov—Smirnov
probability for Mt (W) and scaled
M~ (Z) as a function of the scale

factor &5 802 804 806 80.8
my, GeV



Chapter 5

Understanding Detector Response

5.1 Energy Scale and Resolution

5.1.1 Electron Energy Scale

Data from the beam test of the calorimeter modules show a good linearity of the
electron energy response of the calorimeter. Figure 5.1.1 shows the difference between
the energy measured in the calorimeter, F, and the beam momentum, p, over the
beam momentum, as a function of p [25].

In the collider environment, the calorimeter response in the transverse momentum

range relevant for this analysis (20 to 70 GeV) can be parameterized as:

E=ap+ (3, (5.1)
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Figure 5.1: Difference between
-0.004 the energy measured in the
' calorimeter, F, and the beam mo-
-0.00 mentum, p, over the beam mo-
60 50 100 150 mentum, as a function of p

p, GeV

where p is the true electron momentum and E is the energy measured by the calorime-
ter. Electron energy scale o and offset 5 have been obtained from the collider data
using resonance decays 7 — vy, J/¢ — eTe™, and Z — ete” [49]. Table 5.1 summa-

rizes the values of the electron energy scale for the central and forward calorimeters.

Parameter ‘ Value ‘

EM scale for the Central Calorimeter acc 0.9545
EM scale for the North End Calorimeter agen | 0.9525
EM scale for the South End Calorimeter apcs | 0.9525

Table 5.1: Electron energy scale parameters

Measured transverse momentum of the electron, Ef., is related to the actual, p%,
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in the following way:

Ef = ap} + Bsinf + U™ — U™. (5.2)

The U" term is the part of the hadronic energy in the event included in the elec-
tron cluster. It has been studied extensively in the standard DO W mass analysis [49].
Figure 5.2 shows the momentum vectors in the transverse plane used in this analysis.

Figure 5.3 shows the deviation from the nominal U"® value in the central and forward

5.(0)

pr(v)

Figure 5.2: Momentum vectors in the transverse plane for the W event. U is the
projection of the hadronic transverse momentum Ur onto the transverse direction of
the electron

calorimeters. The U"® distributions depend on the instantaneous luminosity of the
event, U} (projection of the hadronic transverse momentum onto the transverse di-
rection of the electron shown in Figure 5.2), and angle 6 of the electron. Dependence
on the latter absorbs the fsinf term in Equation 5.2.

The zero suppression term U? is introduced due to the hadronic noise pedestal

subtraction. Its value obtained from the full GEANT Monte Carlo simulation of the
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Mean 0.4755 3000¢r Mean 0.7069
8000* RMS 0.5301 RMS 0.7579
6000~ 2000~
4000r
1000~
2000~
0% 2 4 070 2 4
U“®in CC, GeV U“®in EC, GeV

Figure 5.3: U"® deviation from the nominal value in the central (left) and forward
calorimeter

calorimeter is [49]:

U™ = 212 + 25 MeV. (5.3)

It is found to be independent on 7.

5.1.2 Electron Resolution

Electron energy resolution is parameterized according to Equation 2.4. The values
of the resolution parameters were obtained from the fit to the Z collider data [34].
Table 5.2 shows the values of the electromagnetic resolution parameters.

To ensure good scaling of the transverse mass distribution, resolution of the Z and
W electrons should be equal. Since the Z electrons on the average have higher pr

than the W and thus have better resolution, additional, “extra” resolution smearing
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‘ Parameter ‘ Value ‘
CC EM resolution sampling term Scc 0.130 GeV1/2
CC EM resolution constant term Ccc 0.0115
CC EM resolution noise term Ncc 0
North EC EM resolution sampling term Sgpcex | 0.157 GeV1/?2
North EC EM resolution constant term Cgen 0.010
North EC EM resolution noise term Ngcn 0
South EC EM resolution sampling term Sgcg | 0.157 GeV'/?
South EC EM resolution constant term Chcg 0.010
South EC EM resolution noise term Ngcg 0

Table 5.2: Electron energy resolution model parameters

is required for the Z electrons:

o 2 g, 2 o 2
<p5>), \<p5>/), \<p5>),

5.1.3 Hadronic Energy Scale and Neutrino Energy

The following model for the hadronic response of the calorimeter is assumed in this
analysis: the transverse momentum of the W is defined in terms of the transverse

momenta of its decay products as

(5.5)

=
[
S
_|_
4
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and the total hadronic energy measured in the calorimeter is:

Ehadr — 5. (5.6)

This energy, £ is smeared with the detector resolution function, proportional
to E%adr'. Moreover, as discussed in Section 5.1.4, the model adds the resolution
smearing effect from the remaining proton and antiproton “debris”. This hadronic
debris, the so-called underlying event, enters the calorimeter as well and resembles
low transverse energy interactions — minimum bias events; events taken with an
interaction trigger. Actual minimum bias events, taken at similar luminosity as the
W events, are used to model the underlying event. Although the physics dictates
minimum bias events to have zero net transverse momentum, detector resolution and
imperfect calorimeter coverage build an apparent transverse energy U of several GeV
on average. Randomly picked scaled U vectors picked from minimum bias data are
added to EX to account for this additional smearing effect, but do not contribute

to the mean value of |[EBr|. The scale factor is tuned with Z — eTe™ events.

