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DIFFRACTIVE W AND Z BOSON PRODUCTION IN pp COLLISIONS
AT /5 = 1800 GeV

Abstract
by

Linda R. Coney

Diffractive W and Z boson production is described for pp interactions at a center-
of-mass energy of 1800 GeV for events with a forward rapidity gap and concurrent
W or Z-boson production. Diffractively produced W and Z bosons are critical for
an understanding of diffraction, since their production probes the quark structure
of the diffractive exchange. In a sample of W — er events collected by the DO
experiment at Fermilab, an excess of events with a rapidity gap is observed. This
excess is consistent with diffractive W-boson production at the 1% level compared
to an inclusive W-boson data sample. A similar excess at the 1% level is reported

for a sample of Z — et

e~ events, providing the first measurement of diffractive
Z-boson production. The (diffractive W /inclusive W) fraction is measured to be
Ry = 1.08 £0% % for central electrons (|n| < 1.1) and Ry, = 0.64 4013 % for
forward electrons (1.5 < |n| < 2.5). A distinct dependence on n of the W gap
fraction is observed. The (diffractive Z/inclusive Z) fraction is measured to be
R, = 1.38 +3%2 %. Furthermore, diffractive W and Z production is modeled using
pomeron exchange with a hard quark, hard gluon, and soft gluon pomeron structure.

The pomeron model predictions are then compared to the data with attention to

both normalization and behaviour as a function of 7.
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Whatever trouble life holds for you, that part of your lives which you
spend finding out about things, things that you can tell others about,
and that you can learn from them, that part will be essentially a gay, a
sunny, a happy life, not untouched by rivalry, maybe not even untouched
by an occasional regret that somebody else thought of something that
you should have thought of first, but on the whole, one of those nobler
parts of the human experience. This makes it true that the life of the
scientist is, along with the life of the poet, soldier, prophet, and artist,
deeply relevant to man’s understanding of his situation and his view of
his destiny.

J. Robert Oppenheimer
Uncommon Sense
Boston, Birkhauser, 1984.

For God hath not given us the spirit of fear; but of power, and of love,
and of a sound mind.

- 2 Timothy 1:7
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One dimensional calorimeter multiplicities: the solid line is the stan-
dard Z sample, and the dashed line is the combined Central4+Forward
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central+forward electron W samples, scaled to the statistics in the
central only W sample, and fixed for the fitting procedure. The top
two plots show i) only the data nrg vs. ngap multiplicity plot, and
ii) the signal and background nrg vs. ngsp multiplicity distribu-
tion from the fit. The middle plots show the individual multiplicities
for iii) the background,and iv) the signal from the fit. (Note: these
two middle plots combine to produce the top right distribution.) Fi-
nally, the bottom plots show v) data - fit, and vi) residuals for this
individual fit. . . . . .. ... . .

Two dimensional multiplicities (LO vs calorimeter towers) from a s-
ingle 2D fit extraction of the quantitative signal for the forward elec-
tron W sample. The background shape was taken from the combined
central+forward electron W samples, scaled to the statistics in the
forward only W sample, and fixed for the fitting procedure. The top
two plots show i) only the data nyg vs. ngap multiplicity plot, and
ii) the signal and background npg vs. ngap multiplicity distribu-
tion from the fit. The middle plots show the individual multiplicities
for iii) the background,and iv) the signal from the fit. (Note: these
two middle plots combine to produce the top right distribution.) Fi-
nally, the bottom plots show v) data - fit, and vi) residuals for this
individual fit. . . . . ... ... ..

Two dimensional multiplicities (LOvs calorimeter towers) from a sin-
gle 2D fit extraction of the quantitative signal for the Z sample. The
background shape was taken from the combined central4forward elec-
tron W samples, scaled to the statistics in the Z sample, and fixed for
the fitting procedure. The top two plots show i) only the data nrg
vs. near multiplicity plot, and ii) the signal and background nyg vs.
ncar, multiplicity distribution from the fit. The middle plots show
the individual multiplicities for iii) the background,and iv) the signal
from the fit. (Note: these two middle plots combine to produce the
top right distribution.) Finally, the bottom plots show v) data - fit,
and vi) residuals for this individual fit. . . . . . . ... ... ... ..

The fit results for the 1800 GeV central electron W data sample are
presented. Shown is the variation of the signal for fits using an upper
limit range of 5-7 in LO bins and 6-12 in ng 4z, bins (top). The bands
represent the parabolic errors from MINUIT and the error bars show
the MINOS errors. The combined central and forward electron W
sample was used to find the background shape for this fit. . . . . ..
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The fit results for the 1800 GeV forward electron W data sample are
presented. Shown is the variation of the signal for fits using an upper
limit range of 5-7 in LO bins and 6-12 in ng 4z, bins (top). The bands
represent the parabolic errors from MINUIT and the error bars show
the MINOS errors. The combined central and forward electron W
sample was used to find the background shape for this fit. . . . . ..

The fit results for the 1800 GeV Z data sample are presented. Shown
is the variation of the signal for fits using an upper limit n;y and
noar range of (5-6:6-12). The bands represent the parabolic errors
from MINUIT and the error bars show the MINOS errors. The com-
bined central and forward electron W sample was used to find the
background shape for this fit. . . . .. ... ... ... ........

Event characteristics for standard central electron W boson events
(left column, ngyy, > 1) compared to diffractive W boson candidate
events (right column, nyy = ncar =0). The top plots compare elec-
tron Ep (on the x-axis), the middle show K (on the x-axis) in the
events, and the bottom plots compare the transverse mass (x-axis)
for the two cases. Note: Events either fall into the standard W event
sample or the diffractive candidate event sample; therefore, for each
set, of comparisons mutually exclusive data sets are examined. . . . .

Event characteristics for standard forward electron W boson events
(left column, ng 4y, > 1) compared to diffractive W boson candidate
events (right column, nyy = ngyr =0). The top plots compare elec-
tron Ep (on the x-axis), the middle show K (on the x-axis) in the
forward electron events, and the bottom plots compare the transverse
mass (x-axis) for the two cases. Note: Events either fall into the s-
tandard W event sample or the diffractive candidate event sample;
therefore, for each set of comparisons mutually exclusive data sets
are examined. . . ... L L.

Comparison of PYTHIA (solid line) W event characteristics to high
multiplicity non-diffractive W data (dashed line). The PYTHIA
events have been run through a full simulation of the DO detector
using GEANT. The top left plot shows a comparison of the electron
n4. Note that the distributions both dip around ny; = +1.2. This is a
detector effect. The top right plot shows a comparison of the electron
E; for PYTHIA and the non-diffractive data. The bottom left plot
shows a comparison of A¢ for the electron and neutrino. This shows
that they are equally back-to-back in data and PYTHIA. Finally, the
bottom right plot shows the transverse mass for both PYTHIA and
non-diffractive data. . . . . . .. ... Lo

POMPYT (top plot) and PYTHIA (bottom plot) minimum side par-
ticle multiplicity distributions using a far gap for forward electron
W’s. The POMPYT multiplicity is peaked at low multiplicities, while
the PYTHIA multiplicity is a broad distribution with a much higher
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The electron n distributions for W boson events generated in POMPYT
using a quark pomeron structure (solid line), a hard gluon structure
(dashed line), and a soft gluon structure (dotted line). The rapidity

gap for all events in these samples is located at +n. Although it is

less common, it is possible for the electron to be located on the same
sideasthegap. . . . . . . ... Lo 116

The quark pomeron POMPYT (top plot) and PYTHIA (bottom plot)
nro Vs ncyr, minimum side multiplicity distributions in the far gap
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The gap efficiency was extracted by simultaneously fitting a non-
diffractive background and the diffractive signal. The Monte Carlo
Level O vs. calorimeter tower multiplicity (top left histogram) and
the background multiplicity histogram from a fit to data (top right)
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fit several times to find the number of Monte Carlo events detect-
ed. Each fit used a slightly different background shape (example at
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Multiplicity distributions for central electron W events are shown for
a quark pomeron structure (top left), hard gluon (top right) struc-
ture, and soft gluon (bottom left) structure. The distributions for
quark and hard gluon structures look very similar and both have a
pronounced peak in the (0,0) bin. For each distribution, the Level®
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Multiplicity distributions for forward electron W events are shown for
a quark pomeron structure (top left), hard gluon (top right) struc-
ture, and soft gluon (bottom left) structure. As in the central elec-
tron case, the distributions for quark and hard gluon structures look
very similar and both have a pronounced peak in the (0,0) bin. For
each distribution, the Level® multiplicity runs from 0 to 10 and the
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Multiplicity distributions for Z events are shown for a quark pomeron
structure (top left), hard gluon (top right) structure, and soft gluon
(bottom left) structure. Again, the distributions for quark and hard
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Multiplicity distributions for central electron W events in bins of &
(the fraction of the initial proton momentum carried by the pomeron).
As ¢ increases (top left — top right — bottom left — bottom right),
a lower percentage of events are at low multiplicities, and the gap
efficiency decreases. For each distribution, the Level® multiplicity

runs from 0 to 10 and the calorimeter tower multiplicity from 0 to 30. 127

Multiplicity distributions for forward electron W events in bins of &
(the fraction of the initial proton momentum carried by the pomeron).
As ¢ increases (top left — top right — bottom left — bottom right),
a lower percentage of events are at low multiplicities, and the gap
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The £ distribution is shown for quark pomeron W events with electron
Er > 25 GeV (solid line). The dashed line is the & distribution
for central electron events, and the dotted line represents forward
electron events. The central electron events probe a higher £ region
than the forward events. . . . . . . ... ... ... ... ... ...,

The & distribution is shown for quark pomeron Z events with electron
Er > 25 GeV (solid line). The dashed line is the & distribution
for CC-CC electron events, and the dotted line represents CC-EC
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as did the central electron W events. . . . . . ... ... ... ....

The £ distribution for quark pomeron W events is shown for cen-
tral electron events with no rapidity gap required (solid line) and for
events with a far gap (dashed line). Many of the high mass states
have been excluded by demanding a rapidity gap. The mean of the
distribution drops from (ypay = 0.06) to (§y/pan = 0.04) when a
far gap is required. . . . . . ... oL

The & distribution for quark pomeron W events is shown for for-
ward electron events with no rapidity gap required (solid line) and
for events with a far gap (dashed line). Again, the higher mass states
have been excluded by demanding a rapidity gap. The mean of the
distribution drops from ({ppan = 0.03) to (§xrpan = 0.02) when a
far gap is required. . . . ... L

The ¢ distribution for quark pomeron Z events is shown for CC-
CC (top plot) electron events with no rapidity gap required (solid
line) and for events with a far gap (dashed line). The distribution
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The multiplicity of L and calorimeter towers above threshold in
the minimum multiplicity far gap region for the central electron W
sample is shown (top left). The top-right plot is a close-up of the
region near (0,0). The bottom left plot shows the Level® multiplicity
distribution and the bottom right shows the calorimeter multiplicity
distribution. . . . . . .. ...

Two dimensional multiplicities (LO vs calorimeter towers) from fit-
ting routine are shown for a single fit for the central electron sample.
This fit was done using upper limits in (nrg,ncar) =(7,11). The top
left plot is the 2D nyp vs. ngar data distribution. The top right
plot shows the 2D n;y vs. ngyap distribution found using the fit
where the signal fit result is added to the background background
from the fit. The middle left plot shows the 2D background multi-
plicity distribution from the fit, and the middle right plot shows the
signal multiplicity distribution from the fit. (Note: these two middle
plots combine to produce the top right distribution.) The bottom
left shows the data - fit distribution, and the bottom right shows the
residuals for this single fit. . . . . ... ... ... ... ... ...,

Top: Variation of hard single diffraction with jets signal where 42 dif-
ferent fits have been done (x-axis) by varying the background region
used in the fit. The bottom left plot shows the signal distribution
with one entry per fit. This is used to find the mean signal fraction,
and the rms error on the distribution. The bottom center and bot-
tom left plots show the distributions of the upper and lower MINOS
errors, respectively, for each fit. . . . . ... ... ... ... ...

Top: Variation of central electron diffractive W signal where 21 dif-
ferent fits have been done (x-axis) by varying the background region
used in the fit. The bottom left plot shows the weighted signal distri-
bution with one entry per fit. This is used to find the weighted mean
signal fraction, and the rms error on this distribution. The bottom
center and bottom left plots show the distributions of the weighted
upper and lower MINOS errors, respectively, for each fit. In each
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The fit results for the 1800 GeV central electron W data sample are
presented. Shown is the variation of the signal for fits using an upper
limit range of 5-7 in LY bins and 6-12 in ngy4y, bins (top). The bands
represent the parabolic errors from MINUIT and the error bars show
the MINOS errors. The combined central and forward electron W
sample was used to find the background shape for this fit. . . . ..
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CHAPTER 1

INTRODUCTION

Diffractive W and Z boson production is described for pp interactions at a center-of-
mass energy of 1800 GeV. This class of events produces a forward rapidity gap and
concurrent W and Z production. This unique topology, used to identify these events,
is due to the fact that one of the incoming particles (p or p) survives the interaction
intact. W and Z bosons produced in this manner are critical for a more complete
understanding of diffraction, since their production probes the quark structure of
the exchange.

In samples of W — ev and Z — eTe™ events collected by the DO experiment at
the Fermilab Tevatron, an excess of events with a rapidity gap is observed. The (d-
iffractive W /inclusive W) fraction is measured to be Ry = 1.08 £035 % for central
electrons (|n| < 1.1) and Ry, = 0.64 £012 % for forward electrons (1.5 < |n| < 2.5).
A distinct dependence on 7 of the W gap fraction is observed. Additionally, the first
measurement of diffractively produced Z bosons is reported where R, = 1.38 £0%2%.
Furthermore, diffractive W and Z production is modeled using pomeron exchange
with a hard quark, hard gluon, or soft gluon pomeron structure functions, respec-
tively. The pomeron model predictions are then compared to the data with attention
to both normalization and behaviour as a function of 7.

Although our goal is a very specific understanding of diffractive W and Z boson

events produced in pp interactions, we begin at a much more general level. In order

to interpret the results of this analysis, we need to determine where this information



belongs in the greater context of particle physics. We must also recognize the
phenomenal advances made in our understanding of the natural world which enable
us to even consider such an endeavor. As Isaac Newton said, “If I have seen further...

it is by standing upon the shoulders of giants.”

1.1 History

The quest to understand the intricacies of nature has been underway for centuries.
An insatiable curiosity and the desire to fully grasp the workings of the natural
world characterize scientists regardless of their chosen field of study. This inherent
curiosity has produced incredible advances in a wide range of disciplines: diseases
have been erradicated, trips into space for satellite repair have become almost rou-
tine, the birth of the universe has been described, human DNA has been partially
mapped, and computers have become a household appliance on par with the toaster
oven. Within this great diversity one finds physics, the most fundamental physical
science upon which astronomy, chemistry, and geology are based.

Describing the behavior of matter has always been a significant goal in physics.
This endeavor began, rather sensibly, at the macroscopic level. For example, in
1543 Copernicus proposed the heliocentric notion that perhaps the earth revolved
around the sun. Around the same time, Galileo studied the motion of objects
in free fall and on inclined planes. These basic studies in mechanics paved the
way for Newton’s development of the laws of motion which were published in his
Mathematical Principles of Natural Philosophy in 1687. In addition to the study of
mechanics, the electric and magnetic behavior of matter was also being explored. It
was determined that these phenomena are related, and in 1873 Maxwell formulated
the laws of electromagnetism.

About a century ago, it was thought that physics had been figured out. Clas-

sical (macroscopic) mechanics, Maxwell’s electromagnetism, thermodynamics, and



kinetic theory very successfully explained a wide variety of observed phenomena.
At this point, matter was thought to consist of atoms, then considered to be the
fundamental particle. However, this model would soon become obsolete with the
debut of particle physics in 1897 when J.J. Thomson discovered the electron. Then
in the original colliding experiment, Rutherford bombarded gold foil with a beam of
a-particles to probe the structure of the atom. Dramatic scattering at unexpectedly
high angles of some of the « particles pointed to the existence of a massive atomic
nucleus. Suddenly, the atom was no longer the basic building block of material.
During the same period of time, the seeds of quantum mechanics were planted and
Einstein formulated his special theory of relativity. These revolutionary concepts
dramatically changed the face of physics and opened doors to new discoveries in
atomic, nuclear, and particle physics.

Over the next century, particle physics probed inward from the atomic level to
find the fundamental constructs of matter and the forces which govern their interac-
tions. It was eventually learned that the atom is made up of electrons and a nucleus
of protons and neutrons. These protons and neutrons in turn are composed of fun-
damental particles called quarks. However, this was hardly the full picture. Over
a relatively short period of time, many experiments discovered hundreds of other
particles along with new forces of nature. With this proliferation of information,
a new theory was required to classify the abundance of elementary particles and
explain the interactions between them.

The Standard Model provided this much needed description of the most elemen-
tary level of physics. In this theory, all matter reduces to three types of particles:
leptons, quarks, and mediators. (Note: There is an ongoing attempt to see whether
quarks are truly fundamental or if they also have an inner structure [1].) Table 1.1

shows the 6 leptons and 6 quarks. The quark type (u,d,c,s,t,b) is also referred to as



the quark “flavor”.

Leptons are divided into three families (or generations) based on their properties.
Each lepton has an associated anti-particle bringing the total number up to 12.
There are also three generations of quarks (q) and anti-quarks (g), which can come in
one of three colors for a total of 36. Finally, every interaction between these particles
has a mediator. (Interestingly, all matter is made up of d-quarks, u-quarks, and
electrons. The other particles are very short-lived and require complex accelerators
to study them.)

Table 1.1. The building blocks of matter: 3 generations of leptons and quarks.
Each particle also has an associated anti-particle. For example, the positron (e)
and anti-neutrino (7;) are the anti-particles of the electron (e) and the electron
neutrino (v,), respectively.

Leptons Spin | Quarks Spin
e Ve : u (up) d (down) :
1 v, | % |c(charm) s (strange) | 3
T v, | % t (top) b (bottom) | 3

The four basic forces that underlie all observed phenomena are gravity, electro-
magnetism, the weak force, and the strong force. Gravity operates at very long
distances, but is comparatively weak. Electromagnetism is also a long range force,
while the weak and strong forces operate at very short distances. The strong force
holds the atomic nucleus together, and weak interactions are essential to the gen-
eration of energy in the sun. These four forces govern the interaction of matter
through the exchange of the mediating particles shown in Table 1.2. The photon
mediates electromagnetic interactions, and the W and Z bosons are the carriers

for the weak nuclear force. While gravity is still explained with classical mechan-



Table 1.2. The four fundamental forces in nature and their associated mediating
particles. While the photon and both weak force bosons have been detected, the
graviton remains a purely theoretical construct and has not yet been seen.

Force Mediating particle | Mass (GeV/c?) | Spin
Strong Gluon (g) 0 1
Electromagnetism Photon (7) 0 1
Weak W and Z Bosons | ~ 80 and ~ 90 | 1
Gravity graviton (G) 0 2

ics and general relativity only, electromagnetic, weak and strong interactions are
now described using quantum field theories. Quantum electrodynamics (QED) and
quantum chromodynamics (QCD) are the theories of the electromagnetic and strong
forces respectively. Furthermore, weak and electromagnetic interactions have been
unified into one force(electroweak). There are ongoing efforts to combine the elec-
troweak and strong forces into one coherent (grand unified) theory, although they
have not yet been successful.

As in every scientific endeavor, these theories must be tested experimentally.
In the tradition of Rutherford, experiments are done today which collide particles
in order to probe the nature of the subatomic world. Very sophisticated tools
are needed to study phenomena at such a minute scale, which can be as small as
107 m. Several accelerators have been developed which collide particles such as
electrons or protons at nearly the speed of light. Since protons are made up of
quarks and gluons, proton-antiproton (pp) accelerators can actually produce ¢g, qg,
and gg collisions. These accelerators act as microscopes providing a glimpse into

the world of particle physics. Complex detectors monitor the collisions, collect the



products of the interactions, and record volumes of information about the events.
This information is analyzed with respect to proposed theories, and is used to search
for new and unexpected phenomena. The Standard Model has been explored using
studies of b quark mesons and CP violation and the search for and discovery (in
1995) of the top quark [3]. Precision measurements of the production cross sections
for W bosons, Z bosons, and jets (clusters of particles, see [2]) also provide tests of
standard model validity. As the tip of the proverbial iceberg, this list of analyses

gives one an idea of the great scope of experimentation in particle physics.

Elastic Scattering: Single Diffraction:
p p

Pomeron
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p P
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Figure 1.1. The soft processes of elastic and diffractive scattering. In elastic scat-
tering, both the proton and antiproton survive leaving a large part of the detector
with no particles. This region is referred to as a rapidity gap. For single diffraction,
either the proton or antiproton is excited producing particles on one side of the
detector and a rapidity gap on the other.

At the Fermilab Tevatron, the world’s most powerful accelerator, protons (p)
and antiprotons (p) are collided at extremely high energies, ~ 2 TeV. Many of

the resultant interactions are diffractive processes, including elastic and diffractive



Hard Single DitTraction: Hard Double Pomeron:

Figure 1.2. The processes of hard single diffraction (producing jets in the final state)
and hard double pomeron exchange. In hard double pomeron exchange, both the
incoming proton and antiproton “emit” a pomeron which then participate in the
hard scatter. This leaves a dijet system in the central part of the detector with a
rapidity gap on both sides.
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Figure 1.3. Hard diffractive production of the W boson leading to an electron and
neutrino (identified by an imbalance in event energy) in the final state.



scattering, where one or both of the incident hadrons survive the encounter intact.

For elastic scattering,

p+p—Dp+D,

some momentum is transferred from one beam particle to the other and both incom-
ing particles survive the encounter. Since the p and p continue down the beam pipe,
the detector is left devoid of particles. This empty region is referred to as a rapidity
gap, where rapidity or pseudorapidity (n) is part of the coordinate system used to
define a location within the detector volume. (¢ and z complete the coordinate

system.) For single diffraction,

p+p—-p+X

either the p or P is excited producing particles (X) on one side of the detector, and
a rapidity gap on the other (see Fig. 1.1). These soft processes are well described by
pomeron exchange (named after Russian physicist Isaak Jakoblevich Pomeranchuk)
in Regge theory [4]; however, the nature of this exchanged object is not well under-
stood.

Hard diffractive events are the subset of diffractive dissociation in which a high
transverse momentum scattering occurs (see Figs. 1.2 and 1.3). Jets, W and Z
bosons, J/W particles, and b quarks can all be produced diffractively. These events
provide an arena in which to probe the pomeron structure and test the hypothesis
that it is a particle-like object. Interest in this subject began when Ingelman and
Schlein [5] suggested that jets from diffractive interactions would give clues to the
partonic structure of the pomeron. This is again the classic case of studying an
object that is not well understood (the pomeron) by colliding it with something
that is understood (the proton). While the gluon component of the pomeron is

primarily explored by diffractive jet (j) production,



p+pP—=>p+]j

the quark component can be probed by diffractively produced W and Z-bosons

p+p—op+ W

p+p—p+ 2.

