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ABSTRACT

Probing Color-Singlet Exchange in pp Collisions
at /s =630 GeV and 1800 GeV
Publication No.___

Jill Perkins, Ph.D.

The University of Texas at Arlington, 1998

Supervising Professor: Paul Draper

Experimental results are presented from an analysis of events with rapidity gaps
between high transverse momentum jets. The data were collected from pp collisions
at /s = 630 GeV and 1800 GeV using the DO Detector at Fermi National Accelerator
Laboratory. Particle multiplicity distributions between jets with large pseudorapidity
separation are measured using calorimeter tower and charged tracks information.
The fraction of events with rapidity gaps between jets is a direct measurement of the
fraction of color-singlet exchange. The rapidity gap fraction is measured as a function
of the jet transverse energy, the rapidity separation between jets, parton z, and the
center-of-mass energy. The results presented are inconsistent with those expected

from the naive two-gluon model for color-singlet exchange.
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CHAPTER 1

INTRODUCTION

High energy particle physics is the study of the fundamental particles of our
universe and the fundamental forces that govern their interactions. The strong force,
one of the four fundamental forces, is described within the Standard Model of par-
ticle physics by the theory of quantum chromodynamics (QCD). Hadrons (protons,
neutrons, etc.) are composite particles constructed from point-like, color-charged
constituents called partons (parts of hadrons). QCD describes how partons interact

via the strong force and how they bind together to form hadrons.

1.1 Overview of QCD

Partons, quarks and gluons, interact via the exchange of color. Analogous to
electric charge, color charge must be conserved. In contrast to electrically charged
objects, colored objects are confined: partons cannot be observed as free particles
since the force of attraction increases as the distance between them increases. Quarks
can have one of three color charges (red(R), green(G), or blue(B)). Gluons can have
one of eight (“color-octet”) color-anticolor charge combinations. The color-symmetric
gluon (RR+GG+BB) is a “color-singlet” (no net color charge) and does not interact.
A Feynman diagram of quark scattering via the exchange of a gluon is shown in
figure 1.1. The strength of the “amplitude” for a given parton-parton scattering

process is determined by the magnitude of charge (color factor, ¢) that each interacting



parton carries and the strong coupling constant o, (c;caa?/2). The amplitude is used

to calculate the rate at which a scattering process will occur.

Figure 1.1. Feynman diagram of quark (g) scattering via the exchange of a gluon
(9). The color flow through each vertex is represented by the assignment of a color
factor ¢. Color charge is conserved throughout the process.

Within QCD, the quark-parton model [1] describes the structure of the proton
in terms of its constituent partons. In hadron collisions with a large momentum
transfer, the parton model assigns each parton within the hadron a fraction z of
the total hadron momentum. Within this framework, it is the partons themselves
which are involved in the collision. Parton distribution functions (pdf’s) represent
the parton’s probability density of having a certain momentum fraction of its parent
hadron. The pdf’s are determined empirically from experimental data [2, 3].

In hadron collisions, the highly energetic scattered partons radiate additional
partons analogous to the radiation of a moving electric charge [4]. Because color
charge is confined, the radiation from the scattered partons begins to form final-state
particles through the process of “hadronization.” Often, the radiated partons will

form clusters of energy resulting in collimated sprays of final-state particles. These



particle clusters are defined as “jets.” Jets are typically conelike, emanating from the

interaction point.

QCD has been successful in calculating the rate (cross-section) of jet production
in high energy (large momentum transfer) regimes. Jet production in hadron-hadron
collisions can be separated into three stages: the intial state, the hard parton inter-
action, and the final state. These three stages can be factorized into five distinct

calculational conveniences:

e The initial-state parton configuration: These are represented by the nonpertur-

bative parton distribution functions.

o The initial-state parton radiation: Also called “parton showering,” this process
is calculated perturbatively down to energies where perturbative calculations

begin to diverge.

e The hard parton-parton interaction: This can be calculated perturbatively to a

fixed order of expansion in a
e The final-state parton radiation: This process is also called “parton showering.”

e Hadronization: This process is nonperturbative and is empirically derived.

Perturbative QCD gives predictions for the hard interaction. The initial and final
states are nonperturbative and must be calculated empirically from data. In factor-
izing each subprocess, separate calculations are performed only in the regimes where
they are applicable. Therefore, this factorization scheme allows for the calculation of

jet events that would otherwise not be calculable.



1.2 Invariant Phase Space

In describing the physics of hadron-hadron collisions, a Lorentz invariant phase
space (coordinate system) is used consisting of three variables: azimuthal angle &,
rapidity y (or pseudorapidity 7), and transverse momentum pr(E7). The azimuthal
angle is in the plane perpendicular to the initial hadron direction, or collision axis
(z-axis). The rapidity is a measure of a particle’s longitudinal fractional momentum
(along the z-axis) and relates to the scattering angle. Pseudorapidity is a relativistic
approximation of rapidity and is used often experimentally. The transverse momen-
tum represents a particle’s momentum perpendicular to the collision axis. These

variables combine into an invariant phase space,

d3
fp = pr dpr dy do,

which under a longitudinal Lorentz boost undergo the transformations:
pr — pr
¢— 9
Yy — Yy + constant.

Under a longitudinal Lorentz boost, the ¢ and pr of the final-state objects and
the An separation of the jets remains unchanged. Commonly, a final state picture of
what a detector finds after a collision is mapped into a two-dimensional 7-¢ space.

The coordinate system used in this analysis is described in more detail in chapter 2.