The hadronic energy response was studied using the recoil distribution of the Z

events [49], and the value of the scale factor 6 was found to be

§ = 0.693. (5.7)
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The measured transverse missing energy is equal to the negative of the sum of the

hadronic energy and energy of the electron:

R . . [Jue
ETz—E%“—w%(l— ), 659)

where the factor in parentheses prevents double counting the part of hadronic energy
underlying the electron (the U" term is defined in Equation 5.2). Using Equation 5.6,

the missing transverse energy becomes:

o . [Jue
ET:fS'ﬁYrV—E%(l—?), (5.9)
T

and the true transverse momentum of the neutrino:

7 nl 1 —Uve/Ee
%4‘ il 5 /E%) e (5.10)

P =

For the Z events pY in (5.5) becomes p?, and a term associated with the second
electron should be added to the left-hand side of (5.8). Thus the variable that matches

pY in the transverse mass for the Z events is:

. — E;el 1 — e/ ge . E’@ 1 — [Jue/ ez
o EROCUMIE o BROSUMIED)
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5.1.4 Hadronic Energy Resolution

Similarly to the electron case, hadronic energy resolution should be the same for the

W and Z events:

<<pUT >>;: <<pUT >>QZ (5.12)

The boson momentum is assumed to scale with the mass, therefore additional smear-

ing of the recoil and the hadronic energy underlying the electrons is necessary for the

Z sample:
. . My \2
grecoll — recoil (177 <—MVZV> —1, (5.13)
M 2
Pt = W) (512) — 1 (5.14)

As in the conventional DO W mass analysis, the hadronic resolution is parame-
terized separately for the hard and soft component of the recoil. The hard component

of the recoil is parameterized as [44]:

Ohard = 51/ BF", (5.15)

with the value of factor s:

s = (0.49 + 0.14)V/GeV. (5.16)
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The soft component of the recoil is modeled by the minimum bias data. It depends
on the instantaneous luminosity of the event and has been examined in the standard
W boson mass analysis [49]. Fig. 5.4 shows the minimum bias transverse momentum

distribution for two intervals of the instantaneous luminosity values.

1500r Mean 3.928 Mean 5.118
RMS 2.891 100 3.669
1000} 75
50
500
25
O 10 20 30 40 50 0o 10 20 30 40 50

U, GeV U, GeV

Figure 5.4: Minimum bias transverse momentum distribution. Left — for the instan-
taneous luminosity range from 0 to 10%° cm 257!, right — from 1.6 - 103! cm 257! to
2.5+ 103 cm 271

5.1.5 Procedure for Applying Energy Response and Resolu-
tion Corrections

When calculating the true electron transverse momentum, a value for the U"® term
is picked up from the distribution corrected for U and luminosity (Fig. 5.3).
Additional — “extra” smearing of the electron and the hard component of the

recoil momentum of the Z events is picked up randomly from the Gaussian distri-
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bution with the zero mean value and the corresponding ¢ using parameters from
either Table 5.2 or Equations 5.15 and 5.16. A similar procedure applies for the soft
hadronic component: the magnitude of the momentum correction is picked up from a
distribution corresponding to the given luminosity interval, and the azimuthal angle

is picked up from the uniform distribution in the range from 0 to 2.

In order to average over these random corrections, they are applied repeatedly
to the original W and Z samples until the average stabilizes (usually ~ 50 times).
The final W mass is calculated as the average over the values obtained from the

Kolmogorov—Smirnov test in each of these smearing iterations.

5.2 Event Selection Efficiency

Different event selection efficiencies for the W and Z samples would bias the Kolmogorov—-
Smirnov test output value. To correct for that effect, weights are applied to both W
and Z events depending on the event topology. The weights are calculated as the in-
verse of the selection efficiencies for a given topology. The efficiencies were measured
in the W and Z production cross section analysis [48]. The values of the efficiency

are summarized in table 5.3.



5.3 Detector Acceptance Effects on the Mass Ratio

75

Event type Selection efficiency
W, central electron 0.731£0.018
W, forward electron 0.684+0.028
Z, two central electrons 0.753+0.020
7, one central and one forward electron 0.748+0.023
7, two forward electrons 0.74240.042

Table 5.3: W and Z event selection efficiencies

In order for these efficiencies to be applicable in this analysis, event selection cuts

are kept the same as in the cross section analysis.

5.3 Detector Acceptance Effects on the Mass Ra-

tio

W and Z event selection cuts described in Section 6.1.3 require the W electron and

both Z electrons to be outside the regions of the calorimeter where electron identifi-

cation is poor. However, this requirement cannot be applied to the W neutrino. This

section describes a procedure that allows to correct for this acceptance difference for

the two samples.
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5.3.1 n Dependent Weight

This correction compensates for the difference in the allowed 71 regions for the W
and Z events. For each W event edges of the calorimeter gaps are projected onto
the beam axis at angle # of the electron. The distribution of the interaction vertex
normalized to unity is integrated over those projected intervals not shadowed by the
calorimeter boundaries, giving the probability for the event to be detected by the

calorimeter (Fig. 5.5).