1.2 Thesis Overview

This analysis measures the rate of diffractive W and Z boson production in pp colli-
sions at the Fermilab Tevatron; furthermore, an attempt is made to probe the quark
component of the pomeron and provide insight into the validity of the pomeron-as-
particle hypothesis. The results will provide a valuable complement to other hard
diffraction studies by measuring the quark component of the pomeron structure.
This thesis describes in detail the many aspects of this analysis. A brief overview
of the Standard Model is given in Chapter 2 with particular emphasis placed on
quantum chromodynamics and W and Z boson production and decay. Additionally,
the underlying theory of diffractive physics is summarized with special attention
placed on diffractive W and Z production. Chapter 3 contains a description of
the DO detector, and Chapter 4 explains in detail the analysis of the W — ev
and Z — ee data. This explanation includes descriptions of the event selection
criteria, the method used to identify diffractive events within the data samples, and
the method used to extract the quantitative diffractive W and Z boson production
signals. Chapter 5 presents the Monte Carlo predictions for these processes, and a
comparison to the data results. Finally, the results and the associated implications

are discussed in Chapter 6.



CHAPTER 2

THEORY

2.1 Standard Model

In the Standard Model, electromagnetic phenomena are described using quantum
electrodynamics (QED), and strong force interactions are described by quantum
chromodynamics (QCD) [6] [7] [8]. Furthermore, the electromagnetic and weak
force interactions are joined into one coherent force described by the electroweak
theory. Each of these are quantum field theories, specifically, gauge theories. In
electromagnetic interactions, charge is conserved and the photon mediates the in-
teraction. Any charged particle, including electrons (e™), muons (u~), and quarks
(q), can interact electromagnetically.

As indicated by the name ‘chromodynamics’, QCD governs interactions between
color-carrying quarks. Each quark carries one of three “colors” (or anti-colors)
labeled “red”, “green”, and “blue” (rgb or 7gb). Although these are not the same
colors we see, the name is used because of certain parallels in the behavior of QCD
interactions and everyday color. In particular, particles such as protons or neutrons
are composed of three quarks, each of which carries a different color. However,
these protons and neutrons are color neutral (i.e. they have no net color). The
color charges of the constituent quarks cancel out, much like white light produced
from the combination of the three primary colors. In fact, all naturally occurring
particles are colorless, being made of either three quarks or anti-quarks (baryons

and anti-baryons), one quark and one anti-quark (mesons like the 7), or no quarks
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(leptons like the electron or muon). The color force is mediated by the exchange of
gluons which carry one positive and one negative unit of color. In QCD interactions,
quark color (although not flavor) may change. A quark can go from red to green,
but must remain an up or down quark for example. The force carriers for QED and
QCD interact differently. In QED, the photon only interacts with charged particles,
and therefore does not interact with other photons. On the other hand, gluons carry
color; therefore, they are able to couple directly to other gluons.

There are several significant consequences of the QCD theory, especially with
regard to pp interactions. First is the evolution of the proton structure function.
The proton composition is not as simple as first stated. In addition to the three
valence quarks (uud), there are gluons and sea quarks. The latter are ¢g pairs
that can fluctuate into existence for a short period of time. During a quantum
fluctuation, gluons can also be virtually emitted and absorbed. In a naive parton
model, the proton structure functions, F(x), depend only on the momentum fraction
of the parton and not on the momentum transfer (Q?) of the interaction. (Q? is also
known as the energy scale of an event.) However, in QCD the spatial region or time
interval probed decreases as the Q? of a given probe increases. Whereas a moderate
probe might observe a quark, one at high @ might see a quark and a gluon. In
other words, high momentum probes have a smaller probability of finding a quark
or gluon carrying a large part of the proton momentum. In this case, it would be
much more likely to find a small-x quark or gluon.

Another important consequence of QCD is the running of the coupling constant,
a. This “constant” (which in fact is not so) provides a measure of the strength of the
strong interaction, and depends on the distance between the interacting particles.
In QED, vacuum polarization (production of e™e™ pairs) screens the bare charge

of an interacting particle. In other words, the full charge of the particle is not felt

11



until the probe is at a short distance (high Q%) where the screening disappears.
As a result, the strength of the electromagnetic force increases at short distances
(from «,,, = 1/137 to 1/128) [9]. However, the picture changes when dealing with
QCD, which provides mechanisms for both screening and anti-screening of the color
charge. In a manner analogous to QED, ¢q pair production screens color charge, but
in QCD gluons can also couple to each other. This results in a mechanism which
anti-screens the color charge. Due to the fact that there are 3 colors and 6 flavors
of quarks, anti-screening dominates and o, decreases with increasing momentum
transfer. At high momentum transfer (as at the Tevatron) the strong coupling
strength between particles decreases and even approaches zero (see Figure 2.1).
This behavior of a; is the basis for asymptotic freedom, which (at high Q*) allows
partons to be treated as free particles. As a result, perturbation theory can be used
at high momentum to describe strong interactions with QCD. However, in the low
momentum transfer regime, the strong coupling strength increases and QCD cannot
calculate the interaction.

Another breakthrough in particle physics came with the development of a theory
to describe weak interactions. All leptons and quarks carry “weak charge” which
is to the weak force as color is to strong interactions. Whereas leptons do not
participate in strong interactions (since they do not carry color) and neutrinos do not
experience electromagnetic forces (since they are not charged), they all participate
in weak interactions. There are two types of weak interactions: charged (mediated
by W ) and neutral (mediated by the Z). The weak fine structure constant, o, =
1/29, is larger than its electromagnetic counterpart (c,,) by nearly a factor of five.
However, the weak force is normally rather feeble because the mediating particles
are very massive. In order to study the W and Z bosons in depth, accelerators

must be able to run at energies above the W and Z masses. In this regime, weak
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Figure 2.1. The strong coupling constant, a,, as a function of the momentum
transfer Q. At high momentum transfer, the coupling approaches zero and allows
QCD to be calculable using perturbation theory. However, the coupling becomes
very strong at low momentum transfer in the non-perturbative region [10].
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interactions become stronger than electromagnetic interactions.

In the Standard Model, the electromagnetic and weak forces are treated as dif-
ferent manifestations of a single force and are described by the electroweak gauge
theory. This combined interaction is produced by a local gauge invariance under
the group SU(2); of weak isospin x U(1) of weak hypercharge. Inclusion of the
U(1) group was essential in order to incorporate the electric charge (Q) and unify
the two interactions [7]. The connection between electric charge, weak isospin(I),

and hypercharge(Y) is given by:

The subscript L for the SU(2) group indicates that these gauge transformations

only operate on left handed particles. The relevant lepton doublets and singlets are:

Vr

) ) yE€RYMR, TR

e 1 T
L L L

where the subscripts R and L refer to the right and left handed particles respectively.

Similarly, the doublets and singlets for quarks in the electroweak interaction are:

U c t ! , .
) ) 7uR7dRacR78R7tR7bR‘
d s’ v
L L L

This ‘unbroken’ model for the electroweak interaction has an inherent deficiency
in that the W* and Z bosons (as well as the photon) are massless. This problem
is remedied with the spontaneous symmetry breaking of the ‘Higgs mechanism’.
This phenomenon enables the W and Z to acquire mass while keeping the photon
massless. Such a spontaneous symmetry breaking can be illustrated by considering
a circle. The circle, drawn on a rubber sheet, is symmetrical when rotated about

its center [11]. However, if the sheet is stretched such that the circle becomes

an oval, rotation about the center does not match the same shape as the original
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position. This is an analogy for the electroweak spontaneous symmetry breaking
where the Higgs boson performs the stretching. To date the Higgs boson has not
been experimentally detected, although efforts to do so make up a significant part
of collider physics programs.

An interesting aspect of electroweak interactions is that flavor is not conserved.
For example, a down quark converts into an up quark with the emission of a W™.
Additionally, although leptonic weak interactions operate strictly within each gen-
eration (for example: W~ — 7, + e7), quark generations can be crossed. In other
words, a strange quark can convert into an up quark (as in the decay of the A
particle: A(uds) — p(udu) + 7~ (ud)). The quark generations are skewed for weak

interactions. Rather than the standard families,

U c t

d S b
the weak force couples to

U c t

d s’ b

where d',s', and b are linear combinations of the physical quarks d, s, and b. The

specific combinations are given by the 3 x 3 Kobayashi-Maskawa matrix as follows:

dl Vud Vus Vub d
s =1 Vo Ves Va s
o' Viae Vis Vo b

where V,, and V,, measure the coupling of u to d and u to s, respectively. If this

were the unit matrix, then d' = d and so forth; however, it is approximately:



where € = 0.22. Note that V,,, is nonzero which makes cross-generational processes

such as the A decay possible.

2.2 W and Z Boson Production

At hadron colliders like the Fermilab Tevatron, W and Z bosons are produced
primarily through ¢g annihilation. Since the (anti)proton contains two (anti)up
quarks and a (anti)down quark, these are the partons involved. Examples of W~
and Z production are (@ + d — W~) and (d + d — Z), respectively. The lowest
order diagrams for similar production processes are shown in Figure 2.2. The cross

section for pp to produce ud — W is given by [8]:
o= / dydy By (1) By ()6 (ud — W), (2.1)

where F,,(z;) is the parton distribution function (PDF) which gives the probability
of finding a u quark with momentum fraction (x;) within the proton. Additionally,
0 is the cross section for W production from the interactions of the specified par-
tons. The total cross section is calculated by integrating over all allowed parton
momentum fractions (x; and z5). Similarly, the cross section for pp to produce

uu — Z is given by:
o= / drydey Fyp (1) Fay(2)6 (utt — 2). (2.2)

W and Z bosons can also be produced in conjunction with a strongly interacting
particle (a gluon or quark) in the final state. The former occurs when one of the
two incoming quarks radiates a gluon before it is annihilated. In order to have a
quark in the final state, a quark and gluon are the initial partons. The gluon then
pair produces into a ¢'¢”, and a standard ¢'q interaction produces the W (or Z).

The quark (¢") not involved in this process then hadronizes and is identified as a

jet.
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Figure 2.2. Leading order W and Z boson production mechanisms are shown.

2.3 W and Z Boson Decay

Both the W and Z bosons decay a very short time after they are produced. There-
fore, the presence of these particles must be inferred by detecting their decay prod-
ucts. The W boson decays into quark-antiquark and lepton-neutrino pairs. The

possible decay products from a W are:

+ +

e l/e,ud,,qul/ﬂ,cE,T Vs,

where the decay to tb is forbidden due to conservation of mass. The ¢¢ decays
have the largest cross section (branching ratio of ~ 67% compared to ~ 33% for
leptonic decays). However, the presence of two jets in the detector is the signature
for this type of event. Unfortunately, this channel suffers from a very large back-
ground from dijets produced directly through QCD interactions, making it difficult
to identify the W decays. As a result, focus is turned to the leptonic decays. The
tau channel suffers from the same problem as the hadronic decay channels. The
7 decays most often into hadrons, again making it difficult to separate the signal

from the large QCD background. The muon channel is not used for the diffractive
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W search for two reasons. First, the DO detector does not have good momentum
resolution for high p;y muons. Second, the muon event triggers explicitly required
activity throughout the detector, effectively removing any rapidity gap events from
the sample. Z boson decay processes parallel those of the W as far as analysis utility
is concerned. Therefore, the electron decay channel is used to identify diffractively
(and non-diffractively) produced W and Z bosons. The leading order diagrams for
these decays are shown in Figure 2.3. For the ee processes, both electrons are detect-
ed directly; however, in er processes only the electron can be detected directly. The

presence of the neutrino must be inferred from an imbalance in event momentum.

———| - — e e

w Z

Figure 2.3. Leading order leptonic W and Z boson decay mechanisms are shown,
specifically decays involving the electron and its neutrino (W — ev and Z — ee).
These are the most easily detected decay paths for the W and Z bosons at DO;
however, there are other decays available for both the W and Z.

2.4  Soft Diffraction

Although QCD describes high energy interactions well by using perturbation the-

ory, it is not able to do so for low momentum transfer interactions. This gap in
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knowledge needs to be eliminated because these processes are an integral part of
particle physics. At accelerators, a large portion of hadron-hadron collisions are soft
interactions such as elastic scattering. Furthermore, every interaction (hard or soft)
involves hadronization which is also a soft process.

The differential cross section for proton-proton elastic scattering (do/dt) is
shown in Figure 2.4. The exponential behavior of this cross section at small mo-
mentum transfer can be related to the scattering of light by a small absorbing disk.
The intensity of light (as a function of angle) scattered from such a disk is given by

2
I_[o = @ >~ 1 —r?(k#)? (2.3)
where k is the wave number of the photons, r is the radius of the disk, and (z =

krsin® = krf). The cross section for elastic scattering can be described in a similar

manner by
do/dt bt )
———— =e" =1 -b(pb 2.4
(do/dD) s (p9) (2.4)
where p is the momentum of the incident proton, and t = —(py — p;)? is the four-

momentum transfer squared. A comparison between these two equations relates the
radius of interaction to the slope of the cross section (b = r2/4). For r = 1/m,,
which is the typical radius of strong interactions, b = 12.5 (GeV/¢) 2. This slope
is well within the range measured for pp elastic scattering at high energies [12]. As
in the diffraction of light, the slope reflects the size of the scattering object. This
parallel between the two processes led to the ‘diffractive’ nomenclature for events in
which one or both of the incident hadrons survive the interaction intact.
Diffractive processes make up a large portion of the total cross section for hadron-
hadron collisions. In fact, in high energy pp collisions, approximately 40 percent of

the total cross section is due to elastic or diffractive scattering [12] (see Figure 2.5).
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Figure 2.4. Proton-proton elastic cross section vs four-momentum transfer squared
at several incident proton momenta. A classical diffraction pattern emerges as the
energy increases [12].
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21



Many features of hadronic diffraction can be described with Regge theory, which
considers strong interactions as the exchange of particle trajectories. This theory,
which predates QCD, also provided a mechanism for organizing particles into se-
quences. This grouping was based on the concept that particles with increasing
mass (m;) and spin (o;) represent resonances along a Regge trajectory | = a(t)
where t is the square of the center of mass energy such that a(m?) = o;. The most

common Regge trajectories are as follows:
Pomeron: ap(t) 21+ op(t)t
Reggeon: ap(t) =20.5+1
Pion: a,(t) = 0.0 + 0.9¢.

Experimental results support the hypothesis that diffractive processes are dominated
by pomeron exchange.

At the Tevatron, diffraction occurs when the proton and antiproton interact via
the exchange of the pomeron which is a color singlet. As such, the pomeron has the
quantum numbers of the vacuum with no charge, isospin, baryon number, or color.
In fact, the pomeron must be colorless or the p and p would not survive even the
elastic scattering process, since the outgoing particles would then also have color (see
Figure 2.6). In reality, there is no color line between the pomeron and the outgoing
p (p), which leads to suppression of particle production. This characteristic event

topology can be used to identify diffractive events.

2.5 Hard Diffraction

In hadron collisions, soft diffractive processes such as elastic scattering are well de-
scribed by pomeron exchange in Regge theory [4], yet the nature of this exchanged

object is not well understood. In an attempt to better understand the pomeron,
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Figure 2.6. Diffraction occurs through the exchange of a color singlet. As a color
singlet, the pomeron has the quantum numbers of the vacuum. It must be a colorless
object in order for the proton and/or antiproton to survive the interaction. a)Single
diffraction where the p breaks apart. b) If the pomeron had color, the outgoing
proton would also have color. There would be color strings between the outgoing
proton and the pomeron. This would lead to ¢g pair production along the string
and the hadronization of the proton.

attention has been directed at hard diffractive events, the subset of diffractive dis-
sociation in which a high transverse momentum scattering occurs. This new focus
began when Ingelman and Schlein suggested that such hard scattering processes
could provide a mechanism with which to resolve the pomeron structure [5]. Inter-
actions between, for example, a gluon in the pomeron and a gluon in the proton
leading to high p7 jets in the final state could give clues to the nature of the pomeron
and test the hypothesis that it is a particle-like object.

Building on earlier suggestions that the pomeron is composed primarily of glu-
ons [13], this initial model for diffractive hard scattering assumed that the pomeron
behaves as a hadron and introduced the concept of a pomeron structure function.
This provided a quantitative description of the pomeron as a combination of glu-
on density distributions. Ingelman and Schlein postulated two extreme pomeron
structure functions: a hard gluonic structure with two gluons sharing the pomeron

momentum 63(1— 3), and a soft gluonic structure 6(1 — 3)° modeled after the gluon
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structure of the proton. In each case, # is the momentum fraction of the parton
(quark or gluon) with respect to the pomeron. These distributions are normalized

such that the entire pomeron momentum is carried by the gluons:

Jy BF(B) =1

Although this is a natural concept when thinking of the pomeron as a particle,
it is not necessarily true. Since the pomeron is a virtual exchanged particle, the
momentum sum rule might not hold.

Several experiments subsequently attempted to determine the pomeron struc-
ture. The UAS8 collaboration at CERN successfully observed jets in diffractive
events [14] and later inferred a hard pomeron structure [15]. Zeus [16] and H1 [17]
also found that a substantial fraction of the pomeron is hard, meaning that the
parton involved in the hard scattering carries a considerable fraction of the total
momentum. Additionally, deep inelastic scattering measurements showed that there
is a hard quark component to the pomeron structure [18]. As the experimental re-
sults were examined, it became evident that more information was needed in order
to effectively describe the quark/gluon composition of the pomeron. Working to-
ward this goal, Bruni and Ingelman proposed the study of diffractively produced
W and Z bosons [19]. These electroweak hard scattering processes provide a probe
of the quark component of the pomeron, whereas the gluon component is measured
through strong hard scattering processes like diffractive dijet production.

This analysis measures the rate of diffractive W and Z boson production in pp
collisions at the Fermilab Tevatron; furthermore, an attempt is made to probe the
quark component of the pomeron and to provide insight into the validity of the
Ingleman and Schlein model.

Diffractive W and Z production can be described as occurring in two stages (see

Figure 2.7): first, the incident proton(antiproton) ‘emits’ a color-singlet pomeron
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with a small squared momentum transfer
t=—(p; —p)*.

The pomeron carries only a small fraction of the initial proton momentum,

§=1-ux,

where (x, = p¢/p;) and the proton remains intact throughout the interaction. In
the second part of the interaction, a parton from the pomeron interacts with a
quark or gluon in the antiproton(proton) in a large momentum transfer hard scatter
producing a W or Z boson. For these high p; interactions, individual coupling of
a gluon constituent in the pomeron to a parton in the proton is assumed; whereas
for low momentum transfer processes like elastic scattering, the pomeron is thought
to interact as one unit. Describing hard diffraction as two distinct steps is referred
to as factorisation. It is thought to be a good approximation of the interaction
because pomeron phenomenology provides a good description of elastic scattering
and diffractive dissociation.

Factorisation allows the cross section for diffractive W and Z production to be

expressed as

do(pp = p+W/Z + X) do(pP — W/Z +X)
= fP/p(xPat) .
dxpdtdl'ld.ﬁvg dxlde

(2.5)
The first term is the pomeron ‘flux factor’ and it gives the probability that the
proton (antiproton) will emit a pomeron. This flux factor can be taken as the ratio
of the single diffractive cross-section and the pomeron-proton total cross section [5]

_ do/dvpdt

ferp(p,t) = (2.6)

Opp—X
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Figure 2.7. Factorization allows pomeron exchange to be described as two distinct
interactions. a) First, the proton(antiproton) ‘emits’ the pomeron, b) then a parton
from the pomeron participates in a hard scatter with a parton from the antipro-
ton(proton).
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It is estimated using elastic and single diffractive scattering data and Regge theory.
The second term is the hard pomeron-particle scattering cross section. It can be

written as

do(pP — W/Z + X)
dl‘ld"EZ

= fa/p(@1) fosp(72)0(7q = W/Z) (2.7)

when a quark from the pomeron interacts with a quark from the proton, or

do(pP — W/Z + X)
dl‘ld(ﬂg

= forp(@1) fosp(22)6(99 = ¢ +W/Z) (2.8)

when a gluon from the pomeron interacts with a quark from the proton. This
scattering cross section is assumed to be independent of the initial small momentum
transfer t. It involves the proton and pomeron structure functions, both of which are
given as densities of quarks and/or gluons, and the appropriate parton level cross
section(d). The diffractive W boson is produced at leading order by the process
qq — W, where one quark comes from the pomeron (see Figure 2.8). The process
gq — Wy is suppressed by order o, and results in a final state jet accompanying
the W (see Figure 2.9).

In calculating the diffractive W and Z boson production cross sections, Bruni

and Ingelman proposed three different possible pomeron structure functions:

Bfap(B) =68(1 —B) where (< f>=1/2)
Bfyp(B) =6(1— B)° where (< fB>=1/7)

the same hard and soft gluonic structure functions given by Ingelman and Schlein,

and an additional hard quark structure

Bfoyp(8) =18(1—B) where (<f>=1/2)

Asin the hard gluon case, the quarks in the last structure function share the pomeron

momentum equally. Again, the momentum sum rule is assumed.
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Figure 2.8. Diffractive W production based on a hard quark pomeron structure.

Figure 2.9. Diffractive W production based on a hard gluon pomeron structure.
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The observable diffractive W boson fraction:

Wdiffractive — ev
Wall — eV

(2.9)

produced at the Tevatron was predicted to be ~ 17% for a hard quark pomeron and
~ 1% for a hard gluon pomeron [19]. Similarly, the observable diffractive Z boson

fraction:

+ j—
Zdiffractive —e'e
Zall — ete™

(2.10)

was predicted to be ~ 15% and ~ 0.6% for a hard quark and hard gluon pomeron,
respectively [19]. Diffractive events can be identified in two distinct ways based
on their characteristic topology. Either the quasi-elastically scattered proton (or
antiproton) can be detected directly with forward proton detectors (for example
Roman pots), or events with a rapidity gap can be tagged. (Currently, DO does
not have the capability to tag the outgoing proton or antiproton, although it will be
possible in RunlI following the installation of Roman Pot detectors on either side
of the interaction region [20].)

In this analysis, a diffractive W or Z candidate event is identified by the presence
of a rapidity gap in the forward region of the detector. The gap is identified by a
concurrent lack of activity in both the Level® detector and the end cap calorime-
ter(see Chapter 4 for details). For the purpose of this analysis, we consider the
pomeron as the mechanism for diffractive W and Z production. We measure the
rapidity gap fraction in data, and then compare the result to predictions made using
the Ingleman and Schlein model. As mentioned above, the various pomeron models
predict very different diffractive W and Z gap fractions. This difference is large
enough that we should be able to tell a pomeron dominated by quarks from one

dominated by gluons. Combining the information from diffractive W and Z pro-
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duction with that from complementary diffractive dijet and heavy flavor production

will give an even better picture of the pomeron structure.

2.6  Soft Color Model

In the past few years, a new mechanism for the production of rapidity gap events has
been developed. This soft color interaction model [21] [22] [23] [24] does not involve
the concept of a pomeron. Rather, it explains rapidity gap events by introducing
non-perturbative soft color interactions (SCI) between the partons and the proton
or antiproton remnant. These SCI change the color of the partons (but not the
momentum), thus altering the color structure of the event and creating rapidity
gaps. Figure 2.10 shows a typical event without soft color interactions (a), as well
rapidity gap events resulting from SCI beginning with the same event. Although
it is not explicitly compared to the W and Z data in this analysis, the Soft Color

Model does provide an alternate mechanism for rapidity gap production.