1.3 Color Flow and Particle Multiplicity

In a typical QCD event, color is exchanged by the initial partons. The resulting

hadronization from the “flow,” or exchange, of color between the partons results in



particle production that is on average uniformly distributed in the event. When the
final-state partons hadronize into two jets, color exchange results in particle produc-
tion in the rapidity (7) region between the jets. Figure 1.2 shows a Feynman diagram

of a color exchange event and a depiction of the final-state particles produced in 7

and ¢.

P :

Figure 1.2. Feynman diagram of color exchange and the resulting particle production
in 7 and ¢.

V(LQ,Q,\

In contrast to typical QCD events, this analysis studies a class of events arising
from strong interactions but not well described by current perturbative QCD theories.
The mediator of these events is a strongly-interacting color-singlet object that carries
no net color charge. In events where a color-singlet is exchanged, no color is flowing
between the scattered partons. As a result, particle production is suppressed in
regions of the event. When the final-state partons hadronize into two jets, a minimal
number of final-state particles is produced in the rapidity region between the jets.
A region of rapidity containing no final-state particles is defined as a rapidity gap.
Figure 1.3 shows a Feynman diagram of a color-singlet event and a depiction of

the final-state particles produced in 7 and ¢. Since there is no color flow between



the scattered partons, particle production is suppressed in the 5 region between the
jets. Nonetheless, color still flows between the final-state partons and their respective
proton “remnants” resulting in particle production in the 7 regions between the jets

and the remnants.

(Gap) |

1

N

Figure 1.3. Feynman diagram of color-singlet exchange and the resulting rapidity
gap and particle production in 5 and ¢.

Since the clear difference between generic QCD events and those mediated by
a color singlet is the presence of rapidity gaps, rapidity gaps are used as a signature
for color-singlet exchange events. It is possible for rapidity gaps to arise in QCD
from statistical fluctuations; however, as the rapidity separation of the two leading
jets increases the probability for QCD to produce gaps decreases. Therefore, to
measure the rate of color-singlet exchange in hadron interactions, events with large
rapidity separation between the jets are selected. In these events, distinguishing the
presence of a rapidity gap is reduced to counting the number of particles (i.e., particle
multiplicity distribution) in the #-region between the jets.

Figure 1.4 shows a cartoon of the multiplicity distributions for color-singlet

events and color exchange events. Counting the number of particles between the



two leading jets of a color-singlet exchange event yields a distribution that has a
mean close to zero. Ideally, a color-singlet exchange event would not produce any
particles between the jets. In reality, hadronization and detector effects (calorimeter
showering and noise) may result in a low number of particles being measured. For
color exchange events, the multiplicity distribution is a smooth curve with a large
mean. In measuring the rate of color-singlet exchange, the color-singlet signal is
observed as a low multiplicity excess over a smooth color exchange background. To
achieve maximum separation of the signal and the background, detection efficiency
should be high. This is obtained by using a low energy threshold for particle detection
(increasing the efficiency for observing particles). In addition, requiring that the
leading jets be widely separated in 7 tends to increase the mean of the color exchange

multiplicity, decreasing the amount of background under the low multiplicity signal.

N N
(@ (b)

multiplicity multiplicity

Figure 1.4. Depiction of particle multiplicity distributions between the two leading
Er jets for (a) color-singlet exchange and (b) color exchange.

1.4 Color-Singlet Exchange Fraction

In this analysis, the quantity that is measured experimentally is the fraction of

color-singlet exchange events observed via rapidity gaps. The color-singlet fraction, or



rapidity gap fraction, is the ratio of the color-singlet cross-section and the total “dijet”
(at least two jets) cross-section multiplied by the overall probability of a rapidity gap
to “survive” contamination from spectator interactions. The observable rapidity gap

fraction is then

fobs =5 m (]_]_)

Odijet

where S is the survival probability.

1.4.1 Survival Probability

Not all of the color-singlet exchange events will be observed experimentally
because the rapidity gaps for some events may be contaminated by particles not pro-
duced by the hard interaction. In addition to the hard parton-parton interaction,
hard scattering events have a large probability for parton-parton spectator interac-
tions. These are soft interactions between partons in the proton and antiproton that
are not involved in the hard scatter. Spectator interactions can introduce parti-
cles into the gap region, “spoiling” the rapidity gap. The probability that spectator
interactions do not contaminate the region between the jets is called the survival
probability.

Survival probability is calculated by considering the overlap of the proton and
anti-proton in phase space. It was first estimated to be approximately 5 to 10% [5]

using the form,

S(B)I? = e=x®) (1.2)

where B is the impact parameter between the proton and anti-proton, x(B) is a
convolution of parton densities, and v is a constant. More rigorous calculations using

a variety of eikonal models yield a larger range of possible values (5-30%)[6]. Recent



results indicate that the survival probability could differ by a factor of 2 for the two

center-of-mass energies used in this analysis [7].

1.5 Color-Singlet Models

This analysis will present results on the measurement of the color-singlet fraction
as a function of dijet transverse energy (Er), dijet pseudorapidity separation (An),
and the proton-antiproton center-of-mass energy(4/s). Measuring the color-singlet
fraction as a function of these variables probes the color-singlet dynamics and its
coupling to quarks and gluons.

Several theories currently exist to explain the dynamics of color-singlet pro-
cesses. One aim of the experimental results presented in this thesis in combination
with those presented in references [8, 9, 10] is to aid in the discrimination between the
theories. The most fundamental question regarding the color-singlet process is still
unanswered: Is it mediated by a strongly-interacting color-singlet object, historically
called the pomeron, is it a non-perturbative QCD effect due to the cancellation of

color flow, or is it a signature for new physics?