CC acceptance region

EC acceptance region

Figure 5.5: Calculation of probability for a single electron (W) event to be detected
by the calorimeter. The Gaussian represents the experimental vertex distribution,
the dashed lines show the projections of the CC and EC boundaries onto the z axis
at angle 0 of the electron. The event is detected if the vertex position is within the

shaded region.
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The event is assigned a weight equal to the inverse of the detection probability
thus compensating the distributions for undetected events with the same 6 of the
electron. For the Z events the probability is calculated similarly with the integration
region obtained as the intersection of the projection intervals for the two electrons.
Fig. 5.6 shows the event detection probability as a function of 1 of the electron for the
W events and as a function of pseudorapidities of the two electrons for the Z events.
One can see that the detection probability never turns zero within the 7 region of

interest so the weight can always be calculated.

0.75¢

0.25r-

Figure 5.6: Event detection probability: left — as a function of the electron n for the
W events, right — as a function of pseudorapidities of the two electrons for the Z

events

The effect of this procedure is illustrated in Fig. 5.7 showing the loose electron
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pseudorapidity distributions and the Kolmogorov-Smirnov probability vs. the W
mass. The gaps in the n distribution due to the fiducial cuts are closed, and the
output value of the Kolmogorov-Smirnov test moved closer to the generated value

after the weights have been applied.
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No fiducial cuts:
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Cuts applied, no weights:
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6000}
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4000}
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04l My = 80.43 GeV
4000}
0.2
2000¢ rm.s. = 0.05GeV
072 0 2 4 By 862 804 806 80.8
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Figure 5.7: Pseudorapidity distributions of the second Z electron (left plots) and
Kolmogorov—-Smirnov probability as a function of the W mass with and without

fiducial cuts and acceptance weights
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5.3.2 ¢ Dependent Weight

Electrons in the central calorimeter are required to be away from the calorimeter
module boundaries (see Section 6.1.3). This cut introduces an acceptance difference
between the W and Z events with different topologies of the final state which is
corrected for by applying a weight equal to the inverse probability for the event to be

inside the acceptable ¢ region.

5.4 Monte Carlo Tests

The analysis procedure described above has been tested on the CMS Monte Carlo
W and Z samples containing about 700,000 and 300,000 events, respectively, using
the MRSA parton distribution functions. The transverse mass distributions used in
the Kolmogorov—-Smirnov fit are shown in Fig. 5.4. Fig. 5.10 shows the transverse
momenta of the decay products. Fig. 5.4 shows the transverse momentum of the

boson.
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Figure 5.9: pr of the boson. The dis-
crepancy between the two distributions
at high pr values is due to the different
masses and production mechanisms of

the two bosons (different parton distri-

butions of u and v quarks).

Figure 5.8: Transverse mass of the
W boson (solid) and scaled transverse
mass of the Z boson (dots). The scale
factor here and on the other plots corre-

sponds to the maximum Kolmogorov—

Smirnov probability
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2 130 120

40000"

50000¢
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20000 110

0 0

- -20000¢
20 30 40 50 60 20 40 50 60

Electron R gev Neutrino R gev

Figure 5.10: Left — pr of the electron (scaled for the Z), right — pt of the W
neutrino on top of the scaled pr of the second Z electron. Solid line — W, points —

A

The effects of the weighting procedure on the angular distributions of the W and
Z electrons are shown in Fig. 5.4. The two distributions are different because of the

different decay model and boson 7 distributions of the W and Z.



5.4 Monte Carlo Tests 83

-

40000~ 140
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Figure 5.11: Pseudorapidity of the W

and Z electrons

In order to remove a bias due to the extra smearing of the Z sample, the Kolmogorov—-
Smirnov test was performed 100 times for different random values of the added smear-
ing corrections. Each such smearing iteration produced a Kolmogorov—-Smirnov prob-
ability as a function of the W mass. These functions are shown in Fig. 5.4. The
maximum of the Kolmogorov-Smirnov probability and the width of the probability
curve for 100 smearing iterations are plotted in Fig. 5.13. The mean values of the
two distributions are interpreted as the output W mass and the statistical error, re-
spectively. The output value of the mass is therefore My, (W) = 80.384 4 0.045 GeV

for the generator input of 80.4 GeV'.

'For very large samples (~ 107 W events) the mean value of the width distribution and the
r.m.s. of the distribution of mean values approach the same limit. For samples of limited size
(~ 10° events) the mean of the width distribution is taken for the statistical error. For limited size
samples this choice for uncertainty turns out to be the same as the result from an ensemble test (see
Section 6.2). However, the fact that the two values are different for limited size samples is not yet
understood and needs to be investigated in the future.
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Figure 5.13: Mean (left) and RMS (right) values of the Kolmogorov-Smirnov prob-
ability function. The mean and r.m.s. values for the left and right plots are

80.384 + 0.023 GeV and 0.045 4+ 0.008 GeV, respectively



Chapter 6

Data Analysis and Study of

Systematics

6.1 Data Selection

The ratio method analysis uses the same W and Z data samples as the standard
W mass analysis [5]. The samples were selected from the 82pb~! of data collected

during the 1994-1995 Tevatron run.
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6.1.1 Online Event Selection

6.1.2 Kinematic Cuts on Electron Candidates

The offline selection of W and Z candidates starts from selection of electron candidates

in the events. An electron candidate is required to meet the following criteria:

A cluster in the EM calorimeter with Etr > 25GeV in the central region or

Er > 30GeV in the forward region.