Figure 2.10. Rapidity gap events created through non-perturbative Soft Color In-
teractions (b,c) through a modification of (a) [25].
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CHAPTER 3

THE DO DETECTOR

The 5500 ton, 40 foot tall DO detector is a huge monster of a machine designed
to record extremely complicated processes on a minute scale with an impressive
degree of accuracy and detail. It is a multipurpose detector used to study various
phenomena resulting from high energy, /s = 1.8 TeV, pp collisions. The detector
is geared primarily toward the investigation of large pr phenomena and high mass
states. Observation of the top quark, precision measurements of W and Z bosons,
production of b-quark hadrons, testing of perturbative QCD, and the search for
new physics beyond the standard model were all within the design goals. In order
to successfully study such processes, the detector was designed to provide excellen-
t identification of electrons and muons along with good measurement of high pr
jets and missing transverse energy which indicates the presence of non-interacting
particles like neutrinos.

The DO detector is made up of three major components: the central detector,
the calorimeter, and the muon spectrometer (see Fig. 3.1). Four detector systems
make up the central detector (CD) which is used for vertex finding, particle tracking,
and particle identification. The vertex drift chamber (VTX), the innermost of these
four systems, is located immediately outside the beam pipe. Continuing radially out
from this device, one finds the transition radiation detector (TRD) and the central
drift chamber (CDC). Two forward drift chambers, oriented perpendicular to the

beam pipe and located at each end of the CDC, complete the central detector. The
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liquid-argon /uranium sampling calorimeter surrounds the CD and provides crucial
information necessary for many physics analyses. Since there is no central magnetic
field available to measure the momentum of charged particles, the calorimeter pro-
vides the only energy measurement for electrons, photons, and jets. Additionally,
it aids in particle identification and is responsible for determining the balance of
transverse energy in events. The third significant part of the D@ detector is the
muon spectrometer which is composed of proportional drift tube chambers (PDTs)
and thick magnetized iron absorbers. This outermost system is responsible for the
identification of muons and the measurement of their momenta and trajectories.

In addition to these major systems, there are several supplemental detectors used
to compensate for the lack of active instrumented material in the regions between
the central and end calorimeter cryostats. These include the scintillation counter
arrays of the intercryostat detectors (ICD) mounted on the front surface of the end
calorimeters, and the massless gap detectors located within both the central and end
calorimeters. Combining these detectors provides a good approximation of the DO
sampling of electromagnetic showers. The Level® scintillation detectors surround
the beam pipe and are also mounted on the front surface of the end calorimeters.
These scintillators are typically used to identify the presence of an inelastic pp
collision as part of the DO trigger system. A detailed description of the full DO
detector can be found in Ref [26]. The following sections will focus on elements of

the detector which contributed directly to this analysis.

3.1 Coordinate System

Several different coordinate systems can be used to describe the D@ detector in-
cluding Cartesian (x,y,z), cylindrical (r,¢,z), spherical (r,¢,0), and a combination
of these (z,n,¢). Each of these originates at the geometric center of the detector

with the positive z axis in the direction of the proton (see Fig. 3.2). The positive y
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axis then points vertically up, with the x axis horizontal and perpendicular to the
beam pipe. The angular coordinates ¢ and 6 are the aximuthal and polar angles

respectively, where # = 0 along the proton beam direction.
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Figure 3.2. Coordinate systems for the D@ detector. The coordinates chosen to
describe events are z(beamline direction), n (pseudorapidity), and ¢ (azimuthal
angle).

The choice of coordinate system depends on the situation involved. For example,
the geometry of the tracking and calorimetry systems is easily described by cylindri-
cal coordinates; however, to represent an interaction at rest one would use spherical
coordinates. On the other hand, if the partons in a collision carry different fractions
of the initial hadron momentum, the event will not be at rest. Instead, the center
of mass of the partons is boosted along the beam direction in the lab frame. This
motivates the use of a coordinate system invariant under such boosts. The best co-
ordinate system for the DO detector is a combination of the usual options: (z,1,¢).
The z coordinate is used primarily to determine the event vertex location along the

beam pipe. The azimuthal angle, ¢, is perpendicular to z (see Fig. 3.2). The polar
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angle (0) is replaced by 7, the pseudorapidity. This is an important change because
when the energy of a particle is much larger than its mass, the pseudorapidity ()
is approximately equal to the rapidity (y). Rapidity is a Lorentz invariant variable

defined as:

1 E+p,
Y= 5111 (E—pz) (3.1)

where E is the total energy and p, is the longitudinal (z) component of the par-
ticle momentum. This variable (y) provides a way in which to describe particle
distributions which is invariant under longitudinal boosts of the system. At Teva-
tron energies, the momentum of a particle is much larger than its mass (p? > m?);

therefore,
E?=p> = p, =pcosf =E cosh .

Using this information, rapidity becomes:

1 TE(1 0 1 /1-cosf 1—cosf\ 2
y= 1 {w] _ 1. <¢> I (&) 32

2 | E(1—cosb) 2 1+ cos® 1+ cos®

Finally, using the identities:

sin = /(1 —cosf) and cosd = /1(1+cosb)

we have the definition of pseudorapidity:

=—In (tan g) , (3.3)

where n = 0 at 6 = § and 7 goes to infinity at the beampipe where # = 0. There is
also be a distinction between 7, (detector pseudorapidity) and n (physics pseudora-
pidity), where the latter is used when an event vertex is displaced from the center
of the detector. The ‘physics coordinates’ use this shifted vertex as the origin of the

coordinate system.
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It is also important to note that since most of the longitudinal momentum in
pp collisions escapes down the beampipe, it becomes useful to work with transverse
energy(E7) and momentum(py). These are projections of the energy and momen-
tum of particles onto a plane perpendicular to the beam pipe, and are particularly
useful when dealing with events containing neutrinos. A neutrino is not detected
directly; rather, its presence is inferred by an imbalance in momentum in the detec-
tor. Although this cannot be done with longitudinal quantities, in the transverse
plane momentum and energy conservation requirements can be applied to identify

the neutrino. Transverse momentum and energy are defined as:

pr =psinf and FEp = Esinf

where E; = pr when p? > m?. Additionally, in the limit m — 0, the invariant mass

of two massless particles can be written as: M} = 2E;, Epy(cosh dn — cos ) [27].

3.2 Central Tracking System

The DO central tracking detector (CD) is made up of four separate systems, namely
the vertex drift chamber (VTX), the transition radiation detector (TRD), the central
drift chamber (CDC), and two forward drift chambers (FDC) (see Fig. 3.3). These
central detectors are used to reconstruct the paths of charged particles through the
detector and to provide event vertex information as well as particle indentification.
Good two-track resolving abilities, high efficiency, and accurate measurement of
energy loss due to ionization (dE/dx), are needed in order to accomplish the design
goals. The latter provides distinction between single electrons and closely spaced
photon conversion pairs. Note that the system operates without a magnetic field
and therefore does not measure the momenta of charged particles. This task is left

to the calorimeter and muon spectrometer.
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Figure 3.3. The four systems that make up the central tracking detector.

The VTX, CDC, and FDC detectors are each composed of multiwire drift cham-
ber cells filled with a gaseous medium and arranged to measure specific geometric
coordinates of charged particle tracks. The VTX contains C'O4(95%)-ethane(5%)
gas, while both the CDC and FDC are filled with Ar(92.5%)-C H,(4%)-CO,(3%)
mixed with a small amount of H,O. Charged particles which traverse the detector
volume produce an ionization trail by colliding with the atomic electrons in the
gas and creating electron-ion pairs. Each cell contains a series of precisely located
positively charged sense wires. When an electric field is present, the electrons drift
toward these wires. The ions also move in the opposite direction, but at a slower
rate due to their much higher mass. With a strong enough field, the drift electron-
s acquire sufficient energy to create additional ionization of the gaseous medium.
When repeated, this process causes an avalanche of electron-ion pairs and amplifies

the signal to a measurable current. To increase spatial resolution in a wire chamber,
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the drift time (from creation to collection) of the ionization electron is recorded. At
D@ the drift time is defined to be the time between the pp collision and the pulse
arrival at the sense wire. Used in conjunction with the known electron drift velocity
in the relevant gas, drift-time measurement allows interpolation of the track position
and improves position resolution of the detector by an order of magnitude [28].

In addition to detecting the passage of charged particles, the tracking chambers
must be able to distinguish between the signal from an overlay of two tracks and
that from a single track. Photon conversion into an electron-positron pair would
produce such an overlay, and could lead to misidentification of the photon as an
electron. The amount of energy lost due to ionization of the gas in the detector is
reflected by the amount of charge collected on sense wires in the tracking chambers.
It follows that this loss in energy would be different for a one vs. two-track scenario,
and could provide discrimination between these cases even without spatial track
separation. Figure 3.4 shows dE/dx for one and two tracks in the CDC and clearly
indicates the ability to separate the one and two-track signals.

The VTX, TRD, and CDC are nested concentric cylinders beginning with the
vertex drift chamber located immediately outside the beam pipe. The two FDC
detectors are oriented perpendicular to the beam pipe. The entire central tracking
system has a radius of 75 cm and a length of 270 cm and fits in the inner cavity of the
calorimeter. The VTX is the innermost D@ detector with an inner radius of 3.7 cm.
It is made up of three layers of drift chamber cells aligned to give measurement of
the r-¢ coordinate (see Fig. 3.5) as well as position in z. Surrounding the VTX, the
TRD is the next central tracking system detector and is used primarily to distinguish
between electrons and hadrons independent of the calorimeter. It detects transition
radiation X-rays produced when highly relativistic particles traverse boundaries of

material with different dielectric constants [29]. The energy spectrum of the X-rays
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Figure 3.4. dE/dx for one and two tracks seen in the full CDC chamber [26].

Figure 3.5. R-¢ view of one quadrant of the VI'X chambers.
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produced is a function of v, where

_F
Y= mc2 )
enabling the differentiation between electrons and pions due to their mass difference.
Three separate units contain proportional wire chambers which detect these X-rays

after their conversion within the TRD (see Fig. 3.6).
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Figure 3.6. Cross section of the TRD.

[onization is also produced when charged particles pass through the detector.
Patterns in magnitude and time of arrival of charge deposited by the X-rays and from
this ionization enable differentiation between electrons and pions (see figure 3.7).
Located between the TRD and the central calorimeter, the CDC is the outermost
large angle track detector. It is built of four concentric rings, each with 32 cells,
and measures track position in r-¢ (see Fig. 3.8) and z much like the VTX. Finally,

the FDC completes the central tracking system and extends the charged particle
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tracking coverage to approximately n = 3.13 . Both FDC detectors are made up of
three chambers: one ® module, with radial sense wires to measure the ¢ coordinate
of tracks, sandwiched between two © modules rotated 45 ° in ¢ with respect to each
other (see Fig. 3.9). Each © chamber contains four quadrants with rectangular cells
at increasing radii, perpendicular to the radial direction, designed to measure the 6
coordinate of tracks. Detailed descriptions of the central tracking detectors can be

found in [30], [31], [32], [33], [34], and [35].

Figure 3.7. Distribution of total energy observed on the three TRD layers for both
electron and pion traversals [26].

3.3 Calorimeter

The DO detector design relies heavily on excellent calorimeter performance. With-
out a central magnetic field, the burden of jet, electron, and photon energy mea-

surement falls solely on this part of the detector. In addition to providing accurate
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Figure 3.8. R-¢ view of one quadrant of the CDC chambers.

Figure 3.9. Expanded view of one set of FDC modules showing chamber orientation.
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event energy and kinematic data, the calorimeter must also contribute to particle
identification. Such demanding requirements call for a stable, linear, finely segment-
ed device able to survive the high radiation environment at D@ and thick enough
to completely contain hadronic showers. To meet these goals, the DO collabora-
tion chose a liquid argon/uranium sampling calorimeter (see Fig. 3.10). This type
of calorimter is made of many layers of dense absorber alternating with an active
ionizing medium. Quarks and gluons from the pp collision hadronize, creating par-
ticles which must pass through the calorimeter. These particles lose energy in the
passive absorber layers, composed chiefly of depleted uranium, and in the process
produce a cascade of low-energy secondary particles called a shower. The shower
particles ionize the active medium, in this case liquid argon, and the energy fraction
and location in (7, ¢) space of the shower are measured. Successive sampling of this
shower energy is used to infer the total energy of a particle.

As they pass through the dense absorber material of the calorimeter, high en-
ergy electrons and photons lose energy primarily through Bremsstrahlung and pair
production respectively. Bremsstrahlung, or ”braking radiation”, occurs when an
electron interacts with the electric field of the uranium atomic nuclei causing it
to decelerate and emit a photon. Photons in turn perpetuate the shower by pair-
producing electrons and positrons (ete”). Electromagnetic (EM) showers are the
result of an alternating sequence of these processes: an incident electron loses ener-

tTe~ pair leading

gy by emitting an energetic photon which then converts into an e
to another set of photon emissions. Each successive interaction increases particle
multiplicity exponentially while decreasing the average energy of a shower particle.
The cascade continues until this average energy drops to a point where other loss

mechanisms dominate the interaction and further multiplication stops. The energy

loss of electromagnetic particles depends on the radiation length (Xj) of the detector
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Figure 3.10. An isometric view of the D@ calorimeter which is separated into the
central cryostat (CC) and two end cryostats (EC). The central tracking system

is shown in the center of the calorimeter, surrounded by the EM and hadronic
calorimeter.

44



material as follows:

AE_ds
E X,

where X, can be approximated as X, = 1804/Z% g/em? [28]. The radiation length

of uranium is 0.32 cm while X, = 14 for liquid argon. Typically, 25-30 X, are

needed to completely contain an electromagnetic shower [36].

Strongly interacting particles also cascade in the detector, but these high energy
hadrons interact with the uranium in a much different manner than the electro-
magnetic particles. Hadrons lose energy through successive inelastic collisions with
atomic nuclei and the prolific production of secondary hadrons like pions and kaons.
These secondary particles interact in the same way, creating a hadronic shower in
the calorimeter. Longitudinal development of these showers depends on the nuclear
absorption length, A, (or interaction length) of the material just as EM shower length
scales with the radiation length (X;). However, for uranium, A ~ 10.5 cm which
means that hadronic showers are much longer than EM showers of the same initial
energy. As a result, hadronic calorimeters are usually much larger than their elec-
tromagnetic counterparts, especially since 8-10 A are needed to completely contain
hadronic showers.

The DO calorimeter is divided into three separate cryostats: the central calorime-
ter (CC) and a pair of end cap calorimeters (ECN and ECS). The CC and EC
cryostats are 306 cm and 263 cm long, respectively, with an outer diameter of 518
cm. The cryogenic system is required to keep the liquid argon at a temperature of
78 K, and splitting it into three sections simplifies access to the inner tracking detec-
tors. The CC is cylindrical and well-measured within the region |n| < 1.0. The EC
devices sandwich the CC between them and physics objects can be well-measured

within the region 1.5 < |n| < 2.5 (see Fig. 3.11). Electrons can be measured well
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within these regions which are kept away from the ICD. Additionally, at very forward
rapidities uncertainties in the energy scale increase. As a whole, the calorimeter pro-
vides nearly complete pseudorapidity coverage for |n| < 4.1 and partial coverage out
to |n| = 5.2. Both the EM and hadronic calorimeter provide nearly (the qualification
‘nearly’ is mentioned because of the ICD region) hermetic coverage out to |n| = 4.0.
However, at || = 4.1, the EM calorimeter ends, and only the hadronic calorimeter
continues out to |n| = 5.2 providing only partial calorimeter coverage.

A typical calorimeter unit cell with uranium absorber and liquid argon ionizing
medium is shown in Figure 3.12. In a geometry based on EM and hadronic shower
characteristics, layers of these cells are assembled in towers that extend radially
outward from the interaction region. Cell widths correspond to the transverse size
of these showers: approximately 1-2 cm for EM and 10 ¢m for hadronic showers.
Typically, towers are segmented such that An x A¢ = 0.1 x 0.1, although some
layers are more finely divided to better probe shower shapes.

There are three types of modules within the calorimeter: the electromagnetic
(EM), the fine hadronic (FH), and the coarse hadronic (CH). The EM calorimeter
is designed to accurately measure the energy of electromagnetic particles and is
separated into four longitudinal layers. In the CC, energy measurement is provided
at 2.0, 4.0, 10.8, and 20.6 X, and in the EC at 0.3, 2.9, 10.8, and 20.1 X,. These
innermost calorimeter layers contain closely spaced thin uranium absorber plates.
This spacing is possible because EM showers are relatively short. The first two layers
are used to measure longitudinal shower development and to distinguish between
photons and 7. While the other layers are segmented in the standard An x A¢ =
0.1 x 0.1, the third is divided twice as finely (0.05x0.05) to facilitate precise shower
centroid location. Attention is focused here because the average EM shower deposits

most of its energy in this region. This segmentation holds true for the entire CC,
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Figure 3.12. A typical calorimeter cell is shown with uranium absorber and liquid

argon for the ionizing medium.
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but in the EC it extends only out to || = 2.6. After this point, the segmentation is
reduced to AnxA¢ = 0.1x0.1 until |n| = 3.2 at which point it decreases further. At
such high values of 7, the cell sizes get extremely small and it becomes necessary to
group them together in these larger dimensions of n — ¢. The fourth layer completes
the EM coverage of 20 X, and is meant to fully contain the energy from EM showers.

The outer portion of the calorimeter is devoted to the measurement of hadronic
particle energy. The fine hadronic sections are made of uranium absorber plates
thicker than those used for the EM cells, while the coarse hadronic portions of both
the CC and EC are built with thick copper or stainless steel absorber plates. The
CH sections are designed to allow sampling at the end of hadronic showers while
minimizing overall calorimeter size. In the CC, there are three FH layers which
provide good hadronic shower energy resolution through nearly four interaction
lengths. These are surrounded by one CH layer of 3.2A. The EC is divided into inner
(IH), middle(MH), and outer(OH) hadronic modules located increasingly further
from the beam pipe. Each IH and MH module has four fine hadronic sections
totaling about 4, and a single coarse hadronic section of 4.1\ and 4.4\ respectively.
The OH modules are composed entirely of three CH sections and complete the EC
detectors. The total calorimeter depth equals 7.2\ in the CC at n = 0, and reaches
up to 10.3\ at the smallest angles in the EC.

Figure 3.13 shows the calorimeter segmentation in detector n and IETA, the
data variable used to indicate a group of calorimeter towers. The vertical axis of
figure 3.13 shows the towers moving radially out through the calorimeter. The
EM layers are shown first, followed by the hadronic layers. As 7 increases along
the horizontal axis of the figure, the EC towers are shown. The gap in coverage
between the CC and EC can be seen, as well as the ICD and massless gap detectors

providing supplemental coverage in this region of 7;. The towers have the standard
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Figure 3.13. Calorimeter segmentation is shown for detector eta (1) and IETA.

segmentation of An x A¢ = 0.1 x 0.1 out to IETA = 32 (or n; = 3.2). The third
EM calorimeter layer is an exception since it is segmented twice as finely to enable
good measurement of EM showers. However, for large n the physical size of the
detector slices becomes very small (see figure 3.11, and it is necessary to group cells
into larger dimensions of n — ¢. This happens from IETA = 33 to 37. Table 3.1
shows how IETA is related to detector 7.

Table 3.1. Conversion from n,; to IETA.

IETA | pseudorapidity (1y)
33 3.20 - 3.42
34 3.42 - 3.70
35 3.70 - 4.10
36 4.10 - 4.45
37 4.45 - 5.20
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3.4 Muon System

Although it is not used for this analysis, a brief description of the muon system was
included for completeness. More detailed information about this detector can be
found in [26] and [37].

The muon spectrometer is the outermost DO detector, and is responsible for
the identification of muons and the measurement of their momenta and trajectories.
Muons have a long mean lifetime (2.2 psec) compared to the scale of the detector,
and they lose little energy even in dense absorbers. The radiation length for muons
in a material scales by a factor of (m,/m,)* compared to that for electrons [28]. For
example, in uranium X,,=0.32 cm for electrons and X;,=128 m for muons. The
same scaling applies to the critical energy, above which electromagnetic showering
occurs because energy loss by radiation dominates. The critical energy for electrons
in uranium ~6 MeV, meaning that it is likely that electrons produced in the pp
collision will cause a shower. On the other hand, the critical energy for muons in
uranium ~250 GeV; therefore, muons produced are not likely to produce electro-
magnetic showers in the detector. Since they are not strongly interacting particles,
muons do not produce hadronic showers either. As a result, muons at D@ do not
shower in the calorimeter and are able to travel through the entire detector. This
motivates the necessity of an additional detector outside of the calorimeter. The
muon spectrometer is composed of proportional drift tube chambers (PDTSs) located
on either side of five separate solid iron toroidal magnets with a field strength of
about 2 Tesla. These drift chambers are designed to detect muon tracks, and they
function in much the same way as the VITX, CDC, and FDC detectors in the central
tracking system. As muons pass through the magnetic field, their paths are bent.

This change in direction is used to determine the muon momentum.
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3.5 Triggering and Data Acquisition

The Tevatron operates with 6 bunches of protons and antiprotons which leaves a
3.5usec window of time between crossings. At typical luminosities, almost every
crossing leads to at least one collision; however, it is beyond current technological
ability to record every event that occurs. At first glance, this would seem damaging
to the physics capability of the experiment, but one must remember that most of
these collisions are soft interactions. The process of selecting specific events deemed
interesting enough to record is referred to as triggering. This filtering proceeds in
four consecutive stages: the level 0, level 1, level 1.5, and level 2 triggers. Each
trigger demands that events meet increasingly complex requirements in order to
avoid rejection. Events that pass all four filters are saved. FEventually, off-line
filters, defined by the physics analysis involved, are used to further select events

which fit a specific profile.

3.5.1 Level 0

The Level® trigger is a scintillator based hardware trigger designed primarily to
indicate the presence of an inelastic pp collision. The output rate from this initial
filter is approximately 150 kHz. Each Level 0 detector consists of two layers of scin-
tillation counters mounted on the front of the end calorimeter cryostats (£140¢m)
around the beam pipe. These provide partial coverage in ¢ for 1.9 < |n| < 4.3 and
nearly full coverage for 2.3 < |n| < 3.9. Each layer contains 20 short scintillator tiles
(7x7 em?) and 8 long tiles (7x65 cm?) (see Fig. 3.14). A coincidence between these
two forward detectors signifies the breakup of the proton and antiproton. In addi-
tion to its main function, the Level 0 system monitors luminosity, identifies multiple
interactions, and provides z-coordinate information on the event vertex. The latter

is determined using the difference in arrival time for particles at the north and south
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detectors. Finally, the Level 0 detector provides valuable information for diffractive
analyses.

In this analysis, we are interested in identifying W and Z boson events with low
particle multiplicities in part of the detector, specifically we look for forward rapid-
ity gaps. Unfortunately, the presence of the standard Level(® trigger requirement
eliminates the possibility of recording events with a forward rapidity gap. Howev-
er, this strict Level® coincidence requirement was modified during the Runl data
collection. The Level® information was still recorded for use offline, but is was not
explicitly part of the trigger. This enabled rapidity gap events, like the one shown
in figure 3.14, to pass the trigger. In fact this detector plays an integral role in
the search for diffractive W and Z events. Population of hits in the short Level 0
tiles are used along with the forward calorimeter to measure particle multiplicity

distributions and define rapidity gaps.