1.5.1 Two-Gluon and BFKL

Although standard QCD (next-to-leading order (NLO) calculations and parton
shower Monte Carlos) cannot account for the existence of hard color-singlet exchange,
higher-order QCD processes may explain this phenomenon [5, 11, 12, 13, 14]. The
exchange of two perturbative gluons in a color-singlet state was originally proposed by
Bjorken as a simple mechanism to produce rapidity gaps between jets with a predicted

color-singlet fraction on the order of 1-5% depending on the initial-state partons [5].



In the two-gluon model, each scattering process (ggq, gg, or gg) has different
color factors contributing to its cross-section. The color factors are contained in the
fractional weighting of the parton distribution functions in the QCD color-singlet and
color-octet states. Color-octet exchange is simply represented by the exchange of one
gluon. The color singlet, however, has an additional color factor to account for the
vertices of the second gluon. The relative weighting of singlet to octet is given by,

G(z,Q%) + (1) 2; Qs(z,Q?)
G(2,Q2) + 1%, Q(z,Q%)

w(z) = (1.3)

where G(z,Q?) and Q(z,Q?) are parton distribution functions in terms of z (parton
momentum fraction) and @ (the scale of the hard scatter).

The weight, w? can be interpreted as the suppression of color-singlet exchange
compared to color-octet exchange given a particular z value. Two-gluon exchange
via gg scattering, w? = 1, has a larger color factor, and therefore a larger cross-
section, than that for gq scattering, w? = (4/9)®> = 0.2. From these color factors,
pure gq scattering is expected to have a rapidity gap fraction as small as 20% of the

gg scattering rapidity gap fraction:

flgg) = %f(qg) = (Q)Zf(qq) (1.4)

4
flaa) _ (1) o
o= (9) ~0.2. (1.5)

Since the two-gluon singlet couples more strongly to gluons by a 9/4 color factor
compared to single gluon exchange, the observed color-singlet fraction is expected to
decrease with increasing initial-state quark processes (i.e., increasing parton z). The
color-singlet fraction is expected to fall with increasing dijet Er, increasing dijet Agy

separation, and decreasing 4/s.
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This simple two-gluon picture has been expanded to include certain dynamical
effects using a leading-log BFKL approximation to two-gluon exchange [12]. The
probability, P, that an elastic collision produces a rapidity gap containing no parton
radiation with E7 larger than g between the jets can be expressed in terms of the
weighting functions as,

gemg 5o ()
P(p;zp, 2p) = w(z,)w(zp)—— + —4F

Oiot Oiot

(1.6)

where 6 is the cross-section for two-gluon color-singlet BFKL Pomeron [15] ex-

change, &g (1) is the cross section for color-octet exchange containing no parton
radiation with transverse momentum greater than p between the jets, and &, is the
inclusive jet cross section. Including BFKL effects leads to a rapidly decreasing color
singlet fraction with increasing dijet E7 and a rising color-singlet fraction at large

dijet An.
1.5.2 Soft Color Rearrangement

The soft color rearrangement model [14] asserts that the formation of a rapidity
gap is a random process occurring after the hard scattering. In this model, color
flow (via the exchange of a gluon or quark) can be cancelled by the exchange of
nonperturbative soft gluons, leading to an “effective” colorless exchange. Figure 1.5
depicts how color can rearrange itself to produce a rapidity gap. In the figure, the
bold lines indicate the rearrangement of the color strings. The “3-3” states form
effective color-singlets, resulting in a rapidity gap between the jets.

Since initial-state quarks have fewer possible color combinations than initial-
state gluons, it is more likely that a cancellation of the color charge would occur for
qq scattering. In contrast to the two-gluon model, this model predicts a color-singlet

fraction that increases with increasing initial-state quark processes.

11
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Figure 1.5. Rapidity gap formation in a pp collision via an effective color-singlet
produced by the rearrangement of soft color strings (bold lines). The “3-3” states
form effective color-singlets.

1.5.3 An Alternative Model

An alternative to the QCD-based models, the exchange of a hard U(1) gauge
boson that couples only to baryon number (quarks), has been proposed to explain the
observed rapidity gap phenomena [16]. With an appropriate choice of the mass and
coupling constant, a color-singlet fraction of 1% can be obtained. Since the boson
couples only to quarks, the color-singlet fraction is predicted to increase with increas-
ing initial-state quark content. Dynamics of the gauge boson predict a color-singlet
fraction that increases with dijet E; more rapidly than from parton distribution

functions alone.
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1.6 Previous Measurements

The study of rapidity gap physics at D@ was inspired by Bjorken’s two-gluon
model for the Pomeron. Data from D®$ first collider run (1992-93) was used to
place an upper limit of 1.1% on the rapidity gap fraction for events with a rapidity
separation of Ay > 4.4 [17, 18].

Succeeding measurements used fitting techniques to the particle multiplicity
distributions to extract the fraction of color-singlet exchange events. In D@$ second

rapidity gap publication, a measured color-singlet fraction of
fs = (1.07 £ 0.10(stat) )3 (syst))%

was quoted [19]. DO used the measured color-singlet fraction to exclude electroweak
exchange with a color-exchange background as the source of the excess. The prob-
ability that the observed color-singlet fraction was caused by electroweak exchange
was determined to be less than 107'°. The other collider experiment at Fermilab,

CDF, also used fitting techniques to measure the color-singlet fraction of [20]
fs = (0.85 & 0.12(stat) 015 (syst))%.

These measurements combined to provide the first evidence for a strongly-interacting
color-singlet.