A significant fraction (at least 90%) of the cluster energy in the EM calorimeter.

The isolation fraction defined by Equation 3.6 is less than 15%.

The shape of the cluster is consistent with the electromagnetic shower: the H

matrix x? defined by Equation 3.8 is required to be less than 100.

A matching track in the EC: variable oy defined by Equation 3.9 required to

be less than 10.

6.1.3 Fiducial Cuts

In addition to the above, electron candidates are required to be in the regions of well
understood response of the detector. This gives rise to the following set of fiducial

cuts:
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e |7| <1.1orl.5 < |n| < 2.5. This requirement excludes the inter-cryostat region

and the very forward region close to the beam pipe.

e The angular position of the electron cluster in the central calorimeter is required
to be at least 10% of the module size away from the boundaries of the calorimeter

modules.

e The z coordinate of the track centroid in the CDC is constrained to be within

+80 cm from the origin to exclude nonlinearity regions of the CDC delay lines.

6.1.4 Event Selection Criteria
The following requirements are applied to the W candidates:

e At least one electron candidate.

e [t > 25GeV if the electron candidate is in the central region or B+ > 30 GeV

otherwise.
o phoson < 30 GeV.,
Z events are selected according to the following criteria:
e At least two electron candidates.
e At least one has a matching track.

o phoson < 30 GeV.
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e No significant missing energy in the event (Fr < 15GeV).

Unlike the conventional DO W mass analysis, the ratio method uses a more relaxed
cut on the boson transverse momentum since the effect of the boson production model

on the transverse mass cancels in the mt ratio.

Figs. 6.1 and 6.2 show the data vs. the CMS Monte Carlo comparison for the
electron pr and 7 distributions for the W and Z samples for the same set of kinematic
and fiducial cuts with the CC vs. EC efficiency correction weights but without the n

dependent acceptance weight.

0.08 0.04

0.06¢ 0.03;

0.04¢ 0.02¢

0.02- 0.01-

%o 40 60 80 77— =2 0 2 a4
Electron g, GeV Electronn

Figure 6.1: W electron pr and 7 distributions. Solid histogram — CMS Monte Carlo,
points — data
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Figure 6.2: Z electron pr and 7 distributions. Solid histogram — CMS Monte Carlo,
points — data

6.2 Kolmogorov—Smirnov Fit for the Data

After the selection cuts described above, 33137 W and 4588 Z events remain in the

samples’.

The transverse mass distributions used in the Kolmogorov—Smirnov fit are shown
in Fig. 6.2. Fig. 6.2 shows the transverse momenta of W and Z, and Fig. 6.5 those of
the decay products. The pseudorapidity distributions of the W and Z electrons are
shown in Fig. 6.2. Similar to the Monte Carlo figures, the bottom plots show the bin

by bin difference between the corresponding distributions for the W and Z events.

!The exact number of events varies from one smearing iteration to another. This variation is of
the order of ~ 10events.
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Figure 6.5: Left — pr of the electron, right — pr of the W neutrino on top of pt of

the second Z electron. Z distributions are scaled down by the mass ratio
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Figure 6.6: Pseudorapidity of the W

The W mass value at maximum of the Kolmogorov-Smirnov probability and the

width of the probability function for 100 smearing iterations are plotted in Figure. 6.7.
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The two distributions were fitted to a Gaussian and the mean values of the fit are

interpreted as the output W mass and the statistical error, respectively:
mwy = 80.115 £ 0.211 GeV. (6.1)

It should be mentioned that if no # or ¢ dependent weights are applied to the data,
the W mass value comes out lower than the value above by approximately the same

amount as seen in the Monte Carlo (Figure 5.7).

10¢ Fit results:
7.5}
5,
Mean = 80.115GeV
2.5}
l I o = 0.132GeV

%9765 80 805 81 815
m,, at peak, GeV

Fit results:
6 L
4 L

Mean = 0.211GeV

RNl o = 0.033GeV
0 0.1 0.2 0.3 0.4
RMS, GeV

Figure 6.7: Mean (top) and RMS (bottom) values of the Kolmogorov—Smirnov prob-

ability function
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As a cross check for the statistical error, an ensemble test was performed using
a set of CMS Monte Carlo samples (50 (W, Z) sample pairs) with numbers of events
approximately equal to those of the data W and Z samples for the input W mass
of 80.4 GeV. The distribution of the output Monte Carlo W mass values over the
ensemble is shown in Figure 6.2 and is consistent with the statistical error of 211 MeV

obtained from the data.

Mean 80.36
RMS 0.2506
6
Figure 6.8: Distribution of the output
4+ Monte Carlo W mass for 50 (W, Z7)
sample pairs of approximately the same
20
sizes as data for the input mass of
‘ ‘ ‘ 80.4 GeV.
0—8 805 81
|V|W, GeV

6.3 Systematic Uncertainties

6.3.1 W and Z Production and Decay

The sources of theoretical model uncertainties that affect the W mass measurement

are:
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e W boson width,

Parton distribution functions,

Boson pr distribution (parameter g, in Equation 4.5),

Final state radiation.