3.5.2 Level 1 and Level 1.5

The Level 1 trigger is a hardware trigger involving the calorimeter and muon system
that operates within the 3.5 pusec window between Tevatron bunch crossings. This
trigger reduces the 150 kHz input rate from Level 0 to about 200 Hz.

Calorimeter cells are grouped in trigger towers of An x A¢ = 0.2 x 0.2, and
event variables like EM transverse energy (Er), hadronic Er, total Ep, and missing
Er are roughly calculated. Comparisons of these calculations to predetermined
reference values will determine whether or not an event passes Level 1. A similar
evaluation can also be done using individual calorimeter tower E7 information or
muon chamber hit data. If an event satisfies Level 1 criteria, then it is passed either
to Level 1.5 for further evaluation or directly to the Level 2 trigger.

The Level 1.5 trigger is a slower hardware trigger that requires more processing

time than provided by the bunch crossing interval. Higher level transverse energy
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Figure 3.14. The Level® detector is made up of scintillating tiles (shaded squares).
The two detectors are mounted around the beam pipe on the front of each end
calorimeter cryostat. The Level® system is most often used to identify inelastic pp
collisions, but for diffractive analyses it provides a mechanism to identify rapidity
gaps. Here, a hard single diffractive candidate event is shown with activity only on
one side of the detector and a gap on the other side.
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calculations and muon track reconstructions are done and reduce the rate of success-
ful triggers to under 100 Hz. For more information on the Level 1 and 1.5 triggers

see [38], [39], [40], and [41].

3.5.3 Level 2

The Level 2 trigger is a software filter which uses information from the entire DO
detector to determine whether or not to permanently save an event. A farm of pro-
cessors works in parallel using sophisticated algorithms to reconstruct physics ob-
jects and identify event characteristics. There are software tools designed to identify
jet, muon, and electron candidates and their associated characteristics. Other tools
exist to calculate F, and to determine noise or background conditions. Different
types of interesting events have distinct physics object and event characteristic re-
quirements. For example, this analysis requires an electron and . . Filters based
on predetermined indicators make the final event selection which reduces the rate
to 2 Hz. Events that pass this final trigger are saved permanently for use in off-line
analyses. A detailed explanation of the triggers used to select the data for this

analysis can be found in Chapter 4.
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CHAPTER 4

DIFFRACTIVE W and Z BOSON ANALYSIS

For this analysis, we use a sample of W — er events to measure the number of W
events with forward rapidity gaps. (Note that the symbol, W, is used to represent
both W' and W~.) Only events in which the W decayed to an electron and an
electron neutrino are considered. Since D had no magnetic field within the cen-
tral tracking volume, electrons and positrons cannot be differentiated and both are
referred to as electrons. We infer the presence of the neutrino from the large ¥ in
the event. With this sample, we can measure the ratio of diffractive W bosons to
all W bosons and compare it to Monte Carlo expectations. Similarly, a sample of
Z — ee events was used to measure the rate of diffractive Z production.
Extraction of the diffractive W and Z boson production rate is a fairly complex
process beginning with the selection of the appropriate data sample. Once we have
the W and Z data samples, a method must be developed to identify diffractive events
within these samples. There are two ways to accomplish this identification: either
the outgoing proton or antiproton can be detected, or events with a rapidity gap can
be tagged as diffractive. We do not yet have the capability to detect the outgoing
proton (or antiproton). Therefore, we make use of the distinct topology of diffractive
events by looking for W and Z events with a rapidity gap. We examine particle
multiplicity distributions in the forward calorimeter and the Level® detectors to
search for events with very low multiplicities (rapidity gaps) on one side of the

detector. Once these events have been identified, a procedure is needed to determine
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the quantitative diffractive W and Z production rate (in other words, the ratio:
diffractive W /all W). This signal extraction is accomplished by simultaneously
fitting the inclusive (diffractive and non-diffractive) multiplicity distributions, and
is described in detail in the following sections. When the diffractive signals in data
have been firmly established, comparisons to Monte Carlo predictions can be made.

Such comparisons for several models of the pomeron are made in Chapter 5.

4.1 Data Selection

Candidate W — er events are identified by the presence of an isolated, high pr
electron and a high py neutrino. Similarly, candidate Z — ee events are identified
by the presence of two isolated high ps electrons. The event selection process occurs
in two steps. First, a set of trigger requirements is imposed upon all events at DO .
These vary depending on the target physics involved. For example, different triggers
exist that are designed to select events which are likely to involve the top quark,
the b quark, QCD mechanisms, or the W and Z bosons. Events which pass the W
and Z triggers are written to tape for subsequent analysis. Further requirements
are then made offline to maximize the desired data sample while minimizing any

background contamination.

4.1.1 Trigger Discussion

The W data were obtained with the high transverse momentum electron trigger
EM1 EISTRKCC MS at a center-of-mass energy of 1800 GeV. At Level 1, the signal
trigger (EM_1_HIGH) required one or more electromagnetic calorimeter towers with
Er > 10 GeV. A Level 1.5 trigger tool was also used that required an electromagnetic
object with Bz > 15 GeV and electromagnetic (EM) fraction > 85%, where the EM
fraction was the ratio of the EM Er to the total Er in the towers. At Level 2, the

EM1 EISTRKCC MS filter selected events having one EM object with Ep > 20 GeV
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that satisfied shower shape cuts (based on test beam electron shower shapes), and
was isolated from other objects in the calorimeter. This isolation requirement was
calculated with a 0.4 radius cone, in 7-¢ space, which is roughly equivalent to an
isolation selection of f;;, < 0.15 cut offline (see Section 4.1.4 for more information
on fis-). A cut of K, > 15 GeV was also required for the central (CC) and end
(EC) calorimeters. Similarly, the Z data were obtained with the EM1 EISTRKCC
ESC filter, which had the same requirements at Level 1 and Level 1.5. At Level 2,
there was an addeditional demand for two electromagnetic objects with Fr > 16

GeV.

4.1.2 Offline Cuts

After events have passed the trigger selection cuts, further processing geared specif-
ically for each analysis is done offline. For this analysis, we need to select single
interaction W and Z events (see Section 4.1.3) with good electrons (see Section
4.1.4) and no Level® coincidence requirement. Before run number 85277, a Level(®)
coincidence was required as part of the trigger. This indicated that an inelastic in-
teraction involving both Level® detectors had occurred. Such a requirement would
eliminate observable diffractive W and Z events (those with a rapidity gap) from
the sample (see Section 3.5.1). Thus for this analysis, we only use the samples of
W — ev and Z — ee events taken after run number 85277, where there was no such
restriction. Note: a search for diffractive W production in the muon channel is not
possible due to the small statistics. Additionally, the Level® coincidence is needed
to reduce the background in muon samples.

When selecting candidate events, attention must also be given to the Main Ring,
a 150 GeV proton synchrotron that is part of the Fermilab accelerator system. This
accelerator is housed in the same tunnel as the Tevatron; in fact, at DO the Main

Ring beam pipe passes through the the outer section of the calorimeter. As a result
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of this inconvenient layout, proton bunches passing through the area can deposit
significant amounts of energy in the calorimeter. This produces backgrounds in
the detector that are eliminated using timing cuts based on the accelerator clock
signal [42]. Events within a 1.6 usec window (the MICRO BLANK window) around
these time periods are rejected offline. Large beam losses also occur when beam is
being injected into the Main Ring, so events occurring within a 400 msec window
(the MRBS LOSS window) are also rejected.

Further requirements were then made on the electron Er, the B | and the qual-
ity of the electron object in each event. Candidate events for this analysis were
selected with the criteria listed in Table 4.1 for central and forward electron W's.
Similarly, a search was done for diffractively produced Z bosons using the criteri-
a listed in Table 4.2. First, runs with known problems [43] were removed. Then
multiple interaction events (see Section 4.1.3) were cut from the sample. Selection
criteria based on the ‘electron-ness’ of the EM objects were also imposed upon the
events (see Section 4.1.4). Standard techniques have been developed to identify elec-
trons while significantly reducing the background [44] [45]. These criteria rely on
calorimeter and tracking information. There are four such discriminating variables:
the shower isolation fraction (f;,), the electromagnetic fraction (EMf), the track
match significance (0.qc), and the H-matrix chi-squared (x?). The EMf and x?
variables make use of the differences between hadronic and electromagnetic shower-
ing in the calorimeter. f;,, is a topological cut that preferentially selects electrons
from the decay of a W or Z boson as opposed to those from heavy quark leptonic
decays. The track match significance is used to reject photons which are often pro-
duced through the process: 7° — v. Candidate W events were required to have
one ‘tight’ electron (see Table 4.1), while candidate Z events required two ‘loose’

electrons where at least one was also ‘tight’. These electron classifications were
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based both on detector region and object characteristics. In order to increase statis-
tics, the Z analysis used the combination of CC-CC, and CC-EC electron events,
removing those with both electrons in the EC due to difficulty in electron identi-
fication in this region of the detector. The event selection tables include cuts on
multiple interactions and electron quality variables which are discussed in following

sections.

4.1.3 Multiple Interaction Cuts

The effect of multiple interactions must be carefully considered in the search for
diffractive W and Z signals using rapidity gaps. The presence of a second pp inelastic
collision in a diffractive W or Z event will typically spoil any rapidity gap. Therefore,
we require a loose veto on multiple interactions. An MIflag value of zero indicates
that there was not sufficient Level® information to calculate the flag (hits on both
sides are required to claim a non-zero flag value). A value of 1 designates that the
event likely contained a single interaction. This is determined by using the width
of the time distribution of hits in the L detector, where multiple interaction event
distributions have a larger width. Furthermore, the value of MIrunl was required to
be less than 3. This additional condition using the MIrunl tool demands that vertex
and energy information from the event be consistent with a single interaction.

A secondary interaction will also typically shift the particle multiplicities in
events to higher values. The final data sample in a search for rapidity gap events
should be composed of single interaction events since any multiple interaction even-
t contamination of the sample would artificially lower the fraction of diffractive
events. Therefore, we must understand the data sample composition and calculate
a correction to the fraction due to residual multiple interaction contamination (see
Section 4.2.3). It is also possible to misidentify single interaction events as mul-

tiple interaction events, thereby incorrectly removing them from the sample. The
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Table 4.1. Central and Forward W electron event selection criteria. The event s-
election process removes events from the event sample based on all of the quality
characteristics for each electron rather than making cuts on each quality individ-

ually.

The bold face numbers indicate how the sample size decreases with each

cut. The non-bold numbers simply show how many events have electrons with the

corresponding electron characteristic.

Variable ‘ N Events ‘
filter EM1_EISTRKCC_MS 119,890
run number > 85277 84,310
exclude bad runs 83,602
MICRO_BLANK and MRBS_LOSS veto 63,978
Mult Int (MI)flag < 2 22,945
(if MI flag # 0; mirunl < 3) | 17,870
Loose Electron
electron Ep Er > 25 GeV 15,402
Fiducial cuts: EM cluster
in well-measured region
Central Calorimeter or |Nget| < 1.1
Endcap Calorimeter 1.5 < |nget] < 2.5 17,626
position in ¢ 0.05 < € Adraer < 0.95 17,228
Quality cuts:
identify ‘electron-ness’ of object
e isolation fiso < 0.1 17,806
e EM fraction EMf > 0.95 17,435
shower shape H-matrix x? < 100.0 17,201
Tight Electron:
Loose Electron plus .... 13,770
track match CC o <5.0
track match EC o <10.0 17,133
| Er | Fp > 25 GeV 12,653 |
| Reject if Electron, Loose | 12,622 |
Total e W sample 12,622
Final Central e sample |Nget| < 1.1 8,742
Final Forward e sample 1.5 < |Nget] < 2.5 3,898
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Table 4.2. Central and Forward Z electron event selection criteria. All selection cuts
were applied to each electron for events with CC-CC, CC-EC, and EC-EC electrons.
The event selection process removes events from the event sample based on all of
the quality characteristics for each electron rather than making cuts on each quality
individually. The bold face numbers indicate how the sample size decreases with
each cut. The non-bold numbers simply show how many events have electrons with
the corresponding electron characteristic. Events containing EC-EC events were
removed from the sample as a final cut.

| Variable | | N Events
filter EM1_EISTRKCC_ESC 13,912
run number > 85277 10,023
remove bad runs 9,994
MICRO_BLANK and MRBS_LOSS veto 8,751
Multiple Interaction (MI)flag < 2 3,059
(if MI flag # 0; mirunl < 3) 2,381
electrony Ep Er > 25 GeV 1,149

Loose Electron N Events

Fiducial cuts: EM cluster
in well-measured region

Central Calorimeter or |Nger| < 1.1
Endcap Calorimeter 1.5 < |Nget] < 2.5 1,718
position in ¢ 0.05 < € Adpraer < 0.95 1,680 (for e;)

Quality cuts:
identify ‘electron-ness’ of object

e isolation fiso < 0.1 1,810 (for e;)
e EM fraction EMf > 0.95 1,748 (for e;)
shower shape H-matrix y? < 100.0 1,723 (for e;)

Tight Electron:
Loose Electron plus ....

track match CC 0<5.0 1,552 (for e;)
track match EC o <10.0
Require 1 Tight and 1 Loose e 893
Invariant Mass 75.0 < M,, < 105 GeV 801
Total e Z sample 801
Final Z sample CC-CC or CC-EC 715
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concern is that possible diffractive events may be mistakenly overlooked. However,
these single interaction events must mimic the characteristics of MI events in order
to be misidentified. This implies that they are likely to be high multiplicity events
rather than rapidity gap events. As a result, the loss of such events can be offset
by multiple interaction events misidentified as single interactions. No correction is

applied for lost single interaction events.

4.1.4 Electron Quality Cuts

Electron quality characteristics (see Tables 4.1 and 4.2) were used to separate elec-
tron objects from non-W background objects like photons and pions (the QCD
background from pions that mimic electrons dominates). These quality cuts were
also effective at rejecting cosmic ray events which are a source of background, par-
ticularly in triggers requiring calorimeter activity with no beam interaction tag (co-
incidence in LO scintillator). ‘Tight’ electron requirements used to determine the
standard data sample were later relaxed to the ‘loose’ criteria in order to increase
sample statistics in an attempt to stabilize the background shape used for fitting.
The Z electron quality cuts were applied to each electron individually, independent
of the detector location of the accompanying electron in the event.

The relevant electron quality characteristics include the shower isolation in the
calorimeter, the EM fraction of the object, the track match significance, and the
shower shape. First, the shower must be isolated from other objects in the calorime-
ter. The isolation is quantified by comparing the energy in the center of the shower
to that in the rest of the shower as follows:

total EM
f' . EAR:0.4 - EAR:O.Q
180 EM
EAR:0.2

In the above equation, AR indicates the radius of a cone in 1-¢ space, around the

center of the shower [42]. The EM fraction, EMf, is defined as:
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Egvn + Egye + Epys + Epya
Epvn + Egyme + Egvs + Epyva + Epm

EMf =

where Ep/ is the energy in the first layer of the EM calorimeter, etc. This quantity,
EMf, determines what fraction of the cluster energy is contained within the EM
calorimeter. To distinguish between electrons (which are expected to have tracks)
and photons (which are not), a quantity called the track match significance o4 18
used. This indicates the degree to which the calorimeter cluster and nearest track

correspond and is defined to be:

pAP)? Az pAP)*  Ap?
Otrack = \/( 52 ) + 52 and Otrack — ( 52 ) + 52
pd z pé P

for CC and EC electrons, respectively, with

A¢ = ¢track - ¢cluster and Az = Ztrack — “cluster-

Here, pA¢, Az, and Ap are the distances in the azimuthal direction, the z direction,
and the radial direction respectively. The corresponding position resolutions of the
calorimeter are given by 6,,, ¢,, and §, [46]. In the CC, the longitudinal and
transverse resolutions are 6, = 1.7 cm and 6,, = 0.3 cm, respectively. In the EC,
the corresponding resolutions are: §, = 0.7 cm and d,, = 0.3 cm [46].

The electromagnetic shower shape quality was quantified in the form of a 41x41
covariance H-matrix determined from test beam data and Monte Carlo calorimeter
response simulations. Some observables used to form the matrix include the fraction
of the shower energy in layers 1, 2 and 4 of the EM calorimeter, the logarithm of

the shower energy, and the position of the event vertex along the beam. The inverse
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Figure 4.1. H-matrix y? distribution for test beam pions (shaded), test beam elec-
trons (unshaded), and electrons from an early W — ev sample (data points) [45].
Only true electrons have low x? values, which enables us to efficiently remove the
pion background events.
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of the matrix was used in the calculation of a chi-squared, x? [47]. This parameter
is used to remove pions from the sample of candidate electrons. Figure 4.1 shows
the strong pion background rejection power of this variable. Finally, a fiducial cut
on electron ¢ was imposed to ensure that the candidates are away from cracks
between calorimeter modules where they would not be well measured. After all
cuts were applied, the final data samples contained 8,724 central electron W events,
3,898 forward electron W events, and 715 Z events (CC-CC, CC-EC electrons)
(see Tables 4.1 and 4.2.) These final samples make up approximately 18% of the
total Runlb W and Z data sample. The specific requirements necessary for this
analysis, in particular those relating to the Level® trigger and multiple interactions,

significanlty reduce the sample size.

4.2 Signal Measurement

In order to study hard diffraction, we make use of the distinct topology involved by
looking at particle multiplicity. If we plot the number of particles in a certain region
of the detector, for color singlet exchange (diffractive events) a rapidity gap is expect-
ed. There are no particles in the detector, and this leads to a spike at 0 multiplicity
(see Fig. 4.2). On the other hand, for color exchange there is a broad multiplici-
ty peak which tapers off to zero on both sides (see Fig. 4.2). The color exchange
multiplicity will also have a very high mean multiplicity (~ 70 towers) compared to
that of the color singlet distribution (~ 1 tower). These distinct particle multiplici-
ty distributions enable discrimination between diffractive and non-diffractive events
when they are combined into an inclusive sample.

We simultaneously examine particle multiplicity distributions in the forward
calorimeter and the corresponding Level@ detector to search for events with very
low multiplicities (rapidity gaps) on one side of the detector. This is the signature

of diffractively produced Ws and Zs. Figure 4.3 shows the event displays for a
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(a) (b)

multiplicity multiplicity

Figure 4.2. The particle multiplicity distributions expected for a) color singlet ex-
change, and b) color exchange.

typical QCD event and a diffractive W-boson candidate event. The QCD event
shows two jets in the calorimeter, beam remnants on both sides from the breakup of
the proton and antiproton, and particles scattered throughout the detector. On the
other hand, the diffractive W event display shows the electron in the calorimeter
with beam remnants on only one side of the detector, and nothing on the other side.
This empty region is the rapidity gap used to tag diffractive events, and is easily
identified. In this manner, we identify diffractive W and Z events and eventually
determine the ratio of diffractive W events to all W events. The same measurement
is also made using diffractive Z events. These ratios will then be compared to
diffractive W and Z fractions predicted using a Monte Carlo based on the Ingelman
and Schlein model of diffraction. (See Section 2.5 for a description of the Ingelman

and Schlein model, and Chapter 5 for a description of the Monte Carlo.)

4.2.1 Calorimeter Threshold Selection

In the search for diffractive W and Z events, we measure forward calorimeter tower
multiplicities above an energy threshold in the range 3.0 < |n| < 5.2. A detailed

study using a zero-bias data run (which required only a beam crossing) was done to
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D@ Event Displays inn- ¢

Typical QCD Event

Figure 4.3. Event displays are shown for a typical QCD event and a diffractive W
boson candidate event. If the calorimeter is sliced and then unrolled, we get pictures
of the detector like those shown here. Each event display shows the amount of energy
deposited in the calorimeter, and where these energy deposits were located in ¢ and
n. In the QCD event, two jets (localized bunches of energy) can be seen with
particles scattered throughout the detector. The diffractive W candidate event has
an electron and K , with a beam remnant on one side of the detector, but nothing
on the other side. This empty region at high 7 is the rapidity gap which identifies
this as a diffractive W event.
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determine the appropriate energy thresholds to maximize efficiency for identification
of particles while minimizing sensitivity to noise which can ruin rapidity gaps [48].
Ideally this threshold would be just above the calorimeter noise level. This would
provide the optimal separation between the diffractive signal and the color exchange
background. If the threshold were too high, the background multiplicity distribution
would shift lower and confuse the significance of a low multiplicity. Taken to the
extreme, a high threshold would cause every event to have a multiplicity of zero.
On the other hand, a threshold below calorimeter noise would push real diffractive
event multiplicities too high, and rapidity gap events would register as non-zero
multiplicity events due to the detector noise contributing to the multiplicity.

For this zero-bias analysis, the calorimeter was separated into three detectors:
the EM calorimeter, the forward hadronic calorimeter (FHD), and the last layer of
the forward hadronic calorimeter (IH15) which is treated independently because it
is constructed of stainless steel instead of uranium. The IETA regions covered are
(21 to 35) or 2.0 < |n| < 4.1 for the EM calorimeter, and (IETA = 33 to 37) or
3.2 <|n|] < 5.2 for the FHD (see Section 3.3 for a discussion of IETA as it relates to
nq). Energy thresholds of 150 MeV for EM, 500 MeV for the FHD, and 50 MeV for
the TH15 were chosen such that only 2.0%, 2.0%, and 0.2% of the zero multiplicity
events respectively were spoiled by detector noise [48]. With these thresholds, the
final algorithm used to identify rapidity gaps was insensitive to noise. A cross-check
of this study was also done to ensure that most non-diffractive interaction events
registered at least one tower above these thresholds [48]. This is necessary in order

to prevent non-diffractive events from being tagged as rapidity gap events.

4.2.2 Diffractive Event Identification

Now that appropriate energy thresholds have been determined for the calorimeter,

we can look at the particle multiplicity distributions for the W and Z data samples.
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For diffractively produced jets, the rapidity gap is typically located opposite the
leading jets [48]. However, for diffractively produced W bosons, the topology is
such that the electron may or may not be in the same section of the detector as
the W. This is because the massive W decays nearly isotropically with respect to
the electron in the lab. As shown in Fig. 4.4, the rapidity gap is more likely to be
opposite the electron; however, it is also possible for the gap and electron to be on
the same side of the detector. To ensure consistent identification of rapidity gap
events, the minimum and maximum multiplicity sides of the detector are determined
for each event. The minimum multiplicity side of the detector is defined as the
side with the lowest number of calorimeter towers hit. If both forward portions of
the detector have the same number of towers hit, then the tie is broken using the
Level® detector. Then the number of calorimeter towers above threshold (ngaz)
is measured on the minimum multiplicity side of the detector. For this analysis,
the n range used in the search for a rapidity gap is called the ‘far gap’, and is
defined to be 3.0 < |n| < 5.2. In addition to the calorimeter multiplicity, that of
the Level® detector on the minimum calorimeter multiplicity side is also measured.
An excess of events at low multiplicity in the resulting two-dimensional multiplicity
distribution indicates the presence of diffractively produced W or Z bosons.

This multiplicity distribution is shown in Fig. 4.5 for the central electron W
sample, in Fig. 4.6 for the forward electron W sample, and in Fig. 4.7 for the Z
sample. All distributions show a distinct peak at nyy = ncar =0, consistent with
expectations for a diffractive signal component, and a broad large-mean multiplicity

distribution associated with standard W or Z production.