Recently, D@ has measured the color-singlet fraction as a function of dijet Ep
and dijet A7y separation at high E; [8]. These results along with the results in this

thesis, and results from a Monte Carlo comparison will soon be published.
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CHAPTER 2

THE D@ EXPERIMENT

The D@ experiment, located at Fermi National Accelerator Laboratory (Fermi-
lab) in Batavia, IL, was proposed to study proton-antiproton collisions at a center-of-
mass energy 1.8 TeV. The D@ detector [21] is a complex apparatus designed primarily
to investigate large mass and high transverse momentum (pr) phenomena in hadronic
collisions. These include the observation and measurement of the top quark, precision
measurements of W and Z bosons, production and study of b-quark hadrons, tests of

perturbative QCD, and searches for new phenomena beyond the standard model.

2.1 The Fermilab Tevatron pp Collider

The Fermilab Tevatron (figure 2.1) accelerates protons and antiprotons to ener-
gies of 900 GeV providing a center-of-mass colliding energy of 1.8 TeV. Currently the
world’s highest energy particle accelerator, the Tevatron reaches such energies in sev-
eral stages using five individual accelerators. This section summarizes the Fermilab
accelerator complex and relies heavily on reference [22].

The process begins by accelerating negative hydrogen ions to 750 KeV using an
electrostatic field produced by a Cockcroft-Walton generator. The accelerated ions
then reach 400 MeV in a linear accelerator. The ion beam is passed through a thin
carbon target, stripping off the electrons. The resulting proton beam is accelerated
to 8 GeV in the Booster Ring, and then to 120 GeV in the Main Ring. The Main

Ring accelerator, with a circumference of 3.7 miles, functions as the injector to the
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Figure 2.1. Overview of the Fermilab accelerator complex with the D@ and CDF
detectors.

Tevatron as well as a proton source for antiproton production. Antiprotons are created
by focusing the 120 GeV proton beam into a copper/nickel target. Roughly, one 8 GeV
antiproton is produced for every 10° incident protons. The antiprotons are corrected
for large angular dispersion, focused into a manageable beam, and then sent to the
Accumulator. Accumulation continues for several hours until there are on the order

of 10! antiprotons.

Protons and antiprotons, in a structure of six bunches, are injected into the Main
Ring in opposite directions and accelerated to 150 GeV before final injection into the

Tevatron. The Tevatron uses superconducting magnets, producing a magnetic field
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of up to 4 Tesla, to keep the 900 GeV protons and antiprotons in a circular orbit.
Electrostatic separators prevent the proton and antiproton beams from colliding any-
where except in the specified interaction regions. At the two interaction sites (at the
D@ and CDF detectors), quadrupole magnets focus the beams into collision. Beam
crossings occur every 3.5 ps. A collider run can continue for up to 20 hours, during
which antiproton accumulation continues for the next collider run.

The instantaneous luminosity of the collisions, or the proton-antiproton flux as
compared to the rate of pp collisions, is a function of the bunch density and crossing
time. During a run, the luminosity decays exponentially from its initial value. Over
the course of D@’s first running period (1992-96), luminosity ranged from values of

0.2-20 x 1020 em 2571,

2.2 Coordinate Systems

As many as four coordinate systems are used in describing the D@ detector:
Cartesian (z,y, 2), cylindrical (r, 9, z), spherical (r,¢,0), and a subset of the spher-
ical coordinate system (7,¢). These coordinate systems originate at the detector’s
geometric center and are shown in figure 2.2. The positive z-axis is aligned along
the proton beam direction. The positive y-axis points vertically upward. Thus, the
positive z-axis points radially inward. The angles ¢ and 6 are the azimuthal and
polar angles respectively.

The (7, $) system is an extension of the spherical coordinate system and involves

the rapidity variable, y. Rapidity is defined as

1. E+p.
= -1 2.1
y=glh g (2.1)

where E is the total energy and p, is the longitudinal (z) component of the momentum
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Figure 2.2. Coordinate systems. The coordinates z (beamline direction),  (rapidity),
and ¢ (azimuthal angle).

of the particle. The rapidity differential is a Lorentz invariant quantity, making it a
useful variable for describing particle distributions since a longitudinal boost of the
system has no affect on the shape of the rapidity distribution. At Tevatron energies,

the particle momentum is much larger than its mass, such that £ ~ p and

1, 1+ E,/E
~—ln ———. 2.2
V=91 EJE (2:2)
Using the definition cos 8 = E,/E, the rapidity becomes
1, cos?6/2
~ —ln ———. 2.3
Y=o i /2 (23)

The pseudo-rapidity variable,

ng = — Intan g (2.4)
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(n = y for massless particles) is typically used along with the azimuthal angle ¢ to
measure and describe particle distributions in the detector. Centered in the detector
(z = 0), (74, ¢a) represent the “detector coordinates.” However, event vertices are
typically not centered in the detector. Using the displaced vertex as the origin of the

coordinate system, (7, $) are defined as the “physics coordinates.”

Particle and jet energy and momentum are most commonly described trans-
versely to the beamline, and are denoted as E7 and pr respectively. Using the polar

angle, 6, the transverse energy can be defined as

Er = Esiné (2.5)

and similarly for pr.

2.3 The D® Detector

Weighing in at 5500 tons, the D@ detector was optimally constructed for the
identification and measurement of electrons, muons, high pr jets, and missing trans-

verse energy ( ;) which aids in neutrino identification.

A cutaway view of the detector is shown in figure 2.3. It is approximately
13 meters in height and 20 meters in length. The detector can be broadly divided
into three detector systems: the central tracking system, the calorimeter, and the
muon system. In the following descriptions, all detectors will be briefly reviewed
and a more detailed discussion will be given for the primary detectors used in this
analysis: the Central Drift Chamber, the Electromagnetic Calorimeter, and the Level

@ scintillating counters.
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Figure 2.3. An overview of the D@ detector.