A systematic error due to each of these effects was obtained using a set of CMS
Monte Carlo experiments with variations of the corresponding parameter of the model
described in [34] in detail. Large samples of a few million events were used for the
study of systematics to minimize the statistical uncertainty. A modified Kolmogorov—-
Smirnov procedure in which the two transverse mass distributions were stored as
histograms, not as collections of individual events, had to be used because of the
computer memory constraint. The bin size of these distributions was set to 5 MeV.
It was shown at a smaller sample that both binned and unbinned fit give the same
result with such a bin size.

The uncertainty due to the W width has been studied by generating a set of the
W CMS Monte Carlo samples for a set of variations of I'yy. The nominal width value

used for the estimate was [4]:

Ty = 2.06 + 0.05GeV. (6.2)

The dependence of the output W mass vs. I'yy is shown in Table 6.1.
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| Ty, GeV | my, GeV |
1.7 | 80.404
1.9 | 80.410
2.06 | 80.411
2.3 | 80.417
2.5 | 80.421

Table 6.1: W mass vs. I'yy dependence. Each mass value from the right column carries
a Monte Carlo statistical error of 10 MeV. This uncertainty is added in quadrature
to the total systematic error.

The pdf uncertainty was modeled by substituting boson pr vs. n grids in the CMS
Monte Carlo for the MRSA, MRSD—', and CTEQ2M parton distributions. Table 6.2

shows the dependence of the output W mass vs. the choice of the parton distribution.

The overall uncertainty of 10 MeV was assigned. The uncertainty due to the boson pr

‘ pdf ‘ myy, GeV ‘
MRSA 80.410

MRSD—" | 80.397
CTEQ2M | 80.418

Table 6.2: W mass vs. dependence on the parton distribution function. Each mass
value has a 10 MeV error due to Monte Carlo statistics.

distribution was obtained by varying the g, parameter by its one standard deviation
within the MRSD—' parton distribution. An error of 5 MeV was assigned to the W
mass.

The error due to the final state radiation is determined by the cuts on parameters

E].. and AR!. in the Monte Carlo [33]. These parameters are the minimum photon

min
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energy and separation from the electron in (7, ¢) space at which the photon is detected
in the calorimeter. Table 6.3 shows the offsets in the output W mass due to the

variations of AR}, (shifts due to E;,

variations are consistent with zero).

‘ AR}, (CC) ‘ AR} ., cm (EC) ‘ Amyy, MeV ‘
0.3 20 0
0.1 20 45
0.5 20 -9
0.3 15 26
0.3 25 -5

Table 6.3: my shift due to variations of the final state radiation parameters

Table 6.4 summarizes the systematic errors due to the theoretical model uncer-

tainties.

‘ Variable ‘ Amy, MeV ‘
W boson width 'y | 5
Parton Distributions | 10

Boson pr (g2) | 5
Final state radiation | 10
Total | 16

Table 6.4: Systematic errors on the W mass due to theoretical uncertainties

6.3.2 Detector Response Parameters

Similar to the conventional D@ W mass measurement, the output of the ratio method

depends on the calorimeter energy scale and resolution. However, the way the un-
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certainties in the detector response parameters propagate to the result is different in
the two analyses. To estimate the systematic error on the W mass due to e.g. elec-
tromagnetic or hadronic energy scale one needs to vary these parameters within their
uncertainties and perform a Monte Carlo fit for a set of such variations [34]. In the
ratio method the detector response parameter enter as corrections to the measured
transverse momenta of the electrons and the recoil in a well defined analytical way
(Equations 5.2, 5.10, and 5.5). It is therefore possible to calculate partial derivatives
of myy with respect to the response parameters analytically thus estimating the sys-
tematic uncertainties from the detector response. A previous study by S. Rajagopalan
and M. Rijssenbeek [45] shows that the uncertainties obtained by analytical method

agree with those obtained through the Monte Carlo simulation.

Using Equations 5.2 and 5.10, the square of the transverse mass of the W boson

can be written as:

(E% —Uvue Uzs)

my(W) = 2 - (1 —cos(p® — ¢"))

11> N o Uue 5E"e(Ee_Uue_|_Uzs)
= U+E$|1- -1 :
" 6}¢T+ ! T( E%) o T

(6.3)

Similarly, the square of the Z transverse mass from Equations 5.10 and 5.5 is given
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E'el _ Uue1 + Uzs . .
miz) = 2P ZTRETD s - )
1 5 5 5 Uue1 6581 (Eel _ Uu61 _|_ Uzs)
- el - - T T
X 5 }ﬁT + U + ET (1 E%l ) aE’%l (64)
N Eez - [ue2 B 5E_v'%2 (E%Q —[uex Uzs)
T E% aBy ’

The ratio of the transverse masses of the W and Z bosons can be rewritten as:

(W)
me(2) " (2)

(6.5)

where (W) and pr(Z) are the transverse masses constructed from the measured
instead of true kinematic variables, and the K factor depends on the response model
parameters «, o, U"®, and U?. In order to estimate that dependence, the values of
the measured electron transverse momenta and the W missing energy are assumed
to be at half the value of the corresponding boson mass. The first order expansion in

U"¢ /My, 7 gives:

K=1

o([Tue _ [Jzs ([ue _ ]z ue ue
_Aao-uvn) | 2u U)+%<U U). (6.6)

The uncertainties in the W mass due to uncertainties in «, §, U"®, and U” can be
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estimated in the following way:

Amyy ~ 8;n—WAa: = a—KAx, (6.7)
T

where = and Ax are the variable and the corresponding uncertainty from the list of

a, 0, U™, and U,

Systematic effects due to electromagnetic and hadronic energy resolution were
studied by varying the corresponding resolution parameters within one standard de-
viation in the Monte Carlo. The only noticeable contribution to the systematic error,

15MeV, is due to the hadronic resolution sampling term.