4.2.3 Corrections and Uncertainties

Before we can extract a quantitative diffractive W or Z signal, we must investigate

any potential stumbling blocks in the way. There are two potentially problematic
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Figure 4.4. POMPYT [49] Monte Carlo electron n distribution (mean e n =
—0.4335), for nyg = ncar =0 on the south side (n > 0) of the detector. The
electron is more frequently found opposite the rapidity gap which is at positive n
for this figure, but it is possible for the gap and electron to be on the same side of
the detector.

Central electron W Multiplicity
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Figure 4.5. The multiplicity of L&) and calorimeter towers above threshold in the
minimum multiplicity far gap region for the central electron W sample is shown.
The right-hand plot is a close-up of the region near (0,0). The LO axis runs from
0 to 20 for the plot on the left, and it runs from 0 to 10 on the close-up plot. The
calorimeter tower axis runs from a multiplicity of 0 to 500 and 0 to 20 for the entire
plot and the close-up, respectively.
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Figure 4.6. The multiplicity of L{) and calorimeter towers above threshold in the
minimum multiplicity far gap region for the forward electron W sample. The right-
hand plot is a close-up of the region near (0,0). The LO axis runs from 0 to 20 for
the plot on the left, and it runs from 0 to 10 on the close-up plot. The calorimeter
tower axis runs from a multiplicity of 0 to 500 and 0 to 20 for the entire plot and
the close-up, respectively.
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Figure 4.7. The multiplicity of L&) and calorimeter towers above threshold in the
minimum multiplicity far gap region for the Z sample. The right-hand plot is a
close-up of the region near (0,0). The LO axis runs from 0 to 20 for the plot on
the left, and it runs from 0 to 10 on the close-up plot. The calorimeter tower axis
runs from a multiplicity of 0 to 500 and 0 to 20 for the entire plot and the close-up,
respectively.
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areas for this analysis that could cause a miscalculation of the diffractive W (Z) to
all W (Z) fraction. The first is the possible presence of residual multiple interaction
events in the final data sample, and the second is negative energy in the detector.
The latter is the result of energy in the detector from a previous interaction which
raises the calorimeter tower pedestal and lowers the amount of energy attributed to
that part of the detector. Each of these potential problems must be examined and,
if necessary, corrections applied to the diffractive W and Z data fractions.

The final data sample in any search for rapidity gap events is ideally composed
of single interaction events. Any multiple interaction event would most likely not
have a rapidity gap even if one interaction were diffractive, because the second
event would spoil such a gap. Therefore, retaining multiple interaction events in
the sample would artificially lower the fraction of diffractive events. On the other
hand, negative energy in the calorimeter could falsely increase this fraction if it
were to artificially create excess rapidity gap events. Detailed studies were done to

determine the effects of these factors on the diffractive W and Z fractions.

Residual Contamination

A luminosity-dependent residual contamination correction to the fraction is devel-
oped by using standard cut data samples (N = 8,724 for the central electron W
sample and N = 3,898 for the forward electron W sample) and samples without
cuts on multiple interactions (N = 27,884, N = 13,916 ). In the NoCut sample, the
MI cuts have been removed. To first order, all events beyond those in the standard
sample should be multiple interaction (MI) events.

Estimation of the MI contamination is done by comparing the predicted number
of single interactions as a function of luminosity to the standard cut sample distri-
bution. Events in the standard sample should be predominantly single interactions

(SI). The probability of a single interaction occurring as a function of luminosity
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was calculated in steps of 0.5 x 10*° from a luminosity of 0.0 x 10%° to 20.0 x 103°.
Multiplying the NoCut W sample luminosity distribution by the single interaction
probability gives us the expected number of SI events vs luminosity. This predicted
distribution is compared to the standard data sample, to which MI cuts have been
applied. Any excess is defined as the residual contamination. Figure 4.8 shows
these luminosity distributions for the central W sample, Fig. 4.9 for the forward W

sample, and Fig. 4.10 for the Z sample.
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Figure 4.8. Residual contamination calculation for the central electron W sample.
The top plot shows the NoCut sample luminosity distribution as a solid line with
the standard data sample shown by the dashed line (nearly obscured by the solid
points). (The y-axis is the number of events in each luminosity bin, where lumi-
nosity is given by the x-axis.) The solid circles represent the predicted number of
single interactions for each luminosity bin. The bottom plot again shows the stan-
dard sample distribution (solid line) overlaid with the predicted number of single
interactions (solid circles) as a function of luminosity.

The percent correction is calculated as (number residual contamination events/total

number of events)x100. There is a 9.2 27 % correction due to residual contami-
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Forward W Residual Contamination Calculation
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Figure 4.9. Residual contamination calculation for the forward electron W sample.
The top plot shows the NoCut sample luminosity distribution as a solid line with
the standard data sample shown by the dashed line (nearly obscured by the solid
points). (The y-axis is the number of events in each luminosity bin, where lumi-
nosity is given by the x-axis.) The solid points represent the predictednumber of
single interactions for each luminosity bin. The bottom plot again shows the stan-
dard sample distribution (solid line) overlaid with the calculated number of single
interactions (solid circles) as a function of luminosity.
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Z Residual Contamination Correction
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Figure 4.10. Residual contamination calculation for the Z sample. The top plot
shows the NoCut sample luminosity distribution as a solid line with the standard
data sample shown by the dashed line (nearly obscured by the solid points). (The
y-axis is the number of events in each luminosity bin, where luminosity is given by
the x-axis.) The solid points represent the predictednumber of single interactions for
each luminosity bin. The bottom plot again shows the standard sample distribution
(solid line) overlaid with the calculated number of single interactions (solid circles)
as a function of luminosity.

75



nation on the central electron diffractive W fraction, a 0.0 =52 % correction on the
forward electron W sample, and a 9.3 £22% correction on the Z sample. These cor-
rections are shown in Tables 4.3 and 4.4 for several data sets. The W event sample
is divided into several sets which mimic those used to determine the diffractive W
and Z fractions (see Section 4.3). The data sample is separated into low and high
luminosity samples to determine whether or not there is a systematic luminosity
dependence of the gap fraction. The sample is also split into several n regions to
look for gap fraction dependence on rapidity. Samples with loose electron quality
cuts or fewer restrictions on multiple interaction events have more events, and will
be used in the quantitative diffractive fraction determination. (See Section 4.3 for
a description of the quantitative signal extraction.) The multiple interaction con-
tamination is determined for each of these samples as described above. To estimate
the uncertainty in this method, the SI probability calculations were redone while
adjusting the luminosity higher and lower by 5.3% for each point (5.3% was chosen
because it is the rms uncertainty on the luminosity). The percent contamination in
the forward W sample is lower than that of the central sample because the multiple
interaction cuts are more efficient for this sample. As expected, the residual con-
tamination increases dramatically for samples with less restrictive cuts on multiple

interactions.

Negative Energy

Negative energy in the detector has the potential to influence the diffractive W
fraction in the direction opposite that of MI contamination. Energy in the detector
from a previous interaction raises the pedestal for the calorimeter towers involved
which lowers the amount of energy attributed to that part of the calorimeter. This
could push low multiplicity events into the zero bin which would falsely increase

the number of events attributed to diffractive W bosons. The concern is that signal
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Table 4.3. Residual contamination correction for several electron samples. The error
was found by varying luminosity by 5.3% and recalculating the residual contamina-
tion.

Central e W Data Set Residual Contamination
standard e cuts 9.2 £21 %
lum <7 2.7 £13%
lum > 7 170 £50 %
0.0 <[y <05 91 23 %
0.5 <|n|<1.1 9.7 £53%
loose e quality cuts 8.3 21 %
Er >30 B > 30 GeV 101 £33 %
Emthresh 125MeV 9.2 £37%
Emthresh 200MeV 9.2 £21%
mirunl=1,2 no vtx cut 23.6 i3 %
flag=0,1 no vtx cut 26.7 £515 %

Forward ¢ W Data Set Residual Contamination
standard forward electron 0.0 +22 %
loose e quality cuts 0.0 £3%%
mirunl=1,2 no vtx cut 17.1 £29%
flag=0,1 no vtx cut 19.6 £27%

Central and Forward e W Data Set | Residual Contamination

‘ standard cen+fwd e W sample ‘ 6.0 =20 % ‘
7/ Data Set Residual Contamination
| standard Z sample | 9.3 £22% |
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Table 4.4. Residual contamination correction for several combined central and for-
ward electron samples. The error was found by varying luminosity by 5.3% and
recalculating the residual contamination.

| Central and Forward ¢ W Data Set | Residual Contamination |

standard cen+fwd e W sample 6.0 50 %
EMthresh 125 MeV 6.0 x¢5 %
EMthresh 200 MeV 6.0 +50%
loose e quality cuts 5.3 5%

lum <7 0.0 £12 %

lum > 7 13.2 £598%

Ep >30 By > 30 GeV 7.5 23 %
mirunl=1,2 no vtx cut 21.6 £5%
flag=0,1 no vtx cut 245 +£5s %

events could be composed primarily of events with large amounts of negative energy
compared to that of background events. To check this, the amount of negative energy
per event was examined for both signal dominated and background (ie. standard
color exchange W) dominated event samples. This was done by looking at events
with a minimum side calorimeter multiplicity of 0 — 2 and those with a minimum
multiplicity of 3-5 respectively (see Figs 4.11 and 4.12).

For the central electron W sample, the signal dominated region had a mean
negative energy of -21.76 GeV and the mean for the background region was -22.10
GeV. Note that there is no peak in the low multiplicity bin at large negative ener-
gy which would indicate fake gap events. In spite of this, it may still appear that
negative energy could create a false signal by preferentially sliding events from low
multiplicity bins into the zero bin. While this is partially true (events can be low-
ered in multiplicity), this effect is taken into account during the signal extraction.
Consider the effect of changing the calorimeter tower energy threshold. A similar
sliding of the multiplicity distribution into the zero bin occurs as the threshold is

raised; however, the shape of the background dominated region does not change.
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Figure 4.11. Central electron W events: Negative energy (x-axis) for signal domi-
nated events compared to that for color exchange dominated events. The top plot
shows the amount of negative energy in the EM calorimeter when the far gap on the
minimum multiplicity side of the detector had a multiplicity of 0-2. The bottom plot
shows the amount of negative energy in the EM calorimeter when the far gap has a
multiplicity of 3-5. An event can only be in one or the other of these distributions,
but not both. Therefore, these are mutually exclusive bins.
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Figure 4.12. Forward electron W sample: Negative energy (x-axis) for signal domi-
nated events compared to that for color exchange dominated events. The top plot
shows the amount of negative energy in the EM calorimeter when the far gap on the
minimum multiplicity side of the detector had a multiplicity of 0-2. The bottom plot
shows the amount of negative energy in the EM calorimeter when the far gap has a
multiplicity of 3-5. An event can only be in one or the other of these distributions,
but not both. Therefore, these are mutually exclusive bins.
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During the signal extraction using a fit to the background, the correct number of
background events in the low(est) multiplicity bins will still be determined. Al-
though the number of signal events in the lowest bin may change, the ratio of signal
to background should remain the same. Since the amount of negative energy per
event is consistent over the particle multiplicity range, any sliding toward low multi-
plicity bins should mimic the effect seen with increased thresholds. In other words,
it too will be a smooth process and will not affect the ratio of signal to background
events. The non-diffractive background shape (including that which extends to zero
multiplicity) is determined during the quantitative signal extraction. This process
accounts for the effect of negative energy when determining the diffractive W and
Z signals. Therefore, the negative energy results for the central electron W sample
do not indicate a problem, and no error has been assigned here.

Similarly, the negative energy in a signal-dominated sample and in a background-
dominated sample were examined for the forward electrons. The mean negative
energy in the EM calorimeter was -22.76 GeV for the signal region and -21.51 GeV
in the background region. Again, this does not imply a problem, and no error has

been assigned here.

4.3 Fitting

4.3.1 Quantitative Signal Extraction Procedure

We have successfully identified diffractive W and Z events within our data samples,
and have also considered effects which might bias our results. We now extract the
quantitative diffractive W and Z signals from the 2-D distributions of calorimeter
tower and Level® multiplicities. This is accomplished by using a simultaneous fit of
the signal (low multiplicity) and background regions applied to the npg vs. near
distribution for each W sample, Z sample, and several sub-samples. (See Appendix

A for a more detailed description of the fitting method).
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In addition to measuring the diffractive rate for the complete central electron
W sample, we also divide it into luminosity bins or 7 bins for furthur study. These
individual fits become components of the Range Fit method which is introduced in
order to reduce any potential systematic error resulting from the specific choice of
bins to include in the fit. In this method we perform many individual 2-D fits for
each sample by systematically varying the range used in the fit. We then combine
the knowledge gained from each fit to find the final gap fraction.

The Range Fit is applied in two distinct manners. First it is used for fits where
both the signal and background are extracted from the same sample (Same Sample
Background Fit). It is also applied to fits that use higher statistics samples to
determine the shape of the non-diffractive background. This background shape is
then applied during a subsequent fit of a low statistics sample to find the diffractive
signal. This Alternate Background Sample method improves the error by enabling
the fit routine to work with a more reliable background shape. This fitting method
is necessary for low statistic samples. Previous analyses, like the study of hard
single diffractive jet production, did not need this fitting iteration. The diffractive
jet analysis was done using samples with very high statistics, and the range fit
results were extremely stable. However, fits to the smaller statistics W and Z
samples can change depending on the fit area because of statistical fluctuations
in the background shape. As a result, the diffractive W and Z signal must be
determined using a background shape found with a higher statistic sample. In fact,
the diffractive Z signal can only be determined in this manner. All final diffractive
W and Z fractions in data will be found using this Alternate Background Sample
method. After the diffractive signal fraction is found, it must be corrected to account
for contamination of the data sample by residual multiple interaction events. The

appropriate correction factors can be found in Tables 4.3 and 4.4.
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4.3.2 Range Fit Method

The quantitative diffractive W signal is extracted from the 2-D calorimeter vs.
Level® multiplicity distributions by doing a two dimensional simultaneous fit of the
signal and background which was initially developed for the hard single diffractive
and double gap analyses [48]. The signal is fit by a falling exponential in both
calorimeter and L multiplicities, and the background by a four parameter surface.

Performing the fit, a region around the peak at (0,0) is masked off (2 bins in
nro and 3 bins in neyy, ) and a first pass fit of only the non-diffractive background
is done. These initial lower limits are chosen such that the signal region is excluded
from the fit while the upper limits ensure that the very high multiplicity regions
do not influence the background shape. For the calorimeter, this means that the
upper limit, which ranges from nc,,=6 to 12, is near but not beyond the color
exchange peak around ng,7, = 12 (see Figure 4.13). This enables us to use as much
multiplicity information relevant to the fit as possible without overly complicating
the background shape by including the extremely high multiplicity region. The LO
limit, which ranges from 5 - 7, was chosen to be before the L( multiplicity peak
(see Figure 4.13). Once the initial background fit is completed, all of the parameters
are relaxed. The signal parameters that were previously fixed and not included in
the fit are allowed to vary, and both the background and signal distributions are
simultaneously fit (see Figs 4.14 and 4.15).

The number of signal events, Sy, is given by the fit, and the fraction of diffractive
W events above the color exchange background is calculated as S, divided by the
total number of events in the sample. The error on the signal is determined from
a MINOS error analysis, or is an estimate from the MINUIT parabolic error if the
former is unavailable [48]. Included in the signal error are the statistical error and

the systematic error on the fraction due to the fitting process.
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Figure 4.13. The multiplicity of LO and calorimeter towers above threshold in the
minimum multiplicity far gap region for the central electron W sample is shown
(top left). The top-right plot is a close-up of the region near (0,0). The bottom
left plot shows the Level® multiplicity distribution and the bottom right shows the

calorimeter multiplicity distribution.
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Figure 4.14. Two dimensional multiplicities (LO vs calorimeter towers) from fitting
routine are shown for a single fit for the central electron sample. The top left
plot is the 2D nrg vs. ngar data distribution. The top right plot shows the 2D
nrg VS. Ny distribution found using the fit where the signal fit result is added
to the background background from the fit. The middle left plot shows the 2D
background multiplicity distribution from the fit, and the middle right plot shows
the signal multiplicity distribution from the fit. (Note: these two middle plots
combine to produce the top right distribution.) The bottom left shows the data
- fit distribution, and the bottom right shows the residuals for this single fit. No
additional samples were used as background for this case.
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Figure 4.15. Two dimensional multiplicities (LO vs calorimeter towers) from fitting
routine are shown for a single fit for the central electron sample. The top left
plot is the 2D nrg vs. ngar data distribution. The top right plot shows the 2D
nrg VS. Ny distribution found using the fit where the signal fit result is added
to the background background from the fit. The middle left plot shows the 2D
background multiplicity distribution from the fit, and the middle right plot shows
the signal multiplicity distribution from the fit. (Note: these two middle plots
combine to produce the top right distribution.) The bottom left shows the data
- fit distribution, and the bottom right shows the residuals for this single fit. No
additional samples were used as background for this case.
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Range Fit: Same Sample Background Fit Method

Taking a step beyond the solitary fitting method, a series of fits are performed for
each sample. This ensures that there is no signal dependence on the range of bins
used in the background fit. For this series of fits, the nys and ng 4y fit limits are
systematically varied. First, a 2D fit is performed with the Level® upper limit set
to 5 and the upper limit in calorimeter towers set to 6. Then the calorimeter tower
upper limit used in the fit is increased from 6 to 12, and a fit is performed for each
different n., upper limit. Then the process is repeated for a Level® upper limit set
to 6 and 7. The individual fits are done a total of 21 times for this specific case. We
then have a distribution of the gap fractions from these 21 fits.

Figures 4.16 and 4.17 show such distributions for the central and forward electron
W’s respectively. The final gap fraction from the fit for each sample is defined to
be the weighted mean of this distribution, where fits with smaller errors are given
higher weight in calculating the mean. Additionally, only fits with at least one
MINOS error are included in the calculation. The RMS scatter of these signals
gives an error on the mean gap fraction. Additionally, the upper and lower fit errors
are taken from the means of the MINOS error distributions of the fits included in
the gap fraction calculation. Performing the 2-D fit over these L and calorimeter

multiplicity ranges, we have obtained the gap fraction:

Wdiffractive
Waii

for several different electron samples.

Tables 4.5 and 4.6 show the gap fraction for the central and forward electron W
event samples. Table 4.7 shows the gap fractions for several combined central and
forward e W samples. These gap fractions are found using fits of the same sample
to find both the background and signal shape. In each case, both the raw gap

fraction from the fit and the gap fraction corrected for residual multiple interaction
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contamination are given. All comparisons between fit results must be done using
the corrected fraction rather than the raw fit result. After the multiple interaction
contamination for each sample is taken into account, we have an accurate fraction
of diffractive W to all W events. We can see that the signal for the central electron
sample is higher than that for the forward e sample. As would be expected, the
combined central and forward electron sample has a gap fraction between that for

the individual samples.

Central e W Range Fit, Same Sample Background
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Figure 4.16. The fit results for the 1800 GeV central electron W data sample. Shown
is the variation of the signal for fits using an upper limit range of 5-7 in L® bins
and 6-12 in ng4z bins (top). Trial number 1 corresponds to a fit using (LO ,n.y)
upper limits of (5,6). Trial number 2 corresponds to a fit with upper limits of (5,7)
and so on until trial number 8 with limits (6,6). Trial number 15 begins the series
of fits with LO upper limit = 7, ending with limits (7,12) for trial 21. The bands
represent the parabolic errors from MINUIT and the error bars show the MINOS
errors.

It is also important to look for systematic dependence of the gap fraction on
event characteristics and fit shape. Tables 4.5 and 4.6 show how the central and

forward gap fractions change when different event selection requirements were used.
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Forward e W Range Fit, Same Sample Background
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Figure 4.17. The fit results for the 1800 GeV forward electron W data sample.
Shown is the variation of the signal for fits using an upper limit range of 5-6 in L
bins and 6-15 in nec 4y, bins (top). The upper limits in Level® and n,, are stepped

through as in the central electron range fit. The bands represent the parabolic errors
from MINUIT and the error bars show the MINOS errors.
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The ‘tight’ electron requirement was relaxed to a ‘loose’ electron (see Table 4.1),
the #r and Ep requirement on the electron were raised to 30 GeV, and the EM
calorimeter threshold was lowered to 125 MeV and raised to 200 MeV. The multiple
interaction cut was also changed to require mirunl=1,2, and the central electron
sample was separated into two different luminosity bins (< 7 x 10*® and > 7 x 10?).
This is a first look for systematics like residual contamination which would change
with luminosity. It is worthwhile to compare the gap fraction found with the chosen
fit shape, which has a 4 parameter background, to that found with a 6 parameter
background. The extra parameters allow the background shape to have quadratic
elements in both nyg and near,.

The gap fractions are consistent within error bars for each variation on the event
selection, including the changing EM thresholds and the bins in luminosity. This is
true for the central electron samples, the forward electron samples, and the combined
sample. Although the six parameter fit result is within error bars of the standard
fit result, it does appear to give a consistently higher fraction. The errors for the
six parameter fit are also higher than for the four parameter background fit. The
fit to the maximum side of the detector is also shown in Table 4.7 for the combined
central and forward sample. The gap fraction is very low, nearly zero, which is
expected and confirms the fit method.

The central electron W sample is also split into two 1 bins which give the de-
pendence of the gap fraction on n when combined with the forward electron sample.
See Table 4.8 for the gap fraction results as a function of 7. There is a definite 7
dependence on the diffractive W rate, with the very central (n < 0.5) and forward
(1.5 < 1 < 2.5) electron samples being much lower than that for the mid-central
sample (0.5 < n < 1.1) by about a factor of three.

Diffractive W bosons can also be produced via the g¢g — Wgq process which
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Table 4.5. Measured gap fractions for the far gap region for central electron W's at
1800 GeV center-of-mass energy. The gap fractions were obtained using the range
fit method where BOTH SIGNAL and BACKGROUND shapes were taken from the
SAME SAMPLE. The raw gap fraction obtained directly from the fit is given for each
sample. This raw fraction is then corrected for residual multiple interaction event
contamination for each sample using the contamination values listed in Table 4.3.

Central e Fitted Gap | Corrected Gap
W Event Sample Fraction Fraction

standard e cuts 0.99 £33 % | 1.09 £328 %

loose e quality 1.04 323 % | 1.13 £3%8 %

Er, By >30 GeV | 0.86 +321% | 0.96 +321 %

lum < 7 1.20 +932% | 1.23 £033 %
lum > 7 0.70 £33 % | 0.84 £33 %
6param fit 1.27 4532 % | 1.40 £539 %

Emthresh 125 MeV | 0.84 £321 % | 0.93 £3% %

Emthresh 200 MeV | 1.13 £322 % | 1.24 538 %

mirunl=1,2 novtx cut | 0.66 £J1f % | 0.86 £33 %

miflag=0,1 novtx cut | 0.87 £539% | 1.19 £538 %
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Table 4.6. Measured gap fractions for the far gap region for forward electron W's at
1800 GeV center-of-mass energy. The gap fractions were obtained using the range
fit method where BOTH SIGNAL and BACKGROUND shapes were taken from the
SAME SAMPLE. The raw gap fraction obtained directly from the fit is given for each
sample. This raw fraction is then corrected for residual multiple interaction event
contamination for each sample using the contamination values listed in Table 4.3.