2.4 The Central Tracking System

At the center of the D@ detector lies the Central Tracking System. Consist-
ing of four detector subsystems — the Vertex Drift Chamber (VTX), the Transition
Radiation Detector (TRD), the Central Drift Chamber (CDC), and two Forward
Drift Chambers (FDC) — the tracking system is positioned symmetrically around the
beamline with an inner radius of 3.7 cm and an outer radius of 78 cm [21]. Figure

2.4 depicts a cross sectional view of the tracking subsystems.
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Figure 2.4. Components of the central tracking system.

The VTX, CDC, and FDC all use high electric fields inside ionizable gas media
to measure charged particle trajectories. High-energy charged particles from the
collision ionize the gas as they travel through each chamber. Drift times of the
ionization electrons to an anode wire are used to measure the spatial position of the
original ionizing particle. By combining timing signals from each of these detectors,
particle track trajectories (r-¢ positions) can be reconstructed. Since D@ lacks a
central magnetic field, the reconstructed tracks are straight paths that provide no

information about particle momentum or charge.

The VTX is the innermost tracking chamber and consists of three concentric
layers of drift chambers designed to accurately measure the longitudinal position of
the event vertex. The VTX spans a pseudorapidity range of || < 2. The resolution

of the r-¢ position is about 60 gm. The resolution of the z position is about 1.5 cm.
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The transition radiation detector (TRD) is used to discriminate between low-
mass objects (such as electrons) and higher-mass objects (pions and other hadrons).
The detector consists of several layers of different dielectric media. Particles passing
through the detector produce radiation at the boundaries of each of these dielectric
layers that is inversely proportional to the particle’s mass. In other words, low mass
particles can be distinguished from high mass particles because they produce more

radiation in the TRD.

The CDC surrounds the VIX and TRD and measures charged tracks within a
pseudorapidity range of |p| < 1.2. It consists of four concentric layers of drift chamber
modules, with each layer containing 32 azimuthal modules. The resolution of the r-¢

position is about 180 pgm, and the resolution of the z position is about 3 mm.

The FDC is positioned on each end of the central tracking detectors and covers
a pseudorapidity range of 1.0 < |5| < 3.2. Each FCD consists of three layers of drift
chamber modules and provides an r-¢ resolution of 200 pm and a z resolution of 4

mm.

2.5 The Calorimeter

The DO calorimeter is designed to measure the energies of particles produced in
hadronic collisions, providing kinematic information for electrons, photons, jets, and
neutrinos. Calorimeter shower shapes provide additional information that is useful
in the identification of electrons, photons, jets, and muons. A cutaway view of the

calorimeter is shown in figure 2.5.

As a sampling calorimeter, the D@ calorimeter uses a series of measurement

samples of particle shower energies to infer the total energy of the particle. The
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Figure 2.5. The D@ calorimeters consist of three individual cryostats (one central
and two endcaps). The calorimeter subsystems are also shown.

calorimeter is constructed with many layers of dense absorbing material alternating
with an ionizing medium. Particles traversing the calorimeter lose energy in the dense
absorbing layers (typically depleted uranium), and a fraction of their remaining en-
ergy is measured in the ionizing medium (liquid argon). When passing through the
absorber, a particle will interact with the uranium to produce low-energy secondary
particles in a process called showering. The shower particles then ionize the lig-
uid argon, and the energy fraction and location, in (7, ) space, of the shower are

measured.

High energy electrons and photons mostly interact with the absorbing material
in a series of complementary processes: pair production and bremsstrahlung. With

each interaction, the particle multiplicity increases and the average energy per particle
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decreases. These showers are called electromagnetic, or EM, showers. Because the
shower multiplicity (and energy sharing among secondaries) develops exponentially,
the shower depth depends logarithmically on the primary energy. The likelihood that
an electromagnetic particle survives a distance d without initiating a shower falls
exponentially, given by

E(d) = Boe ¥, (2.6)
where Fj is the intial particle energy, and X, is the radiation length of the material.
For Uranium, X, ~ 3.2 mm.

Unlike electromagnetic particles, high-energy hadrons interact with the uranium
nuclei in strong interaction inelastic collisions producing secondary particles which
also interact via inelastic collisions. This type of shower is denoted hadronic and
develops over larger distances than an electromagnetic shower. The likelihood that
a hadron survives a distance d without initiating a shower is also given by equation
2.6 where X, is replaced by A;, the nuclear absorption length of the material. For
uranium, A; &~ 10.5 cm.

Since EM showers develop over much shorter distances than hadronic showers,
the first several layers of the calorimeter are very closely spaced and are designed
to accurately measure energies of EM particles. The outer layers of the calorimeter
have a larger spacing useful for the measurement of hadronic energy. The hadronic
section has two subsections: a fine hadronic (FH) section providing good hadronic
shower energy resolution, and a coarse hadronic (CH) section used primarily for the
containment of the highest energy showers.

The cell layer structure of the calorimeter is seen in figure 2.6. The layers are
aligned in towers that project back towards the interaction region (the lower left-hand

corner of the diagram). The cell layer sizes are determined by this geometry and by
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the shower depth. EM layers are approximately 1-2 cm wide, and hadronic layers are
approximately 10 cm wide. Typically, each calorimeter layer measures 0.1 units of 7

by 0.1 radians in ¢. Therefore, each semi-projective tower also measures 0.1x0.1lin

(7, ) space.

Figure 2.6. Side view of one-fourth of the calorimeter, showing projective cell struc-
ture for successive layers.