An uncertainty due to different CC vs. EC electron efficiency was studied by
simulating the event selection efficiency in a standalone program after the event gen-
eration with CMS. The W event selection efficiency was varied within its error bars
(Table 5.3), and the Z efficiency was set equal to the ratio of the central values of
the W to Z efficiency times the current W efficiency. A random number between 0
and 1 was generated for each event, and the event was selected if the random number
came out greater than the corresponding efficiency value. The overall uncertainty

was found to be 20 MeV.

The systematic errors due to detector response parameters are summarized in

Table 6.5.
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Variable | Amy,, MeV

Electron energy scale o | 5

Hadronic energy scale 6 | 0

use | 30

Zero suppression correction U*® | 5

Hadronic resolution | 15

EC vs. CC efficiency | 20

Total | 40

Table 6.5: Systematic errors on the W mass due to the detector response uncertainties

The largest term in Table 6.5, the electron underlying energy correction, is due to
the tails in the U"¢ distributions shown in Figure 5.3. The CC vs. EC efficiency effect
is the second largest contribution to the error because of the extreme sensitivity of
the ratio method to the acceptance difference between the W and Z events. The fact
that the hadronic energy resolution is a major source of error (third largest number
in Table 6.5) is because of the different ways the hadronic energy enters the relations
between the electron and neutrino measured and true transverse momentum. This
difference does not cancel in the ratio. The hadronic energy resolution is one of the

largest sources of error in the conventional DO W mass measurement as well.



6.3 Systematic Uncertainties 101

6.3.3 Backgrounds

The main backgrounds to the W — er sample are the 7 decays, 7 — eTe™ events
where one of the electrons is lost, and QCD fakes. The effect of the backgrounds
was studied by varying the normalization of their transverse mass distributions and
adding them to simulated data [34, 45]. The uncertainties due to the backgrounds are

given in Table 6.6. The error due to the 7 background is larger in this analysis than

‘ Background ‘ Error on myy, MeV ‘
W —1v | 10
QCD | 20
Z —ed | b
Total | 23

Table 6.6: Systematic errors on the W mass due to backgrounds

in the conventional D) measurement because the CMS fit templates in the latter
contain approximately the same fraction of 7 decays of W as the data, whereas in

the ratio method the 7 contamination of the two data samples is different.

6.3.4 Summary of the Systematics

Combining the total errors from Tables 6.4, 6.5, and 6.6 and adding a 10 MeV un-

certainty due to Monte Carlo statistics in quadrature, the overall systematic error on
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the W mass with the ratio method is found to be:

APy = 0.050 GeV. (6.8)



Chapter 7

Summary of Results and

Conclusion

7.1 W Mass from the Ratio Fit and from the Stan-

dard DO Method

A measurement of the W boson mass from a direct determination of the ratio of the
transverse masses of W and Z bosons using the DO detector at the Tevatron collider
at Fermilab has been described. The analysis is based on the W — ev and Z — ete™
decay modes. The study corresponds to an integrated luminosity of 82 pb ' acquired
by the DO detector during the Tevatron collider Run Ib (1994-1995). The data

samples have been collected in both central and forward region of the detector. The



104 Summary of Results and Conclusion

W mass is found to be:

my = 80.115 + 0.211 (stat.) = 0.050 (syst.) GeV. (7.1)

The recently published DO W mass from the standard method is [5]:

my = 80.482 = 0.091 GeV. (7.2)

With the limited number of W and Z events in Run I the error on the W mass from

ratio method is significantly larger than the one from the conventional analysis.

7.2 The Future

Although the precision of the ratio method in Run I is statistically limited, there are
possible directions one can follow to improve the error. Currently the ratio analysis
does not use electron or neutrino pr for the fit. As mentioned before, these variables
have different sensitivity to the boson pr and detector smearing and therefore would
give a different breakdown of the systematic errors. A correlated error analysis would
be necessary to incorporate the electron and neutrino pr fits into the ratio method.
The overall performance of the ratio method may improve once such an analysis is
available.

Another issue that may require additional consideration is the definition of the
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statistical error used in the ratio analysis. Although in the limit of large statistics
the width of the Kolmogorov-Smirnov probability as a function of W mass does
coincide with the r.m.s. of the distribution obtained by ensemble tests for a number
of smearing iterations, the r.m.s. for the real data samples is consistently smaller
than the width (see Figure 6.7). A larger value of the width has been used as a
conservative error estimate so far.

In the Tevatron Run II the hadronic recoil and Frrresolution and will deteriorate
because of a higher (a factor of ~ 10) luminosity [50]. On the other hand, the electron
Er resolution is not expected to get much worse. Since the transverse mass is sensitive
(via the boson pr) to the hadronic response, the electron pr may replace the transverse
mass as the primary fit variable in the ratio method.