Forward e Fitted Gap | Corrected Gap
W Event Sample Fraction Fraction

standard e cuts 0.61 32 % | 0.61 +3% %

loose e quality 0.61 £321% | 0.61 3% %

6param fit 0.77 £32 % | 0.77 £32 %

Emthresh 125 MeV | 0.60 335 % | 0.60 %338 %

Emthresh 200 MeV | 0.65 £322% | 0.65 335 %

mirunl=1,2 novtx cut | 0.53 £312% | 0.64 £3% %

miflag=0,1 novtx cut | 0.48 £315% | 0.60 £3% %
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Table 4.7. Measured gap fractions for the far gap region for the combined central and
forward electron W’s at 1800 GeV center-of-mass energy. The gap fractions were
obtained using the range fit method where BOTH SIGNAL and BACKGROUND
shapes were taken from the SAME SAMPLE. The raw gap fraction obtained directly
from the fit is given for each sample. This raw fraction is then corrected for residual
multiple interaction event contamination for each sample using the contamination
values listed in Table 4.4.

Combined Cen + Fwd ¢ | Fitted Gap | Corrected Gap

W Event Sample Fraction Fraction
standard cen+fwd e 0.84 £318% | 0.89 +323%
loose e quality 0.88 +318% | 0.93 £012 %
Er,Br >30 GeV 0.76 £013% | 0.82 &1 %
lum < 7 1.03 £0.23% | 1.03 +03 %
lum > 7 0.68 +0.15% | 0.78 £512 %
6param fit 113 £33 % | 1.20 £539 %
Emthresh 125 MeV 0.72 £017% | 0.77 £519%
Emthresh 200 MeV 0.96 +017% | 1.02 £519%

mirunl=1,2 novtx cut 0.61 £33 % | 0.78 £ %

miflag=0,1 novtx cut 0.72 £18% | 0.95 £3%2 %
North side 0.65 £0.19% | 0.69 +0.21%
South side 0.35 £006 % | 0.37 08 %
Max mult 0.04 £005 % | 0.04 503 %
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results in a final state jet with the W. This process is suppressed by order a,, and
the diffractive W production rate will depend highly on the pomeron composition.
The parton component of the pomeron involved in the diffractive W production
can be found by studying the gap fraction of W+jets events. See Table 4.9 for the
number of events in several W + jet samples and Table 4.10 for the gap fraction fit
results for each W + jet event sample.

Table 4.8. Measured far gap fractions for several electron 7 bins at 1800 GeV
center-of-mass energy. The gap fractions were obtained using the range fit method
where BOTH SIGNAL AND BACKGROUND shapes were taken from the SAME
SAMPLE.

W Event Sample | Fitted Gap | Corrected Gap
1 bins Fraction Fraction
n<0.5 0.47 +317 % 0.52 +312 %

05<n<1.1 1.43 £33 % 1.58 938 %
1.5<n<25 0.61 £024 % 0.61 £3% %

Table 4.9. Number of events with at least one jet from the central + fwd electron
W sample for several jet E; thresholds.

jet B threshold for jets | Num Evts
with |1;e] < 3.0

Er > 8 GeV 2,025
Er > 15 GeV 1,742
Er > 25 GeV 1,531

Motivation for Alternate Background Sample Fit Method

Due to the small number of events in the low statistics samples which include the
central W data and the forward electron W, (on the order of 10/bin near the signal

region), the fit results vary depending on the initial parameters chosen (see Fig-
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Table 4.10. Measured gap fractions for the far gap region for all W +jet events at
1800 GeV center-of-mass energy. Signal extracted using SAME SAMPLE to find
SIGNAL and BACKGROUND. NO CORRECTION for residual contamination was

performed.

Central 4+ Forward e Fitted
(W + jet) events Sample | Gap Fraction

ErJet > 8 GeV 0.47 +321%
EpJet > 15 GeV 0.36 +322 %
ErJet > 25 GeV 0.38 +32¢ %

ures 4.16 and 4.17). This is especially true for the Z sample, in fact, it is impossible
to get a fit of the Z sample as described above. It is therefore advantageous to find
a reasonable way to increase statistics in order to establish the background shape.
With a more populated background multiplicity, the shape becomes more apparent
and the fit results stabilize.

We use several methods to increase the statistics used in the fit: (i) we combine
the central and forward electron samples (see Fig. 4.18), (ii) we loosen the electron
quality cuts, and (iii) we change the multiple interaction cuts such that mirunl=1,2
with no restriction on the value of miflag or the number of vertices in the event.
The last case increases the number of events by including multiple interaction events
which were previously removed when a purely single interaction sample was the
selection goal. Restrictions on miflag and the number of event vertices would remove
likely multiple interaction events from the sample. Here, we are interested in keeping
more events, so we keep the multiple interaction events.

For each method, there must be no bias effects that would alter the background
shape. In other words, we must ensure that the background shapes in the high

statistics samples are not fundamentally different from those in the low statistics
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Figure 4.18. The 2-D multiplicity of L tiles and calorimeter towers above threshold
in the minimum multiplicity far gap region for the combined central and forward
electron W samples.
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samples. The mean of the minimum side calorimeter multiplicity is a gauge of the
background shape, and is given in Table 4.11 for several central electron W event
samples, Table 4.12 for forward electron W, and Table 4.13 for several Z samples.
The samples can basically be separated into two categories: relatively low statistics
samples where we would like to measure the gap fraction signal, and high statistics
samples that we would like to use to find the background shape to aid in the fitting

of the smaller statistics samples.

Table 4.11. Mean of the minimum side calorimeter multiplicity for several electron
W samples.

‘ Central e W Event Sample ‘ Mean Min Multiplicity (GeV) ‘ Num Events ‘

standard 65.61 8,724
lum <7 69.23 4,746
lum > 7 61.28 3,978
0.0 <|n| <0.5 65.31 4,109
0.5 <|n <1.1 66.45 4,173
Er, B >30 GeV 65.38 6, 206
EMthresh 125 MeV 68.91 8,724
EMthresh 200 MeV 62.95 8,724

‘ Potential bkgnd shape samples ‘ ‘ ‘
standard central+fwd 64.86 12,622
cen+fwd EMthr 125MeV 68.14 12,622
cen+fwd EMthr 200MeV 62.20 14,768
cen loose e quality cuts 65.79 9,000
cen mirunl=1,2 no vtx cut 67.37 10, 366
cen flag=0,1 no vtx cut 80.52 10,803

‘ Central + Fwd W+jet samples ‘

ErJet > 8 GeV 79.87 2,025
ErJet > 15 GeV 79.95 1,742
ErJet > 25 GeV 79.38 1,531

The background shapes can be directly compared by looking at the 1-D minimum
side calorimeter multiplicity distributions. (See Figs 4.19, 4.20, 4.21, 4.22, and 4.23).
Generally, samples which have a higher mean multiplicity on the minimum side are

those in which the multiple interaction selection cuts were altered. A higher mean
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Table 4.12. Mean of the minimum side calorimeter multiplicity for several forward
electron W samples.

| Forward e W Sample | Mean Min Multiplicity (GeV) | Num Events |
standard 63.19 3,898
Er, B >30 GeV 62.76 2,768
EMthresh 125 MeV 66.44 3,898
EMthresh 200 MeV 60.52 3,898

Potential bkgnd shape samples

fwd loose e quality cuts 63.25 3,908
fwd mirun1=1,2 no vtx cut 66.07 4,765
fwd flag=0,1 no vtx cut 81.59 4,909

Table 4.13. Mean of the minimum side calorimeter multiplicity for several Z samples.

| Z Sample | Mean Min Multiplicity (GeV) | Num Events |
standard 61.37 715
EMthresh 125 MeV 64.47 715
EMthresh 200 MeV 08.83 715
standard with EC-EC 62.04 801
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indicates that more multiple interaction events were included in the sample. This
was verified in the residual contamination study for different data samples. As we
can see from both the mean minimum multiplicities and the overlaid multiplicity
distributions, the background shape of the combined central and forward electron
W sample agrees well with that of the individual central W, forward W, and Z
samples. Therefore, it is reasonable to use the combined central e and forward e
as the background shape for a fit to the smaller statistics sample. Similarly, the
mirunl cut and the loose quality cut samples for central and forward electron W’s
can be used to find the background shape of the low statistics samples. The loose
electron quality cut variation does not gain much in statistics, so we don’t expect

much of a change if it is used to find the background shape.
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Figure 4.19. One dimensional calorimeter multiplicity distributions (the number of
calorimeter towers hit on the x-axis and the number of events on the y-axis). The
solid line is the Central W electron sample, and the dashed line is the combined
Central + Forward W samples, which is scaled to the central sample.

Range Fit: Alternate Background Sample Fit Method

This second evolution of the fitting is a more complicated version of the earlier
method. We will still be fitting the signal with a falling exponential and the back-

ground with a plane, but the two parts of the fit will be done on separate data
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Compare 1-D cal multz Cen W, Loose Cen W
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Figure 4.20. One dimensional calorimeter multiplicities distributions (the number
of calorimeter towers hit on the x-axis and the number of events on the y-axis).
The solid line is the standard Central W electron sample, and the dashed line is the
Central loose electron quality cut sample, which is scaled to the standard central
sample.
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Figure 4.21. One dimensional calorimeter multiplicities (the number of calorimeter
towers hit on the x-axis and the number of events on the y-axis). The solid line
is the standard Central W electron sample, and the dashed line is the Central
electron sample where only an miflag multiple interaction cut was imposed. Note
that the normalization between the two distributions is correct. The miflag sample
multiplicity distribution is pushed out to much higher n,,; than the standard sample.
This is an indication that the miflag sample background shape does not match that
of the standard sample; therefore, it is not used for the Alternate Background Sample
Fitting Method.
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Figure 4.22. One dimensional calorimeter multiplicities: the solid line is the stan-
dard Forward W electron sample, and the dashed line is the combined Central +
Forward W sample which has been scaled to the forward electron W sample size.

o
T

8]
T

10 20 30 40 50 60 70 80 90
Compare 1=D mult All Z and Cen+Fwd W

o
[0 = 1

Figure 4.23. One dimensional calorimeter multiplicities: the solid line is the stan-
dard Z sample, and the dashed line is the combined Central4+Forward W sample
which has been scaled to the Z sample size.
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samples. We will be using one of several high statistics samples to find the 2-D
background shape. As an example, consider the specific case where we want a sig-
nal from the central electron W’s using the combined central plus forward sample to
obtain the background shape. Initially, the 2-D simultaneous signal and background
fit is done on the central4forward sample. The background parameters from this fit
are saved and scaled to the sample size of the central e W’s. They are then used as
input parameters to the fit of the central e sample. During the fitting of the central
electron sample, the background shape is fixed and only the signal parameters are
included in the fit.

Figures 4.24, 4.25, and 4.26 show one fit for the central e W's, the forward
e W’s, and the Z samples respectively. As before, this process is repeated over a
systematically varied range of n;s and ng 47, limits to remove any signal dependence
on the fit region chosen. The result is a distribution of gap fractions from the fit,
and the final signal is defined to be the mean of this distribution. The gap fraction
distributions for the central e W’s, forward e W’s, and Z’s are shown in Figures 4.27,
4.28, and 4.29. Due to the very small statistics in the Z sample, the fit was difficult
to complete even using the alternate background shape. Final gap fraction results
are shown in Table 4.14 for central electron W, in Table 4.15 for forward electron
Wi, in Table 4.16 for Zs, and in Table 4.17 for W + jet events. In each case, the

error is due to fitting systematics and statistics.

4.3.3 Event Characteristics

To ensure that the rapidity gap signatures are not due to pathologically unusual
W or Z boson events or fakes in the signal region (nyy = ngar, =0), various event
characteristics are examined. Figure 4.30 shows the electron Ep, £, , and trans-
verse mass for central electron W events with ncar > 1, which are dominantly

non-diffractive (left column), and diffractive W candidate events (nry = ncar =0,
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Figure 4.24. Two dimensional multiplicities (L vs calorimeter towers) from a
single 2D fit extraction of the quantitative signal for the central electron W sample.
The background shape was taken from the combined central+forward electron W
samples, scaled to the statistics in the central only W sample, and fixed for the fitting
procedure. The top two plots show i) only the data nyg vs. neyr, multiplicity plot,
and ii) the signal and background npg vs. ngap multiplicity distribution from the
fit. The middle plots show the individual multiplicities for iii) the background,and
iv) the signal from the fit. (Note: these two middle plots combine to produce the
top right distribution.) Finally, the bottom plots show v) data - fit, and vi) residuals
for this individual fit.
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Figure 4.25. Two dimensional multiplicities (L( vs calorimeter towers) from a single
2D fit extraction of the quantitative signal for the forward electron W sample. The
background shape was taken from the combined central+forward electron W sam-
ples, scaled to the statistics in the forward only W sample, and fixed for the fitting
procedure. The top two plots show i) only the data nyg vs. neyr, multiplicity plot,
and ii) the signal and background npg vs. neap multiplicity distribution from the
fit. The middle plots show the individual multiplicities for iii) the background,and
iv) the signal from the fit. (Note: these two middle plots combine to produce the
top right distribution.) Finally, the bottom plots show v) data - fit, and vi) residuals
for this individual fit.
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Figure 4.26. Two dimensional multiplicities (LOvs calorimeter towers) from a single
2D fit extraction of the quantitative signal for the Z sample. The background
shape was taken from the combined central+forward electron W samples, scaled
to the statistics in the Z sample, and fixed for the fitting procedure. The top two
plots show i) only the data npg vs. neap multiplicity plot, and ii) the signal and
background nygy vs. ngar multiplicity distribution from the fit. The middle plots
show the individual multiplicities for iii) the background,and iv) the signal from the
fit. (Note: these two middle plots combine to produce the top right distribution.)
Finally, the bottom plots show v) data - fit, and vi) residuals for this individual fit.
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Figure 4.27. The fit results for the 1800 GeV central electron W data sample are
presented. Shown is the variation of the signal for fits using an upper limit range
of 5-7 in LO bins and 6-12 in neyy, bins (top). The bands represent the parabolic
errors from MINUIT and the error bars show the MINOS errors. The combined

central and forward electron W sample was used to find the background shape for
this fit.
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Figure 4.28. The fit results for the 1800 GeV forward electron W data sample are
presented. Shown is the variation of the signal for fits using an upper limit range
of 5-7 in LY bins and 6-12 in neyy, bins (top). The bands represent the parabolic
errors from MINUIT and the error bars show the MINOS errors. The combined
central and forward electron W sample was used to find the background shape for
this fit.
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Table 4.14. Measured gap fractions for the far gap region for central electron W’s at
1800 GeV center-of-mass energy using HIGH STATISTICS SAMPLES to determine
the BACKGROUND SHAPE.

Central e Background Fitted Gap | Corrected Gap
W Event Sample Sample Fraction Fraction

standard cenW +fwdW 0.98 +518 % 1.08 £J% %
standard cen+fwdW 125 emthr | 0.96 £ % 1.06 £0%2 %
standard cen+fwdW 200 emthr | 1.01 £32 % 1.11 +523 %
standard loose e quality 1.01 £0%2 % 1.11 £)8 %
standard mirunl=1,2 0.99 £31 % 1.09 +522 9%
Er, B, >30 GeV cenW +fwdW 0.95 £0% % | 1.06 £33 %
lum < 7 cenW +fwdW 0.96 4075 % | 0.99 £5355 %
lum > 7 cenW +fwdW 1.06 333 % 1.28 +£341 %
n<0.5 cenW +fwd W 0.53 322 % | 0.58 £538 %
05<n<1.1 cen+fwdW 1.34 3% % 1.48 £330 %

Table 4.15. Measured gap fractions for the far gap region for forward electron W’s at
1800 GeV center-of-mass energy using HIGH STATISTICS SAMPLES to determine
the BACKGROUND SHAPE.

W Forward | Background Fitted Corrected
e Sample Sample Gap Fraction | Gap Fraction

standard | cenW+fwdW | 0.64 £)12 % 0.64 +312 %

standard cen loose e 0.65 £038 % 0.65 +329 %

standard mirunl 0.68 £032 % 0.68 02 %
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Figure 4.29. The fit results for the 1800 GeV Z data sample are presented. Shown
is the variation of the signal for fits using an upper limit n;g and nguy range of
(5-6:6-12). The bands represent the parabolic errors from MINUIT and the error
bars show the MINOS errors. The combined central and forward electron W sample
was used to find the background shape for this fit.

Table 4.16. Measured gap fractions for the far gap region for all Z’s at 1800 GeV
center-of-mass energy. The COMBINED CENTRAL and FORWARD electron W
sample was used to find the BACKGROUND SHAPE for the Z sample fit.

Z Background Fitted Corrected
e Sample Sample Gap Fraction | Gap Fraction
standard | cen+fwd W | 1.25 £33 % 1.38 £362 %
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Table 4.17. Measured gap fractions for the far gap region for all central + forward
electron W+ jet events at 1800 GeV center-of-mass energy. The COMBINED CEN-
TRAL and FORWARD electron W sample was used to find the BACKGROUND
SHAPE for the W + jet samples.

‘ Central e W + jet events Sample ‘ Fitted Gap Fraction ‘

Jet Ep > 8 GeV 0.31 +312 %
Jet Ep > 15 GeV 0.31 329 %
Jet Ep > 25 GeV 0.31 329 %

right column). Figure 4.31 shows the same quantities for the forward electron W
sample. In spite of low statistics for the diffractive candidates, the distributions
for all three variables examined (electron Ep, F, , transverse mass) are very sim-
ilar. The mean values of these distributions are almost identical for the standard
W events and the rapidity gap events. There is no distinguishable difference be-
tween the characteristics of the two samples for either the central or forward electron
W’s. A similar examination is performed for the diffractive Z candidates using the
electron Ers and the invariant mass distribution for a standard Z sample and the
diffractive candidates. Although there are only a few diffractive Z candidates, again
we have found no discernable pathology that would indicate these are not genuine

7 events.
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Figure 4.30. Event characteristics for standard central electron W boson events
(left column, ncar > 1) compared to diffractive W boson candidate events (right
column, nyy = neyr, =0). The top plots compare electron Er (on the x-axis), the
middle show F, (on the x-axis) in the events, and the bottom plots compare the
transverse mass (x-axis) for the two cases. Note: Events either fall into the standard
W event sample or the diffractive candidate event sample; therefore, for each set of
comparisons mutually exclusive data sets are examined.
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Figure 4.31. Event characteristics for standard forward electron W boson events
(left column, ncar > 1) compared to diffractive W boson candidate events (right
column, nyy = neyr, =0). The top plots compare electron Er (on the x-axis), the
middle show F; (on the x-axis) in the forward electron events, and the bottom
plots compare the transverse mass (x-axis) for the two cases. Note: Events either
fall into the standard W event sample or the diffractive candidate event sample;
therefore, for each set of comparisons mutually exclusive data sets are examined.
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CHAPTER 5

MONTE CARLO

POMPYT26 [49] is the Monte Carlo used to model diffractive W and Z scattering at
the particle level. As an extension of PYTHIA [50], POMPYT26 has the capability
to produce pomeron-proton collisions, where PYTHIA produces pp collisions. Sev-
eral parameters can be varied at generation including the proton structure function,
the pomeron flux, and the pomeron structure function. The proton structure func-
tion chosen for all following Monte Carlo studies was CTEQ3M [51] [52] [53]. This
is the third in a series of proton parton distribution functions (PDFs) determined
by the CTEQ Collaboration [54] through a global QCD analysis of fixed target and
collider data. The CTEQ3M PDFs incorporate lepton asymmetry data taken at
CDF [55] and Drell-Yan data from the NA-51 experiment [56] in addition to the
experimental information used for previous iterations of the structure functions.

POMPYT has the capability to model diffractive W and Z production by re-
placing the standard PYTHIA proton-antiproton collision with a pomeron-proton
collision. In reality, either the proton or the antiproton could diffract, but currently
POMPYT only permits the antiproton to emit the pomeron. In order to study po-
tential diffractive event production dependence on the pomeron structure, several
pomeron structure functions can be selected in POMPYT. These include a hard
quark structure, a hard gluon structure, and a soft gluon structure.

The leading order process for diffractive W and Z production is thought to

involve a quark structure pomeron. This model consists of two quarks which share
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the pomeron momentum: ¢3(1— ). Diffractive W and Z production is also possible
with a hard gluon pomeron, which shares its momentum between two gluons: 65(1—
(3). However, this process is suppressed by order a, and is associated with a jet in the
final state with the W or Z. A soft gluon pomeron, 6(1 — 3)°, would produce the W
and Z through the same mechanism as the hard gluon. However, the fraction of W
and Z bosons produced diffractively is expected to be much lower since each parton
in the soft gluon model carries only a small fraction of the pomeron momentum.
All three of these pomeron structures were examined as part of this study, since
any information either proving or disproving expectations about diffractive W and
Z production is useful.

Using POMPY'T, we can compare the diffractive W and Z results found in data
to expectations based on the Ingelman and Schlein model of pomeron exchange [5].
In particular, we can determine the predicted fraction (POMPYT/PYTHIA) of
diffractive W and Z-bosons produced for the three pomeron structure functions
mentioned above. In order to accomplish a direct comparison to data, we must first
learn how efficient the rapidity gap tagging method is at selecting diffractive W and
Z events. This ‘gap efficiency’ is found by combining information from POMPYT
Monte Carlo events and non-diffractive data background events. Once the predicted
fraction (POMPYT/PYTHIA) and the gap efficiency for each pomeron structure
function are known, we can then calculate the final MC diffractive W and Z fractions
which can be compared to data. In addition to this comparison, POMPYT can also

be used to study the fraction of the proton momentum carried by the pomeron ().

5.1 Method

Asin the data, central and forward electron 1¥-boson and Z-boson events are studied
in the Monte Carlo. POMPYT is used to generate diffractive W and Z events, while

PYTHIA is used to generate the non-diffractive W and Z background. Figure 5.1
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Figure 5.1. Comparison of PYTHIA (solid line) W event characteristics to high
multiplicity non-diffractive W data (dashed line). The PYTHIA events have been
run through a full simulation of the DO detector using GEANT. The top left plot
shows a comparison of the electron 7,;. Note that the distributions both dip around
ng = £1.2. This is a detector effect. The top right plot shows a comparison of
the electron Ep for PYTHIA and the non-diffractive data. The bottom left plot
shows a comparison of A¢ for the electron and neutrino. This shows that they are
equally back-to-back in data and PYTHIA. Finally, the bottom right plot shows the
transverse mass for both PYTHIA and non-diffractive data.

shows a comparison of event characteristics for PYTHIA W events (solid line) and
high multiplicity non-diffractive W data (dashed line). For this comparison, the
PYTHIA events have been run through the detector simulation (GEANT [57]). As
shown in each histogram, the Monte Carlo recreates the data characteristics very
well. Additionally, PYTHIA is a well established Monte Carlo that has been used in
precision W and Z measurements [44] [45], and we can be confident that it provides
a reliable reproduction of non-diffractive W and Z data.