The liquid argon in the calorimeter is kept at a temperature of 78 K necessitating
a stainless steel cryostat housing. The calorimeter is structurally divided into three
independent cryostats to facilitate access to the tracking detectors. There is one
Central Calorimeter (CC) cryostat located between two Endcap Calorimeter (EC)

cryostats.
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2.5.1 Central Calorimeter

The Central Calorimeter (CC) is cylindrically shaped, and provides coverage
to |p| < 1.0. The readout layers are stacked in r. The first four layers of the CC
(counting from proximity to the beam pipe) provide EM measurement at depths of
2,4, 11, and 21 X, interaction lengths, which together comprise about 0.76 nuclear
absorption lengths. The first, second, and fourth layers have cell segmentation of
0.1x0.1 in 5-¢ space. Since maximum shower development occurs in the third layer,
the cell segmentation is increased to 0.05x0.05 to provide a more precise measurement
of the shower location and shape.

Beyond the EM layers are three Fine Hadronic (FH) layers at depths of 1.3, 1.0,
and 0.9 nuclear absorption lengths. All three layers have cell segmentation of 0.1x0.1.
After the FH is the Coarse Hadronic (CH) layer, providing one readout layer with a

depth of 3.2 nuclear absorption lengths.

2.5.2 End Calorimeters

The Endcap Calorimeters (EC) lie on each side of the CC, extending coverage
out to || < 4.0. The EM readout layers have thicknesses of 0.3, 2.6, 7.9, and 9.3
Xy, which together comprise about 0.75 nuclear absorption lengths. For |p| < 2.6,
the cell segmentation is the same as for the CC. Beyond this point, however, the cell
sizes become smaller than the EM shower size. Beyond |5| < 2.6, the segmentation
of the third layer is decreased to 0.1x0.1. Beyond |5| < 3.2, the segmentation for all
four layers is decreased to 0.2x0.2 and continues to decrease until reaching 0.4x0.4
at |n| < 4.0.

In the EC, there are three hadronic modules. Closest to the beam pipe is the

inner hadronic module consisting of four fine hadronic (IFH) readout layers and one
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coarse hadronic (ICH) readout layer. The middle hadronic module surrounds the
inner module in ¢ and has four fine hadronic (MFH) layers and one coarse hadronic
(MCH) layer. The outermost module in ¢ is the outer hadronic module (OH) and
consists of three coarse hadronic layers. In the region 0.7 < || < 1.1, the EM and

FH calorimetry are in the central calorimeter, and the CH calorimetry is in the EC.

2.5.3 Intercryostat Detectors

Because of the structure and support system of the calorimeter cryostats, a gap
in calorimeter coverage exists between the Central and End Calorimeters. The gaps
approximately span 0.8 < |p| < 1.4, resulting in partial instrumentation of the EM
and FH sections. This partial coverage creates a lack of uniformity in the energy
response and acceptance in this region. In particular, this region has a substantial
amount of absorber material without energy sampling in the first interaction length.
To supplement the coverage, the Intercryostat Detector (ICD) was installed. The ICD
consists of scintillation counter arrays and is positioned on the inner EC cryostat walls
to provide an energy sample in this region.

Additional coverage is gained by the Massless Gaps (MG). These detectors are
read-out cells consisting of signal boards, without a sandwiched absorber, embedded
in liquid argon and are positioned just inside both the CC and EC cryostat walls

providing full coverage in ¢.

2.5.4 Calibration

Before D@ reached the final stages of construction and assembly, the calorimeter
design was fully tested and calibrated at the D@ test beam [23]. For example, one set
of ECEM and ECIH modules was installed in the final detector after being calibrated

in the test beam. Using monoenergetic beams of electrons and charged pions with
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energies ranging from 2-150 GeV, studies indicated that calorimeter response is linear
for electrons with energies greater than 10 GeV and for pions greater than 20 GeV.
For low energy particles, the response is nonlinear, resulting in decreased particle
detection efficiency and jet energy response. At low energies, noise degrades signal
resolutions. But at higher energies, resolutions are dominated simply by calorimeter
inhomogeneities and calibration errors. Calorimeter resolutions o. have been mea-
sured to be about 15% - v/E for electrons and 50% - v/E for pions. The jet energy

resolution was determined offline to be approximately 85% - v/E.

After DO was fully installed, calibration continued every few days between col-
lider runs. Sending pulsed signals through each preamp in the calorimeter, each
read-out channel could be calibrated. The calibration data was used to find gain
corrections for the preamps, and these corrections were stored in a database that was

used to correct each calorimeter read-out channel during offline data reconstruction.

2.5.5 Noise

Noise can be created in the calorimeter by both the uranium and the electronics
used. The noise distributions from these two sources can be distinguished. Resulting
from beta decay in the uranium absorber plates, the uranium noise produces a Landau
distribution with a long high-energy tail. In contrast, the electronics noise produces
a symmetric Gaussian distribution.

During the running period, the noise distribution, or pedestal, in each calorime-
ter channel was measured almost every day during times when no beam was present
in the Tevatron. By fitting the noise distribution of each channel with a Gaussian,
the mean and width of the noise pedestal was determined. These values were used

while taking data to suppress any channel if it was within 20 of the pedestal value.
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This procedure is called zero suppression and greatly reduces the number of channels
recorded for each event.

The noise distributions produced in each section of the calorimeter (EM, FH,
and CH) differ because of differences in the geometry of the read-out cells. Electronic
noise and uranium noise are proportional to the area (capacitance) of the read-out cell
and to the number of gaps in the cell. Therefore, smaller cells will have comparatively
less noise. Typical noise widths found in the different calorimeter sections are given
in table 2.1 [23]. Because cell sizes are smallest closest to the beam pipe, the EM

section has the lowest noise level.