With the increase of the number of W and Z bosons produced in Run II the
uncertainty of the W mass measurement is projected to be about 30 MeV [50]. The
error will be dominated by systematics in both the conventional and ratio methods.
Once can think of combining the two measurements; however, since the systematic
effects are highly correlated in the two analyses, a significant improvement in the

error on the W mass is unlikely.
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Appendix A

Event Reconstruction Algorithms
for the Forward Preshower

Detector

A.1 General Design of the Forward Preshower De-
tector

The Forward Preshower Detector (FPS) is a part of the upgrade DO detector for
Run IT of the Tevatron collider [51]. It is designed to improve electron and photon
identification in the forward region of the DO detector (1.5 < |n| < 2.5) both at the

trigger level and offline [52].
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There are two identical FPS detectors in the upgrade DO located at the north and
south end calorimeters. Each FPS detector consists of finely segmented scintillator
modules arranged in pairs of stereo layers (u and v) both upstream and downstream
of a lead absorber. Figure A.1 shows the quarter view of the FPS detector in the r —z

plane. The scintillator modules are shaped as spherical wedges with the curvature

ICD

LEAD 5.5mm

CC CRYOSTAT WALLS
SOLENOID MAGNET : jj
{

/
| /

SOLENOID MAGNET
ICD CHAMBER

ENDCAP CRYOSTAT
WALL

T,
J
)
= /,
—
CFT - g
e’
—_—
-
H DIMENSION IN ( mm )
H SVX SCINTILLATOR LAYERS
I 1 ~< 1 v vy oy oa
I T o<

Figure A.1: FPS detector quarter view in the r — z plane and a close-up view of two
layers of triangular scintillator strips

radius equal to that of the inner cryostat wall of the end calorimeter. Each u and
v layer of the wedge consists of nested triangular scintillator strips with a base of

~ 7mm and a height of ~ 5mm.
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Figure A.2 shows a planar projection of stereo layer u of a FPS wedge. The
projection of the other layer, v, is a mirror image with respect to the x axis. The
origin of the local coordinate system of the wedge is chosen at the spherical center of

curvature, the z axis intersects the module at its geometrical center.

y

Figure A.2: Schematic x — y view of strips of one stereo layer of a FPS module. The
z axis is perpendicular to the plane of the drawing and completes the right-handed
system.

A.2 FPS Event Reconstruction Process

The offline event reconstruction in the FPS is a four step procedure [53]. Steps
1 through 3 are performed independently for each module in the local coordinate

system of the module.
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1. Contiguous sets of strips with energies over a specified threshold are combined

into channel clusters separately in u and v layers.

2. For each crossing of a channel cluster in layer u with energy over a given thresh-
old with one in layer v a reconstructed cluster candidate is created. First, energy
weighted average positions of the strip ends forming the channel clusters are cal-

culated in the local coordinates of the wedge:

N-1
—01

R (A1)

> B

1=0

,2

—_

These two points define arcs of the great circles on the sphere. The intersection
point of the arc corresponding to the channel cluster in the u layer with one in

the v layer is given by:

B = () x (7 X ),
(A.2)
f'hit — Tinner + Touter Dhit
2|R’hit| )

where 7ipner and rouer are the inner and the outer spherical radii of the wedge
(i.e. hit points are bound to be located at the middle spherical surface of the

wedge). Figure A.3 shows the intersection point of the u and v channel clusters.
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U strip

v strip

Figure A.3: Intersection point of a v and a v cluster

3. The candidates are inversely ordered by the u — v energy correlation parameter

|Eu _Ev|

Ouv =1 )
E,+ FE,

(A.3)

and only top few on the list are kept depending on the threshold.

4. Positions of the reconstructed clusters are converted into the global DO coordi-
nates and clusters on each side within a set of (6, ¢) windows (usually defined

by the calorimeter seeds) are combined into a set of collections.

The offline procedure for the initial strip clustering in the u and v layers is similar
to the one used for the trigger while the rest of the algorithms are significantly different
from those used online. At the trigger level computation time is a crucial issue,
therefore lookup tables or simple polynomial approximations are used for the (u,v) —
(x,y, z) conversion, and preshower vs. calorimeter clusters are only matched to the

accuracy of the trigger tower size in the (1, @) space [54, 55].
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The FPS event reconstruction is a constituent part of the electromagnetic ob-
ject identification and reconstruction procedure called EMReco which uses informa-
tion from the calorimeter, preshower detectors, tracking, and vertexing algorithms to

identify electrons and photons and measure their four-momenta [56].

A.3 Software Implementation

A.3.1 Hierarchy of FPS Offline Packages

The FPS event reconstruction code consists of several software packages written in
C++ and interfaced with the general Run II DO software environment [57]. The low

level base packages include:

fps_address
Contains utility classes identifying detector modules, individual channels, and

collections of channels (clusters).

fps_event

Holds container classes for digitized FPS data.

fps_unpdata

FPS part of the unpacked data chunk.

The higher level packages are:
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fps_geometry
Alignment interface, strip position information for (u,v) — (z,y, z) conversion,

and material information for the multiple scattering.

fps_reco

Channel and position cluster reconstruction package.

fps_analyze

FPS analysis and Monte Carlo vs. reconstruction comparison package.

fps_display

FPS detector and event display.

fps_display_fwk

Framework interface for the event display program.