As in data, we look at the side of the detector with the fewest calorimeter

towers above threshold in a search for rapidity gaps. This minimum side multiplicity
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distribution is shown in Figure 5.2 for both POMPYT and PYTHIA forward electron
W at particle level. This is before any processing through a trigger simulation or
detector simulation. The diffractive distribution in POMPYT is distinctly peaked at
zero, while the PYTHIA multiplicity shows a broad distribution with a much higher
mean that tapers off to zero to both sides. The marked difference between these
distributions indicates that multiplicity is an appropriate variable for identifying

diffractive events using rapidity gaps.
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Figure 5.2. POMPYT (top plot) and PYTHIA (bottom plot) minimum side particle
multiplicity distributions using a far gap for forward electron W’s. The POMPYT
multiplicity is peaked at low multiplicities, while the PYTHIA multiplicity is a broad
distribution with a much higher mean.

The minimum side multiplicity is used rather than the side opposite the gap
because the electron can be on the same side of the detector as the rapidity gap
(see Fig. 5.3). This is true even though the diffractive events are pushed forward in
rapidity. Since the pomeron carries a small fraction of the initial proton momentum,

the W and Z events are expected to be boosted in the lab frame. The amount of
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boost depends on the pomeron structure assumed. For example, the soft gluons
involved in W production on average carry much less momentum than the hard
gluons or quarks from the pomeron; therefore, the soft gluon events will be pushed
farther forward than quark events. This difference can be seen in Figure 5.3 where
the soft gluon events (dotted line) are definitely farther forward in 7 than the quark

or hard gluon events.
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Figure 5.3. The electron n distributions for W boson events generated in POMPYT
using a quark pomeron structure (solid line), a hard gluon structure (dashed line),
and a soft gluon structure (dotted line). The rapidity gap for all events in these
samples is located at +n. Although it is less common, it is possible for the electron
to be located on the same side as the gap.

Since POMPYT and PYTHIA have both been incorporated into the DO zebra

structure, events can be run through the full detector simulation (GEANT). Monte
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Carlo events can then be processed in the same manner as the data. The Monte
Carlo event samples are selected using the same requirements on electron Ep, Fr |
detector location, and electron quality (see Tables 4.1 and 4.2) as in the data. The
sample of diffractive W-boson events is divided into those with central electrons
and those with forward electrons. As in data, the Z sample contains CC-CC and
CC-EC electron events. This parallel handling of events facilitates Monte Carlo
comparisons to data. The two dimensional Level @ and calorimeter tower (above
threshold) multiplicity distributions for central electron POMPYT and PYTHIA
W-boson events after GEANT [57] are shown in Fig. 5.4. Again, it is very clear
that the diffractive distribution peaks at (0,0) while the non-diffractive distribution
drops off to zero at low multiplicity. Although the POMPYT distribution does
favor the low multiplicity bins, there are events at slightly higher multiplicities.
This becomes more evident when the gap efficiency is calculated for several Monte

Carlo samples.

5.2 Gap Efficiency

In order to compare the Monte Carlo model to data, we need to determine the
fraction of diffractive W and Z bosons predicted by POMPYT. However, not every
diffractive W or Z event registers as a rapidity gap event. In some events, the
gap is spoiled by a particle from the interaction; therefore, the particle multiplicity
registers as nonzero. These events populate the tails of the POMPYT distributions
in figures 5.2 and 5.4. We therefore need to know what our efficiency is for finding
diffractive events by tagging rapidity gaps. In other words, the visible fraction of
diffractive W bosons must be found for each Monte Carlo pomeron model. This

quantity is called the ‘gap efficiency’ (€,,,) and must also be determined for the

€gap
diffractive Z Monte Carlo. For each structure function used, the gap efficiency

associated with that model corrects the Monte Carlo fraction for comparison to
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Figure 5.4. The quark pomeron POMPYT (top plot) and PYTHIA (bottom plot)
nro VS near, minimum side multiplicity distributions in the far gap region for central
electron W's.

data. This puts all pomeron models on the same level, where f;sibie = firue X €gap
can be directly compared to fj.,-

We extract the gap efficiency by simultaneously fitting a non-diffractive back-
ground and the diffractive signal. This is done in the same manner as the signal
extraction for the data. The two-dimensional Level® and calorimeter tower Monte
Carlo multiplicity distribution is combined with the background fit multiplicity from
the appropriate data sample. In data, the final gap fraction was determined using
the background shape taken from the combined central electron and forward elec-
tron W sample. Therefore, the combined central and forward sample is also used to
calculate the gap efficiency. First, the standard two-dimensional simultaneous fit is
performed on the data sample to extract the background shape (see Fig. 5.5). The
POMPYT Level® vs. calorimeter tower multiplicity is then added to this back-

ground shape. The new distribution is fit and the number of visible POMPYT
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Figure 5.5. The gap efficiency was extracted by simultaneously fitting a non-
diffractive background and the diffractive signal. The Monte Carlo Level @ vs.
calorimeter tower multiplicity (top left histogram) and the background multiplicity
histogram from a fit to data (top right) were added together (bottom left). This
combined sample was then fit several times to find the number of Monte Carlo events
detected. Each fit used a slightly different background shape (example at bottom
right).

events is extracted. The nominal gap efficiency is then the number of signal events
from the fit divided by the true number of POMPY'T events in the sample. The pro-
cess is repeated, each time manipulating the background shape about its mean value
to remove any potential bias from the exact shape. The gap efficiency error is then
calculated using the rms from the distribution of fit results as well as the systematic
error based on the 13% energy scale difference between Monte Carlo and data [58].

Table 5.1 shows the quark, hard gluon, and soft gluon gap efficiencies for central
and forward electron W samples and the Z sample. For these events, the maximum

possible & (the fraction of the proton momentum carried by the pomeron) value was
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limited to: &, = 0.1 at generation. Diffraction is thought to dominate for £ < 0.1,
although it has been shown that rapidity gap events can be produced for much higher
values of £. It was recently shown that the & distribution for diffractively produced
dijet systems extended well beyond 0.1 for events produced at /s = 1800 GeV [59].
For this analysis, the gap efficiencies and Monte Carlo rapidity gap fractions were
calculated for events generated with &,,,, = 0.1 and with &,,,, = 0.2. Figures 5.6
and 5.7 show the central and forward electron W Monte Carlo multiplicity plots for
the three pomeron structure models. Figure 5.8 shows the Monte Carlo multiplicity
distributions for diffractive Z events. Table 5.2 shows the number of central W,
forward W, and Z POMPY'T events for the three pomeron structures.

Table 5.1. Gap efficiencies for several structure function models of diffractive W
and Z boson production using events generated with the POMPYT Monte Carlo
package. The maximum possible ¢ value was limited to: &,,,, = 0.1 at generation.

Pomeron Structure Sample Gap Efficiency
Function
QUARK
central electron W 21 + 4%
forward electron W 35 +6%

Z (CC-CC, CC-EC electrons) 21 +4%

HARD GLUON
central electron W 33 +5%

forward electron W 42 +6%
Z (CC-CC, CC-EC electrons) 33 £5%

SOFT GLUON

central electron W 2 +1%
forward electron W 5 £1%
Z (CC-CC, CC-EC electrons) 5 +£8%

The gap efficiencies for all samples are rather low, and may seem unfairly so

upon initial examination of the relevant multiplicity distributions. However, the
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multiplicity distributions can be quite deceiving. Although they do indeed peak at
the (0,0) bin (certainly for the quark and hard gluon structures), a large portion
of events have at least a few hits in the detector. This can be seen by comparing
the number of events in each POMPY'T sample to the number of events in the
(0,0) bin only. For example, the central electron W quark structure sample has
approximately 100 events in the (0,0) bin, but there are 528 events in the entire
sample. Assuming that only events in the (0,0) bin are selected as rapidity gap
events (a rather conservative assumption), a rough gap efficiency of € = 19% can
be calculated. This compares favorably to the ¢ = 21 + 4% found using the two-
dimensional fitting method, confirming that the fit gives a reasonable result.

Table 5.2. The number of events in each Monte Carlo sample are shown for quark
pomeron events, hard gluon pomeron events, and soft gluon events.

POMPYT Num Events | Num Events | Num Events
Monte Carlo Sample Quark Hard Gluon | Soft Gluon
Central W 528 383 225
Forward W 262 244 384

A 488 392 111

The soft gluon gap efficiencies were difficult (if not impossible) to determine, and
were extremely low when the could be calculated. This becomes understandable
upon examination of the multiplicity distributions. In each case (central, forward
W or Z), there are two contributing factors to this difficulty: low statistics and the
shape of the multiplicity distributions. The soft gluon pomeron is not expected to
produce many diffractive W or Z bosons. To first order, they are produced from
a quark component in the pomeron. Additionally, these are very massive particles,
so the pomeron must carry a significant amount of energy in order to produce a
W or Z. The maximum diffractive mass possible is given by: M, = /€s. For the

typical & range (approximately 0.005 to 0.10) expected for diffraction, we have 130
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GeV < M, < 570 GeV. However, the nature of the soft gluon pomeron structure
is such that each gluon carries only a small fraction of the pomeron momentum.
Therefore, high values of ¢ are needed in order to produce diffractive W and Z
bosons with a soft gluon pomeron. These effects combine to produce low statistics
for this pomeron model. Soft gluon events also tend to populate higher multiplicities
than in equivalent distributions for hard gluon or quark events (see Fig. 5.9). The
mean of the minimum side calorimeter multiplicity for soft gluon events is twice

that for the quark events.

Central electron W Quark and Soft Gluon Pomeron

MIN MULT far gap mult

225 E
20 E
17.5 £

125 E

MIN MULT far gap mult

Figure 5.9. Calorimeter multiplicity (x-axis) distributions are shown for central
electron W events: quark structure pomeron (top plot) mean number of calorimeter
towers above threshold =8.9, and soft gluon structure (bottom) mean = 16.8 towers.

The central electron W gap efficiency is lower than that of the forward electron
sample for all three pomeron structures. As the high mass system from the W or
Z is moved closer to the rapidity gap region, the percent of events in the (0,0) bin

decreases, leading to a decrease in gap efficiency. This is expected since the forward
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electron events are farther from the gap, and therefore are less likely to spoil it. The
7 gap efficiency is comparable to that of the central electron W sample. This is
reasonable considering that every Z event has at least one electron in the central
region of the detector.

The central electron events are also typically produced from a pomeron with
a higher fraction of the initial proton momentum, a higher £. Earlier, diffractive
event boost was discussed as the result of an overpowering imbalance in momentum
between the pomeron and the proton. This causes diffractive events to be pushed
forward in n; however, we have required a sample of events to have a central electron.
In order to meet this demand, the pomeron must be able to balance the momentum
from the other parton in the event. Therefore, the pomeron carries a higher fraction
of the proton momentum. The high mass systems created in such interactions have
the potential to ruin more rapidity gaps, so the gap efficiency depends on the £ of
the pomeron. This dependence can be seen in figure 5.10 for the central electron W
events. As the pomeron ¢ increases, the number of events in the sample increases,
but the percentage of events at low multiplicities decreases. Therefore, the gap
efficiency decreases with increasing . The forward electron W events show similar
behavior (see figure 5.11), although it is less dramatic because most of the forward
electron events have a low pomeron £. The gap efficiency was also calculated for
events with a &,,,, = 0.2 set at generation, as opposed to the default &,,,, = 0.1.
Table 5.3 shows the gap efficiency results for these events. As expected, the gap
efficiency is lower for all samples (W and Z) at higher .

Events with rapidity gaps occur through color singlet exchange processes. Pomeron
exchange is one such process, but it is not the only possibility. To facilitate study of
alternative color single exchange processes, POMPYT has the capability to generate

pion exchange events. At this point, only 7° and 7+ exchange have been implement-
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Figure 5.10. Multiplicity distributions for central electron W events in bins of £ (the
fraction of the initial proton momentum carried by the pomeron). As ¢ increases
(top left — top right — bottom left — bottom right), a lower percentage of events
are at low multiplicities, and the gap efficiency decreases. For each distribution, the
Level® multiplicity runs from 0 to 10 and the calorimeter tower multiplicity from 0
to 30.

Table 5.3. Gap efficiencies for several structure function models of diffractive W
and Z boson production using events generated with the POMPYT Monte Carlo
package. The maximum possible ¢ value was limited to: &,,,, = 0.2 at generation.

Pomeron Structure Sample Gap Efficiency
Function
QUARK
central electron W 11 +2%
forward electron W 27 + 7%

Z (CC-CC, CC-EC electrons) 15 +3%

HARD GLUON

central electron W 15 +4%
forward electron W 22 + 6%
Z (CC-CC, CC-EC electrons) 17 £4%

127



Forward e W mult in bins of xi

SS
==
0 S

0000 —=——
[SINES oY RS ENCN N
0000
ohro-RNrmon

0 0
MULT FAR GAP (xi 0.05 to 0.07) MULT FAR GAP (xi 0.07 to 0.10)

Figure 5.11. Multiplicity distributions for forward electron W events in bins of £ (the
fraction of the initial proton momentum carried by the pomeron). As ¢ increases
(top left — top right — bottom left — bottom right), a lower percentage of events
are at low multiplicities, and the gap efficiency decreases.

ed where the proton ‘emits’ a pion instead of a pomeron. Of course, if the proton
‘emits’ a 7, charge must be conserved, and we have p — 7tn. Factorization is
applied to this type of exchange as it is for pomeron exchange. Pion flux factors are
used instead of the pomeron flux factors, and the pion parton densities are those
available through PYTHIA [49]. These events are processed just like the pomeron
exchange events, leading to the same type of multiplicity distribution possibilities.
The gap efficiencies for 7° and 7 exchange are shown in Table 5.4, and are extreme-
ly small with large errors for each W or Z sample. As in the soft gluon case, these
gap efficiencies are very difficult to determine, but in this case it is an exercise in
futility. It will be shown later, that the fraction of diffractive W and Z production
through pion exchange is miniscule. (See Section 5.3 for the Monte Carlo diffractive

fraction results.) Even if 100% of these events could be detected (e,q, = 100%),
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these processes would not come close to matching the fraction of diffractive W and

Z bosons production in data.

Table 5.4. Gap efficiencies for diffractive W and Z boson production through pion
exchange. Both 7° and 7% exchange are modeled using POMPYT.

7% Exchange

Sample Gap Efficiency
central electron W 7 +2%
forward electron W 3 +2%

Z (CC-CC, CC-EC electrons) 5 £2%
nT Exchange

Sample Gap Efficiency
central electron W 5 2%
forward electron W 2 +£5%

Z (CC-CC, CC-EC electrons) 5 £2%

5.3 Monte Carlo Gap Fraction

Now that we have the gap efficiency for each pomeron model, we can calculate the
diffractive W and Z fraction predicted by the Monte Carlo. First we will determine
the diffractive W and Z fraction for each pomeron model independent of any detec-
tion efficiency. Then, these will be combined with the appropriate gap efficiencies
to determine the visible fraction of diffractive W and Z bosons. This final f,;gpe
can then be compared directly to the data fraction regardless of the pomeron model
involved.

The diffractive W and Z fraction depends a great deal on the pomeron structure;
therefore, calculations are done for the quark, hard gluon, and soft gluon structure
functions. The Monte Carlo fraction is given by the cross section measured in
POMPYT divided by the cross section from PYTHIA. Since only the antiproton is
allowed to diffract, the POMPY'T cross section must be doubled for this calcula-

tion. Table 5.5 shows the predicted diffractive W and Z fractions after full detector
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simulation. As expected, the quark pomeron model produces by far the highest
fraction (on the order of 20%) of diffractive W and Z bosons. Additionally, the
three Monte Carlo samples (central W, forward W, and Z) predict very similar
percentages at this point. The hard gluon pomeron model produces a much lower
fraction of diffractive to all W and Z bosons. With this model, a diffractive fraction
of approximately (0.5%) is predicted by POMPYT. Finally, the soft gluon pomeron
model is considered. Again, as expected, this model predicts the smallest fraction
of diffractively produced W and Z bosons. Table 5.6 shows the predicted diffrac-

O and 7" exchange rather than pomeron

tive W and Z production fraction for m
exchange. Whereas the pomeron models either predict a fairly significant diffractive
W or Z signal, or at least a signal fraction on the order of 0.5%, the pion exchange
essentially predicts no diffractive events. The predicted MC fractions were also cal-
culated for events with a &,,,, = 0.2 set at generation, and are shown in Table 5.7.
The fraction increases with increased & because it becomes easier to produce the
massive W and Z systems. This characteristic is reflected in the results for all three
pomeron structures.

In order to compare to data, the gap efficiency must be folded into the diffractive
fraction calculations since fyisipe = firue X €gqp- Until this point, we have only been
looking at f,,. in the Monte Carlo. As a reminder, the fractions of diffractive to all
W and Z bosons produced in data are listed in Table 5.8. The final Monte Carlo gap
fractions are shown in Table 5.9. It is perhaps easier to think of the Monte Carlo
fraction without any gap efficiency correction as a diffractive fraction, whereas we
compare the Monte Carlo gap fraction to data. Note that we use the Monte Carlo
events generated with &,,,, = 0.1 to predict the gap fraction for comparison to data.

This is done because the ¢ distributions in POMPY'T show that diffractive W and

Z rapidity gap events are produced with £ values below this limit(See Section 5.4).
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Table 5.5. Predicted fractions, (POMPYT/PYTHIA), of diffractively produced W
and Z events are shown after full detector simulation for quark, hard gluon, and soft
gluon pomeron models. The maximum possible £ value was limited to: &,,,, = 0.1
at generation. The gap efficiency has NOT been taken into account.

Pomeron Structure Sample Monte Carlo
Function Diffractive Fraction
QUARK

central electron W 20 £ 1%
forward electron W 21 +2%
7 (CC-CC, CC-EC electrons) 17 £ 1%
HARD GLUON
central electron W 0.45 +0.02%
forward electron W 0.61 +0.04%
7 (CC-CC, CC-EC electrons) 0.42 +0.02%
SOFT GLUON
central electron W 0.10 +=0.01%
forward electron W 0.38 4+0.02%
7 (CC-CC, CC-EC electrons) 0.09 +0.01%

Table 5.6. Predicted fractions, (POMPYT/PYTHIA), of diffractively produced W
and Z are shown after full detector simulation for 7° and 7 exchange. The gap
efficiency has NOT been taken into account.

70 Exchange

Sample MC Diffractive Fraction
central electron W 1.5 x 10732 +£0.1 x 107*%
forward electron W 1.9 x 10732 +0.2 x 107*%

Z (CC-CC, CC-EC electrons) | 1.5 x 107" £0.1 x 107°'%

7T Exchange

Sample MC Diffractive Fraction
central electron W 3.2 x 10737 +£0.2 x 10731%
forward electron W 3.6 x 1073 +£0.3 x 10731%

Z (CC-CC, CC-EC electrons) | 2.1 x 10 31 £0.1 x 10 %1%
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Table 5.7. Predicted fractions, (POMPYT/PYTHIA), of diffractively produced W
and Z events are shown after full detector simulation for quark, hard gluon, and soft
gluon pomeron models. The maximum possible £ value was limited to: &,,,, = 0.2
at generation. The gap efficiency has NOT been taken into account.

Pomeron Structure Sample Monte Carlo
Function Diffractive Fraction
QUARK

central electron W 33 £2%
forward electron W 27 £ 3%
Z (CC-CC, CC-EC electrons) 34 +2%
HARD GLUON
central electron W 1.1 £0.1%
forward electron W 0.9 +£0.1%
Z (CC-CC, CC-EC electrons) 1.1 £0.1%
SOFT GLUON
central electron W 0.47 £0.03%
forward electron W 1.0 £0.08%
Z (CC-CC, CC-EC electrons) 0.42 +0.03%

Table 5.8. The fraction of diffractive to all W bosons produced in data is shown for
both central electron W's and forward electron Ws. The analogous fraction is also
reported for diffractively produced Z bosons.

DATA Sample Final DATA Gap Fraction
central electron W 1.08 +520 %
forward electron W 0.64 £312 %

Z (CC-CC, CC-EC electrons) 1.38 £J%2 %
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Table 5.9. Final predicted gap fractions, (POMPYT/PYTHIA), of diffractively
produced W and Z events are shown after full detector simulation for quark, hard
gluon, and soft gluon pomeron models. The maximum possible £ value was limited
t0: &new = 0.1 at generation. The gap efficiency HAS been taken into account.

Pomeron Structure Sample Final Monte Carlo
Function Gap Fraction
QUARK

central electron W 4.1 +£0.8%
forward electron W 7.2 £1.3%
Z (CC-CC, CC-EC electrons) 3.5 £0.7%
HARD GLUON
central electron W 0.15 +0.02%
forward electron W 0.25 +0.04%

Z (CC-CC, CC-EC electrons) 0.14 +0.02%

SOFT GLUON
central electron W 0.003 £ 0.001%

forward electron W 0.02 4 0.004%

Z (CC-CC, CC-EC electrons) 0.004 +0.007%
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We have now reached a significant point in this analysis. We know the W and
7 gap fractions in data, and we have the predicted gap fractions in Monte Carlo
for several pomeron structures. At this point we can determine whether or not
POMPYT predicts what is seen in data by comparing the results in Tables 5.8
and 5.9. The soft gluon pomeron structure function predicts an extremely low gap
fraction which does not describe the data. We can take the central electron W
sample as a concrete example: the soft gluon pomeron predicts a gap fraction of
0.003 4 0.001% compared to 1.08 %323 % in data. This is lower than the observed
fraction for data by a factor of 1000. We can eliminate the POMPY'T soft gluon as
the source of the rapidity gap events seen in data.

We next examine the possibility that a quark pomeron is the source of the
diffractive W and Z events. While this model does produce a significant number of
rapidity gap events, the POMPYT gap fractions are 4 to 11 times higher than those
observed in data for the W samples. Additionally, the Z data is not described by
a quark pomeron in POMPYT. The hard quark prediction is 2.5 times higher than
that observed for the Z data: 3.5 +0.7% in MC compared to 1.38 £5%2 % in data.

Finally, we can compare the data gap fractions to those from a hard gluon
pomeron. According to Bruni and Ingleman [19], this structure function is expected
to produce a lower percentage of diffractive W and Z events compared to the quark
pomeron. (See Section 2.5.) In fact, the hard gluon fractions from POMPYT are
much lower than those predicted for the quark pomeron; however, they are also
consistently lower than the data fractions (by a factor of 3-10 depending on the
sample).

These results are consistent with previous diffractive measurements, which show
a normalization problem compared to POMPY'T. Recently the rapidity gap fraction

for hard single diffraction with jets was measure in pp collisions, and none of the
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simple POMPY'T models described the data well citekristal-thesis. A combination of
hard gluons (~ 25%) and soft gluons (~ 75%) was needed in order to reproduce the
data results. In a similar fashion, we can compare the predictions from a pomeron
with both a quark and a hard gluon component. For example, a pomeron with a
hard-quark fraction of 0.25 and a hard gluon fraction of 0.75 approximately matches
the central electron W data fraction. However, if the pomeron is composed largely
of gluons, one would expect a high percentage of the diffractive W events to contain
a jet in the final state. Although we do see diffractive W + jet events, they do not
dominate the sample (see Table 4.17.)

In addition to the difference in normalization, the Monte Carlo shows a very
different dependence of the fraction on rapidity. The W data has a higher fraction
in the central region than the forward (see Table 5.8), whereas the Monte Carlo
rapidity dependence is the opposite (see Table 5.9). Both the quark and hard gluon
pomeron exhibit this  dependence; however, for the quark structure this is entirely
due to the different gap efficiencies in the central and forward samples. Incidentally,
the soft gluon pomeron also predicts the same 1 dependence for the fraction as the

hard gluon and quark structures.