TABLE 2.1

TYPICAL CALORIMETER NOISE WIDTHS BY
CALORIMETER SECTION AND CRYOSTAT

Section CC Pedestal Widths (MeV) EC Pedestal Widths (MeV)
EM 10 10
FH 60 30
CH 75 55
ICD 8 15
MG 30 30

Noise and zero suppression have little effect of high-pr objects like electrons and
photons. However, they can have a large effect on low energy particle detection (£ <
1 GeV). The observation of low energy particles in the calorimeter can be hidden by
fluctuations in noise. Clearly, the EM section of the calorimeter is most efficient for
detecting low energy particles and is, therefore, the most important detector for this

analysis.
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2.6 Muon System

Muons are not found in this analysis, and so the Muon System of the D@
detector is only summarized for completeness. In the calorimeter, muons are detected
as minimum ionizing particles but are not usually absorbed. Muons have fairly long
lifetimes (~ 2.2us) such that they are unlikely to decay within the volume of the
calorimeter. Muons are massive (106 MeV), restricting their ability to induce an
electromagnetic shower. In addition, muons do not interact strongly and are unable
to induce hadronic showers. For all of these reasons, a separate detector subsystem

for measuring muons and their momenta encompasses the calorimeter.

The D@ muon system consists of several layers of proportional drift tubes
(PDT’s) on either side of iron toroidal magnets with a field strength of approxi-
mately 2 Tesla. The magnets are used to bend the muon tracks emerging from the

calorimeter. The angular bend is used to calculate the muon momentum.

2.7 Triggering and Data Acquisition

At the D@ interaction region, pp crossings occur every 3.5 us, and at typical
luminosities, at least one collision will occur at almost every crossing. This rate far
exceeds the ability of current technology for recording events. Fortunately, only a
very small fraction of collisions actually produce interesting events. Therefore, D@
implements a series of triggering levels to filter and store the interesting events for
analysis. There are three trigger levels, each increasingly more sophisticated, through

which candidate events much pass specific requirements.
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2.7.1 Level @

As the first level of the triggering system, the Level @ is used primarily to flag
inelastic collisions and to measure the luminosity at the collision site. An array of
scintillation counters connected to photomultiplier tubes is mounted on the inner
surface of each endcap cryostat. The arrays provide partial coverage in ¢ from 1.9 <
In| < 2.3 and full coverage from 2.3 < |p| < 3.9. Hits in both arrays (on either end
of the interaction) coincident with a pp crossing suggest the existence of an inelastic
collision. In addition, the timing difference between the two arrays can be used to
determine the z-position of the interaction vertex and to determine whether multiple
interactions occurred during one beam crossing. Events flagged as inelastic are then

passed to the Level 1 trigger.

2.7.2 Level 1

As a framework of hardware logic circuits controlled by software, the Level
1 trigger uses coarsely but rapidly digitized information from the calorimeter and
muon system to decide in under 3.5 us whether an event meets specific energetic and
topological requirements. For example, the calorimeter cell information is grouped
into trigger towers of size 0.2x0.2 in 7-¢ space. A level 1 trigger might require
one or more trigger towers above a certain energy for that event to be of interest.
Furthermore, trigger towers might be required to have some minimum |7| value, as is

used in this analysis.

2.7.3 Level 2

The Level 2 trigger consists of software filters operating on fully digitized event
data that were run on a farm of 48 VAXstation nodes working in parallel to reconstruct

events passed from Level 1. Using information from all detector systems, the Level 2
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filters try to reconstruct and identify specific event objects, like jet, electron, photon,
and muon candidates. The filters can select events passing requirements on the Er,
7, ¢, and number of objects. For this analysis, the Level 2 filters used an additional
requirement to select events with two jets having a large separation in pseudorapidity.

A more detailed discussion of the triggers used in selecting the data for this

analysis is presented in the next chapter.

2.8 Jet Reconstruction

After a hard partonic interaction, final state partons will carry a large momen-
tum and a color charge. The partons undergo hadronization as a way to dispose of
their color charge. The hadronization process produces collimated sprays of parti-
cles which can be grouped into energy clusters and defined as jets. At D@, jets are
identified using only the calorimeter, and in this analysis, their energy and location
are determined by using an iterative cone algorithm. Ideally, the jet position and
momentum reflect those of the original parton, but hadronization and particle show-
ering introduce finite resolutions that depend on the details of the jet reconstruction

algorithm.

2.8.1 Event Vertex

Since the E7 and 7 of a jet depend on the location of the event vertex, an
accurate determination of the event vertex position is necessary to reconstruct the
jets well. The vertex is determined by using tracking information from the CDC
(or from the FDC when the CDC is unable to identify a vertex). For each event,
every charged track is reconstructed and extrapolated to the beam axis constructing

a distribution of track-beam intersections. A gaussian is fit to the distribution of
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intersections, and the mean is the z vertex position for that event. It is possible that
the track z positions may be clustered into more than one smooth distribution. When
this occurs, each cluster is fit with a Gaussian and as many as three z vertices may
be found. The vertex corresponding to the largest number of tracks is the primary
vertex. If the FDC information is used to determine the vertex, only one will be

found due to the high density of tracks in the forward region.

If no vertex is found using reconstructed tracks, the vertex position can be

determined by using the timing difference between the two Level @ scintillating arrays.