A.3.2 FPS Geometry Description

Detector geometry description is an essential component of the reconstruction soft-
ware [58]. fps_geometry package describes positions of the FPS modules in terms
of rotations and offsets from the global DO frame of reference, specifies location of
individual strips with respect to the modules, implements the alignment interface and
material description defined by the DO geometry system, and provides a method to

convert a pair of crossing (u,v) strips into a point and error matrix in the global
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frame of reference.

The base FPS geometry tree is shown in Figure A.4. The two FPS units on
either side of the D@ detector are combined logically into the FPS base geometry
object. Each unit is referenced to the corresponding EC cryostat and consists of four
active layers and a lead absorber layer, and each active layer holds eight modules (or
wedges). Such structure ensures that a movement of a parent element of the tree due

to alignment corrections gets automatically translated to the daughter elements.

Base FPS Geometry

North South

Layer i

8

Wedge j

Figure A.4: FPS geometry tree. The two identical top level branches correspond to
the north and south FPS detectors (only the north is shown). Each detector unit has
four “daughter” layers, and each layer holds eight “daughter” wedges.

Positions of individual strips on the modules are calculated and stored in the
object called the channel geometry. It is the channel geometry that implements the
(u,v) = (¢, 0) conversion method defined in Equation A.2 in the local coordinate

system of the module.
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A.4 Algorithm Performance

FPS reconstruction has been tested using single electron Monte Carlo samples with
pr = 50GeV generated with the Run IT DO detector simulation program called
d@gstar [59]. Figures A.5 and A.6 show the § and ¢ residuals between the positions
of the energy centroids of the clusters reconstructed in the FPS and the directions
of the original Monte Carlo leptons corrected for the vertex position before and after
the lead absorber separately. The two distinct peaks in Figure A.6 are due to the
presence of the magnetic field. The angular residual distributions were fitted with a
Gaussian function for the 6 angle and a double Gaussian for the ¢. The width of each
A¢ peak is about four times larger than that of Af because of the ratio of the two
diagonals of the u — v crossing diamond. The width of the 6 residuals corresponds to

approximately 3 mm.

Mean 0.2400E-03 80+ Mean 0.3324E-04
20+ RMS I 0.2683E-02 RMS il 0.1811E-02
X2/ ndf 16.42 / 10 X2/ ndf 13.01 / 13
Constant 7.783 60+ Constant 66.01
15+ Mean 0.1745E-03 Mean -0.5420E-04
Sigma 0.1711E-02 Sigma 0.1627E-02
10+ 40+
5L 20+
% N L i % L L h
-0.02 -0.01 0 0.01 0.02 -0.02 -0.01 0 0.01 0.02
Aeupstream Aedownstream

Figure A.5: Single electron 6 residuals before (left) and after the lead absorber



116 Event Reconstruction Algorithms for the Forward Preshower Detector

40

Mean -0.1133E-01 Mean 0.5233E-03
6 [ RMS F 0.2622E-01 RMS ﬂ 0.2605E-01
30|
e
20/
27 10+
%1 005 0 005 01 %1005 0 005 01
A(pupstream A(deWnStream

Figure A.6: Single electron ¢ residuals before (left) and after the lead absorber. The

two peaks are due to the magnetic field

Figure A.4 shows the total energy in the event in the reconstructed clusters as a
function of energy in the strips. The band located to the top of the bisector direction
is due to “ghost” hit combinations. Elimination of the spurious combinations cannot
be done using the preshower detector alone but requires the seed information from

the calorimeter.

\%
=
o

(=Y
T

Ereco clusters Ge

Figure A.7: Energy correlation be-

tween the reconstructed clusters and

1 1.5 digitized strips
E GeV

strips’
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After filtering out the “ghosts”, the energy of the preshower clusters matched to
a calorimeter seed is added (with a weight factor optimized for the overall energy
resolution) to the electromagnetic cluster defined by the seed. Both calorimeter seed
driven elimination of “ghosts” and electromagnetic cluster energy correction for the
preshower energy are carried out by the EMReco algorithms after the calorimeter and
preshower reconstruction.

The FPS modules overlap in the global DO (x,y) plane as shown in Figure A.8.

The width of each overlap region is ~ 2.5 cm.

Figure A.8: FPS module overlap in (x,y) plane (global DO coordinates)

The energy contribution from FPS clusters to the EM cluster is different in the
overlap regions from the rest of the fiducial region of the detector since the number

of clusters there is roughly twice greater than elsewhere in the FPS. A correct EM
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energy calculation algorithm would therefore have to assign a different weight to FPS

clusters in the overlap regions. A study of this issue is underway.

A.5 Conclusion

The Forward Preshower detector is an essential hardware component of the DO de-
tector upgrade for Run II of the Tevatron collider. Algorithms for the offline event
reconstruction in the FPS have been developed and implemented in the DO offline
software framework. Performance of the FPS reconstruction program has been tested
using the single particle Monte Carlo samples. Integrated tests using the calorimeter
seeds and more complex Monte Carlo events are underway along with further im-
provements in some of the packages. The software is expected to be fully operational

before the start of Run II.
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