5.4 & Distribution

As we have seen, diffractive event characteristics change depending on the momen-
tum of the pomeron involved. This momentum is given by { = 1 — z,, where z,
is the momentum fraction of the outgoing diffracted proton. In addition to provid-
ing diffractive W and Z gap fraction predictions, POMPYT can also be used to
study the £ distribution for different types of events. Central events are not boosted
forward, implying that they were produced from a pomeron with a higher ¢ than
forward events. Additionally, the multiplicity distribution changes depending on

the & of the event. The high diffractive masses produced at increased & are more
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likely to ruin a rapidity gap in a diffractive event. It is easy to see that different
types of diffractive events probe different states of the pomeron. In order to fully
understand the events we see in data, it makes sense to learn more about this aspect
of diffractive scattering.

Using POMPY'T, we have the capability to look at the £ distributions for different
samples of diffractive W and Z events. Figure 5.12 shows the £ distribution for quark
pomeron diffractive W events with electron Er > 25 GeV (solid line) at generation
level. The dashed line is the £ distribution for central electron events, and the dotted
line represents forward electron events. Events from the original sample (solid line)
which fall into poorly instrumented regions in the detector are excluded from the
central and forward electron distributions. As a result, the sum of the two does not

equal the original distribution.
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Figure 5.12. The £ distribution is shown for quark pomeron W events with electron
Er > 25 GeV (solid line). The dashed line is the & distribution for central electron
events, and the dotted line represents forward electron events. The central electron
events probe a higher £ region than the forward events.

The & probed in central electron events is higher than that for the forward

events which peak much closer to zero. The central electron events have &;pan =
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0.06, compared to &y pan = 0.03 for the forward electron events. As expected,
the pomeron carries a higher fraction of the initial proton momentum for events
with a central electron. The ¢ distribution for quark pomeron Z events is shown
in figure 5.13. Again, we can see that the more central events (those with CC-
CC electrons) involve a pomeron with a higher £. The same general effect is seen
for diffractively produced dijets, where jets with significant Er are required [59].
The forward dijet £ distribution peaks much closer to zero than the central dijet

distribution.
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Figure 5.13. The & distribution is shown for quark pomeron Z events with electron

Er > 25 GeV (solid line). The dashed line is the ¢ distribution for CC-CC electron
events, and the dotted line represents CC-EC electron events. The CC-CC electron
events probe a higher £ region as did the central electron W events.

So far, we do not have a complete picture of the £ distribution for events that
we are likely to identify as diffractive. The events we are looking for require a
rapidity gap, and this additional demand will affect the £ region probed in the data.
Figures 5.14 and 5.15 show how the £ distribution changes for central and forward
quark pomeron W events when a gap is required. Many of the high mass states

have been excluded. Figure 5.16 shows the ¢ distribution for CC-CC and CC-EC
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Z events both with and without a far gap. These £ distributions confirm that the
POMPYT events used in the gap fraction calculations were appropriate. We can
see that very few events with & near 0.1 remain in the sample once when we look
at rapidity gap events. Therefore, it is unlikely that we need to calculate the gap
fractions using events generated with &,,,, = 0.2. We therefore keep the gap fraction
results for events generated with &,,,, = 0.1 as our final Monte Carlo predictions.
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Figure 5.14. The & distribution for quark pomeron W events is shown for central
electron events with no rapidity gap required (solid line) and for events with a far
gap (dashed line). Many of the high mass states have been excluded by demanding a
rapidity gap. The mean of the distribution drops from ({3;pan = 0.06) to (xrpan =
0.04) when a far gap is required.
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Figure 5.15. The ¢ distribution for quark pomeron W events is shown for forward
electron events with no rapidity gap required (solid line) and for events with a far
gap (dashed line). Again, the higher mass states have been excluded by demanding a
rapidity gap. The mean of the distribution drops from ({y;pan = 0.03) to (§xrpan =
0.02) when a far gap is required.
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Z QUARK XI DISTRIBUTIONS  WITH and WITHOUT GAP
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Figure 5.16. The & distribution for quark pomeron Z events is shown for CC-CC
(top plot) electron events with no rapidity gap required (solid line) and for events
with a far gap (dashed line). The distribution is shown for CC-EC events (bottom
plot) without (solid) and with a gap (dashed line). Again, many of the higher mass
states have been excluded by demanding a rapidity gap.
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CHAPTER 6

CONCLUSION

We have observed a clear diffractive W signal for both central and forward electron
W — ev events in pp collisions at /s = 1.8 TeV. We have measured the signal
fractions of diffractive W to all W events for the central electron W events, the
forward electron W events, and the combined sample. These signal fractions are
shown in Table 6.1. We also measure a rapidity dependence for diffractive W pro-
duction which can be seen in Table 6.2. The signal fraction measured for events
with 0.5 < [Neectron| < 1.1 is much larger than that for events with very central
(In| < 0.5) or forward electron W's.

We also report the first observation of diffractively produced Z bosons in a
sample of Z — eTe™ events in pp collisions at /s = 1.8 TeV. We have measured the
fraction of diffractive Z to all Z for this sample to be 1.38 +0:52 % (see Table 6.1).

The gap fractions for both W and Z data can be compared to those predicted by
POMPYT for several pomeron structure functions. Table 6.3 shows the gap fractions
for data, a hard quark pomeron structure, and a hard gluon pomeron structure.
The soft gluon pomeron structure function has been eliminated as the source for
diffractive W and Z production due to the extremely low signal fractions predicted.
For example, the central electron W diffractive rate is predicted to be 0.003 0.001%
for a soft gluon pomeron. This is lower than the observed fraction for data by a
factor of 1000. We next examine the possibility that a quark pomeron is the source

of the diffractive W and Z events. The hard quark structure pomeron model from
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Table 6.1. Measured gap fractions for Ws and Zs at 1800 GeV center-of-mass energy.

W — ev Measured Gap Fraction
central, |n| < 1.1 1.08 +5%4 %
forward, 1.5 < |n| < 2.5 0.64 £ %
total W — ev sample 0.89 +52% %
Z —sete Measured Gap Fraction
Z — eTe sample CC-CC, CC-EC 1.38 382 %

Table 6.2. Rapidity (n) dependence of the measured gap fractions for W’s at 1800
GeV center-of-mass energy.

W — erv sample Measured Gap Fraction
as a function of 7
|776lectron| <0.5 0.58 j:g%g %
0.5 < |Netectron| < 1.1 1.48 +536 %
L5 < |Netectron| < 25 0.64 £(:15 %
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POMPYT predicts results 4 to 11 times higher than that observed in data for the W
samples. The hard quark prediction is 2.5 times higher than that observed for the
Z data. These results are consistent with previous diffractive measurements, which
show a normalization problem compared to POMPYT, especially considering that
previous results indicate that the pomeron is less than 50% quarks [60]. We can also
compare the data rates to those from a hard gluon pomeron. In this case, the hard
gluon rate is consistently lower than that in data (by a factor of 3-10 depending
on the sample). These normalization problems could perhaps be corrected by a
pomeron with both a quark and a hard gluon component. For example, a pomeron
with a hard-quark fraction of 0.25 and a hard gluon fraction of 0.75 approximately
matches the central electron W data fraction. However, if the pomeron is composed
largely of gluons, one would expect a high percentage of the diffractive W events to
contain a jet in the final state. Although we do see diffractive W + jet events, they
do not dominate the sample.

In addition to the difference in normalization, the Monte Carlo shows a very
different dependence of the fraction on rapidity (n). The central electron W data
sample has a higher gap fraction than the forward electron W sample. On the other
hand, the Monte Carlo gap fraction is lower for the central sample than for the
forward sample. Both the quark and hard gluon pomeron exhibit this  dependence;
however, for the quark structure this is entirely due to the different gap efficiencies
in the central and forward samples. These problems with fraction normalization
and dependence on 1 imply that the current POMPY'T model of diffraction does
not describe the diffractive W or Z data well for a hard quark, hard gluon, or soft
gluon pomeron.

It is also useful to compare the fractions of observable diffractive W and Z

events to the equivalent diffractive dijet fractions. Eventually, these results will be
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Table 6.3. A comparison of diffractive W and Z data gap fractions to those predicted
by POMPYT for a hard quark and hard gluon pomeron.

Sample Data Gap Quark MC Hard Gluon MC
Fraction | Gap Fraction Gap Fraction

central electron W | 1.08 +3% % | 4.1 £0.8% 0.15 +0.02%
forward electron W | 0.64 £012 % | 7.2 +£1.3% 0.25 +0.04%
Z (CC-CC,CC-EQ) | 1.38 02 % | 35 +0.7% 0.14 +0.02%

combined with those from diffractive photon production and double diffractive dijet
production. This will provide a complete picture of diffraction in pp interactions.
The observable gap fractions for Z and central electron W boson events are
higher than that for diffractive dijets, but are of a similar order (see Table 6.4).
In other words, we don’t expect to see 1% of W bosons produced diffractively
compared to 50% of dijet events produced diffractively. In reality, the fraction of
dijets produced diffractively at 1800 GeV is R,jcentrar = 0.20 +0-08 9 for central jets
and Rjj forwara = 0.64 £0.05% for forward jets [48]. Unlike the central fraction, the
gap fraction for the forward electron W sample is equal within error bars to that
found for the forward dijet event sample. We can also see that where the diffractive
W gap fraction decreases with increasing 7, the diffractive dijet fraction increases.
So far, the fractions reported for all samples (W, Z, and dijet) have been those
for the observable diffractive events (i.e. those with rapidity gaps). If we consider
the Ingelman and Schlein pomeron model, we must correct the observed fractions
by the gap efficiency in order to determine the actual diffractive fractions in data.
This is the reverse of the process used to bring all Monte Carlo models to the same
level for comparison to data (See Section 5.3.) We assume the gap efficiencies in

POMPYT are correct, and use them to correct the data gap fractions. The W, Z,
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Table 6.4. A comparison of diffractive W and Z data gap fractions to diffractive

dijet data gap fractions.

W,Z Sample

Data Gap Fraction

Dijet Data
Sample

Dijet
Gap Fraction

central electron W 1.08 +525 % Central Jets | 0.20 098 %

forward electron W 0.64 012 % Forward Jets | 0.64 4+ 0.05%

Z (CC-CC,CC-EQ) 1.38 +5962 9%

and dijet data fractions corrected in this manner using the quark pomeron and hard
gluon pomeron gap efficiencies are shown in Table 6.6. After this is done, the total
diffractive W and Z signal fractions are around 5-6% which could be much higher
than the dijet fraction. As one might imagine, this final data diffractive fraction
depends highly on the true pomeron structure, since the gap efficiency also depends
on this structure.

It is difficult to draw any definite conclusions from a comparison at this level
between the W and Z diffractive fractions and the dijet diffractive fraction. Up to
this point, we have adjusted the Monte Carlo to compare with data, because we do
not know which pomeron structure best describes the data. For the same reason we
prefer to simply report the observable gap fraction in data. The fractions listed in
Table 6.6 have been corrected with only the quark or hard gluon gap efficiency. The
dijet quark and hard gluon gap efficiencies for forward jets are higher than those
for W and Z production. This generally brings the diffractive fractions for the two
types of events closer together, but it is a small effect. However, there may be a soft
gluon component to the pomeron which has a much lower gap efficiency (4 + 3%
for the central jet events and 23 £+ 5% the forward jet soft gluon events) [48]. If the

dijet gap fraction is converted to the dijet diffractive fraction using the soft gluon
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gap efficiency, the overall rates will be much higher. Additionally, there have been
recent attempts to describe rapidity gap events using soft color rearrangement (see
Section 2.6). In this type of model, gaps are produced independent of the hard
process, and it is not clear that there is a gap efficiency. For a soft color model
the rapidity gap fractions for W, Z, and dijet production would stand as they are.
Furthur theoretical work will be needed to fully understand these diffractive results.

Table 6.5. The diffractive W, Z, and dijet gap fractions [48] measured in data
are listed with the associated gap efficiencies for a quark pomeron and hard gluon
pomeron.

DATA Sample | Measured Data | Gap Efficiency | Gap Efficiency
Gap Fraction Quark Hard Gluon
central electron W 1.08 +520 % 21 +4% 33 £5%
forward electron W 0.64 +312 % 35 + 6% 42 4+ 6%
Z (CC-CC,CC-EQ) 1.38 £3%2 % 21 + 4% 33 +5%
Dijet central jets 0.20 398 % 18 +6% 40 + 6%
Dijet forward jets 0.64 +0.05% 58 +9% 74 +£11%
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Table 6.6. The diffractive W, Z, and dijet data gap fractions are corrected back
to the diffractive fraction using the gap efficiency for a quark pomeron and a hard
gluon pomeron.

DATA Sample Data Gap | Corrected Using Corrected Using
Fraction Quark Gap Eff | Hard Gluon Gap Eff
central electron W | 1.08 +321 % ~ 5.1% ~ 3.3%
forward electron W | 0.64 £12 % ~ 1.8% ~ 1.5%
Z (CC-CC,CC-EC) | 1.38 +£562% ~ 6.6% ~ 4.2%
Dijet central jets | 0.20 4398 % ~ 1.1% ~ 0.5%
Dijet forward jets | 0.64 #£0.05% ~ 1.1% ~ 0.9%
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APPENDIX A

MULTIPLICITY FITS

Signals above underlying multiplicity distributions in the diffractive W and Z anal-
ysis are extracted by application of a two dimensional fit to the calorimeter (nc4z,)
and Level® (npg) multiplicities. Sample multiplicity distributions are shown in
Fig. A.1. The upper two plots show a calorimeter versus L) multiplicity plot from
the 1800 GeV central electron diffractive W data set. In the bottom panels the
projections onto the L) and calorimeter axes are shown.

Earlier versions of the analyses fit only to the one dimensional nq 4, distribution.
A ‘leading edge’ fit was used to fit nc4y in the region between the low multiplic-
ity peak and the most probable value of the multiplicity distribution. The fit was
then extrapolated to zero multiplicity and used as a background estimate for ex-
traction of the diffractive signal. This proved unsatisfactory in some cases, due to
large fitting errors. Additionally, the extrapolation of the fit under the peak at zero
multiplicity could show large variations based on the functional form selected to
model the background. This motivated the move to include more multiplicity infor-
mation by fitting the 2-D distributions and the precision of the fits was improved.
Additionally, the background distribution is nearly flat, making signal extraction
significantly less dependent on the choice of functional form used to fit the back-
ground.

In the 2-D fits both signal and background are fit simultaneously with the fol-
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Figure A.1. The multiplicity of LO and calorimeter towers above threshold in the
minimum multiplicity far gap region for the central electron W sample is shown
(top left). The top-right plot is a close-up of the region near (0,0). The bottom
left plot shows the Level® multiplicity distribution and the bottom right shows the
calorimeter multiplicity distribution.

lowing function:

zf yf ol pyl
i yi i Jyi

S, of oyl
—_ exp(—x/Sy — y/S9)dxd
5.5, /x /y p(—x/Sy — y/Ss)dxdy

The B;’s are background fit parameters and the S;’s are signal fit parameters. The
integrations are meant to illustrate that the function is integrated over each bin for
comparison to the data. More complex background functions including high powers
in ’z’ and 'y’ were explored. One such fit is referred to as the “six parameter fit” be-

cause the background shape is of the form: By + Bz + Byy + Bsxy + Byax? + Bsy?.
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However, due to the relative flatness of the background distribution, these more
complex functions offered no significant improvements in the quality of the fits.

The fit proceeds in two steps. First a region around the signal peak is masked
out (typically 2 bins in nyg by 3 bins in ng4r) and a background only fit is applied
to the background region. Then all parameters in the fit are freed and a signal +
background fit is applied to the distribution. The parameters are found using a
binned maximum likelihood fit.

It is necessary to determine the upper limits on the fit for the background region.
In some sense we still apply a ‘leading edge’ fit, because we do not expect any useful
background information to come from the very high multiplicity regions, far removed
from the signal peak. Also, fitting over large multiplicity ranges greatly complicates
the shape of the background function and can cause large biases in the background
extraction if the shape is being strongly constrained by bins located far from the
signal region. For the diffractive W and Z analysis, the calorimeter upper fit limit
is near but not beyond the color exchange peak around nc,r, = 12.(see Figure A.1.)
The LO limit was chosen to be before the L) multiplicity peak to maximize the
information obtained from LOwhile remaining within the chosen ng4; region. As
an example, a fit will be done using upper limits in (nrg,ncar) = (7,11).

The result of a fit to the central electron W data is shown in Fig. A.2. The
top plots show the data and the fit (ranges are set to show the fit region). The
middle two plots show the background and signal fits. The bottom plots show the
fit residuals in a lego plot and the fractional residuals in histogram form.

The signal is extracted directly from S, which represents the number of signal
events in the sample (in this case Sy = 88). The fractional signal is then Sy divided
by the total number of events (specifically, 88/8745) . The error on the signal

is determined from a MINOS error analysis. The signal error (og,) reflects the
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uncertainty in the background fit as well as uncertainty in the signal normalization

due to signal statistics. Here the signal fraction = 1.00 + 0.19%.

A.1 Dependence of Signal on n;g and nq,;, Ranges

For certain samples, namely those with sufficiently large statistics, the diffractive
signal shows little dependence on the range of bins selected for the background fit.
For example, if we refit the 1800 GeV hard diffraction with jets sample a number of
times choosing different background regions around our original choice, we optain
the result shown in Fig.A.3. The top plot shows the variation of the diffractive jet
signal using different ranges for the background fit. The bands show the parabolic
errors reported from MINUIT and the error bars with horizontal lines show the
MINOS errors (NOTE: MINOS errors are not always calculable by the algorithms
in MINUIT). Points marked with a star have a x?/d.o.f. with a likelihood of better
than 1%.

Depending on which sample is fitted, or on the electron cuts imposed, we may
find that a smaller surviving event sample shows more sensitivity to the choice of
the fit range. See for example Fig. A.4 which shows a test of fit ranges applied to
the central electron W sample. Due to the possible dependence of the signal on
the fit range we adopt the following procedure to determine the signal in for each

sample:

e a number of fits are performed around a nominal background range

e since fits with at least one calculable MINOS error tend to have better con-
vergence than fits with no MINOS errors, we obtain a weighted average of the
fits with at least one MINOS error to find the mean signal value. See Fig. A.4

bottom left.
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e we include an error on the mean signal equal to the RMS scatter of the signals
used to calculate the average. This is negligible for larger data samples, such

as those used in the single diffractive dijet analysis. See Fig. A.4 bottom left.

e upper and lower fit errors are taken as the average values of the weighted

MINOS errors from the ensemble. See Fig. A.4 bottom middle and right.

For this example, the central electron W sample was fit over a range of (nrg,ncar)
= (5-7,6 - 12). So, the upper limits in the first fit were (nyzg,ncaz) = (5,6). The
next fit ran with limits (5,7) which kept the Level® limit the same but increased
the calorimeter tower limit. The calorimeter tower limit was stepped up until the
fit ran with (5,12). Then the Level® fit limit was increased, and the fit used limits
of (6,6). This process continued until the last fit ran with limits (7,12). The gap
fraction obtained from this Range Fit was: 0.99 40.11+532 %, where the first error
is the RMS of the signal distribution and the latter are the means from the weighted
upper and lower MINOS error distribution. These errors are added in quadrature to
give: Repnrrar = 0.99 £035 % for the raw gap fraction from the fit (see Table 4.5).

Next, we correct this raw gap fraction for residual contamination (multiple in-
teraction events erroneously included in the sample). The residual contamination

for the central electron W sample is calculated to be: 9.2 £31 % (see Table 4.3).

Rpa 0.99
ReorreEcTED = 01;0‘;/ = 0.908 =1.09 i8;§§ %. (A1)

For some events samples with extremely low statistics, the Z data sample is a
good example, the range fit does not work well. It is therefore advantageous to find
a reasonable way to increase statistics in order to fill out the background shape.
With a more populated background multiplicity, the shape becomes more apparent,
and the fit results stabilize. We use several methods to increase the statistics used

in the fit.
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As an example we will discuss the method where the combined central and
forward electron W samples are used to determine the non-diffractive background
shape. In the Alternate Background Sample Fit Method, the simple Range Fit
method is expanded. The same two dimensional fits will be done over the same
ranges in upper limits for nyg and ngo ;. However, the shape of the background is
taken from the high statistics sample only. For our specific example, we want to find
the signal fraction from the central electron W sample using the combined central
+ forward electron W samples to obtain a reliable background shape. Initially, the
2D simultaneous signal and background fit is done on the central4forward sample.
The background parameters from this fit are saved and scaled to the sample size of
the central electron sample. These newly scaled background parameters are then
used as input parameters to the fit of the central electron W sample. During the
fitting of the central electron sample, the background shape is fixed and only the
signal parameters are allowed to vary. This process is repeated for each of the 21
range fits. The fit results are shown in Fig. A.5. Again, we determine the weighted
mean signal fraction, so now we have Ropnrrar = 0.98 £ 0.07 518 +0.02%. The
first error is again from the mean of the weighted signal distribution, the second is
from the weighted upper and lower MINOS error distribution, and the last is the
error on the alternate sample background method. This was determined by varying
the background parameters in either direction based on the covariant error matrix
provided in MINUIT, and then rerunning the fits. Again, we apply the residual
contamination calculation and obtain our final central electron diffractive W gap

fraction of RCENTRAL = 1.08 ig%gl) %.
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Figure A.2. Two dimensional multiplicities (LO vs calorimeter towers) from fitting
routine are shown for a single fit for the central electron sample. This fit was done
using upper limits in (nrg,ncar) =(7,11). The top left plot is the 2D nyg vs. ngar
data distribution. The top right plot shows the 2D nrg vs. neyp distribution found
using the fit where the signal fit result is added to the background background from
the fit. The middle left plot shows the 2D background multiplicity distribution from
the fit, and the middle right plot shows the signal multiplicity distribution from the
fit. (Note: these two middle plots combine to produce the top right distribution.)
The bottom left shows the data - fit distribution, and the bottom right shows the
residuals for this single fit.
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Figure A.3. Top: Variation of hard single diffraction with jets signal where 42
different fits have been done (x-axis) by varying the background region used in the
fit. The bottom left plot shows the signal distribution with one entry per fit. This
is used to find the mean signal fraction, and the rms error on the distribution. The
bottom center and bottom left plots show the distributions of the upper and lower
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MINOS errors, respectively, for each fit.
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Figure A.4. Top: Variation of central electron diffractive W signal where 21 different
fits have been done (x-axis) by varying the background region used in the fit. The
bottom left plot shows the weighted signal distribution with one entry per fit. This is
used to find the weighted mean signal fraction, and the rms error on this distribution.
The bottom center and bottom left plots show the distributions of the weighted
upper and lower MINOS errors, respectively, for each fit. In each case, fits with
smaller MINOS errors are given higher weight in the average.
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Figure A.5. The fit results for the 1800 GeV central electron W data sample are
presented. Shown is the variation of the signal for fits using an upper limit range
of 5-7 in LY bins and 6-12 in neyy, bins (top). The bands represent the parabolic
errors from MINUIT and the error bars show the MINOS errors. The combined
central and forward electron W sample was used to find the background shape for
this fit.
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