2.8.2 Jet Finding Algorithm

This analysis uses an iterative cone algorithm for finding jets in an event. The

algorithm identifies energy clusters in the calorimeter through a several step process.

o Seed Towers: The first step in reconstructing jets is the identification of all
calorimeter towers with E; > 1 GeV. The geometric center of each cell and the
reconstructed vertex position are used to construct towers as a vector sum of
the energy in all layers at each calorimeter (7-¢) position. A list of these seed

towers is made, storing the F7 and 7-¢ location of each tower.

o Preclusters: Preclusters are formed by summing the energy from a seed
tower with the energies of neighboring towers within a radius R = 0.3 (R =
VAn® + A¢?). Preclustering continues until all seed towers are grouped into a
precluster. Isolated towers that cannot be grouped with others are considered
their own precluster. The E7, 1, and ¢ of each precluster tower is used to

determine the Ep-weighted center of each precluster as follows:
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(2.7)

o Jets: Using the 7-¢ position of each precluster as the initial jet cone center,
the jet cone algorithm sums the E7 within a cone of radius R and determines
a new jet 7-¢ centroid. A cone size of 0. 7 is used in this analysis. The process
of finding a new jet centroid is iterated until a stable jet center is determined.

Once the jet centroid is stable, the jet position is redetermined from

Er = JE?+ E?

1E
§ = tan! = (2.8)
7 = —Intan g
¢ = tan! g—z

where,
E, = Esin(6)cos(4)
E, = Esin(6)sin(¢) (2.9)
E., =  Ecos(9).

As a final step, only jets with Er > 8 GeV are retained. The final list of jets is

then Er-ordered; the leading jet refers to the highest E7 jet in the event.

Jet Splitting and Merging: If the centers of two jet candidates are within 2R
of each other, the algorithm must decide whether to divide the combined energy
into two individual jets or merge the jet candidates into one. The decision to
split or merge jet candidates is based on the E7 contained in the overlap region
between them. If the Er in the overlap region is greater than 50% of the

lower E7 jet, the candidates are merged into one by summing all towers and
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recalculating the new jet’s centroid and Er. If the E7 in the overlap region is
less than 50% of the lower Er jet, the candidates are split by assigning all towers
in the overlap region to the nearest jet and recalculating the new centroid and

E7 of the two jets.

2.8.3 Jet Energy Scale

The response of the calorimeter varies with pseudorapidity and is non-linear at
particle energies below 10 GeV. Since jets typically contain many low energy particles,
the measured jet energy is not proportional to the actual jet energy. Therefore, the
calorimeter jet response, or jet energy scale, must be corrected to reflect the true
jet energy. The jet energy is also corrected for calorimeter noise (both electronic and
uranium noise), negative calorimeter signal pileup from the previous event, extraneous
energy in the jet from the underlying event, and leakage out of the jet cone due to

shower widths. The true jet energy is

: EX! -0
;Zf«ticle — measured ) (210)
(1 — S)Rhad

O is the offset factor which corrects for noise, pileup, and the underlying event. S is
the calorimeter showering correction. Rj,q is the hadronic calorimeter response.

The determination of each of these correction factors is well documented in

references [24] and [25].
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CHAPTER 3

DATA SELECTION

The data used in this analysis was taken during the 1995-1996 Tevatron Collider
run at both /s = 1800 and 630 GeV. Two data sets are used for the 1800 GeV
measurement: one sample has luminosities ranging from 2 to 5 x 10%° em™%s™!, and

one sample was taken during a special low luminosity running period with luminosities

less than 1 x 103 em~2%s1.

3.1 Triggers
3.1.1 Level ©® and Level 1

Level @, the first of the three trigger levels, is used to determine the presence of
an inelastic collision. Level @ scintillation counters demand a coincidence of properly
timed energy deposition in the far forward regions of both ends of the detector to
signal that a potentially interesting event has just occurred. Events are vetoed dur-
ing moments of main ring accelerator activity in order to reduce anomalous energy

deposition in the calorimeter.

For all three data samples, the Level 1 trigger requires events to have two
calorimeter trigger towers above an Ej threshold of 2 GeV and with || > 1.0. In
obtaining the 1800 GeV data, a single interaction cut is included to reduce contamina-
tion from multiple interactions. The cut on single interactions uses particle detection

rates from the Level () counters to make a calculation of the instantaneous luminosity.
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The average number of interactions per crossing is given by,

n=LToLp,

where £ is the instantaneous luminosity, 7 is the crossing time (3.5 us), and o7 is the
cross section subtended by the Level @ counters (46.7 mb). Using Poisson statistics,
the expected number of single interactions is P(1) = e™". The online single interaction
cut does not cut on all multiple interactions especially at higher luminosities, and so

additional offline cuts are used|[8].

3.1.2 Level 2 Filters

The Level 2 trigger requires events to have two jets with Ep > 10 or 12 GeV.
The high luminosity 1800 GeV data set triggered on jets with Er > 12 GeV. This
requirement was lowered for the low luminosity 1800 GeV and the 630 GeV data sets
in order to increase the number of events. The two trigger jets were also required to
have |p| > 1.6. The high luminosity 1800 GeV data required a separation of the jet
axes of Ay > 4.0. The low luminosity 1800 GeV data and the 630 GeV data required

An > 3.2 in order to increase the number of events.

3.2 Offline Event Selection
3.2.1 Bad Run Removal

All runs which were determined to have problems with either the calorimeter or
the Central Drift Chamber (CDC) are removed from the data sample. Also, two of
the low luminosity runs were taken during a testing period of different proton bunch

structures. These two runs were removed from the data set.



3.2.2 Calorimeter Noise Suppression

Noisy calorimeter towers in the central region may spoil a rapidity gap. There-
fore, noisy towers in the electromagnetic calorimeter are not counted in measuring
the calorimeter multiplicity between the jets. Noisy cells are identified by examining
the occupancy of the EM calorimeter towers over intervals of several runs. Any tower
that is greater than 30 above the mean occupancy of the towers in a ring of ¢ at the
same detector 7 is considered noisy. Figure 3.1 shows the EM tower occupancy for
the high luminosity 1800 GeV data sample and a few noisy towers rising above the

nominal value.

EM Occupancy

Figure 3.1. Electromagnetic calorimeter tower occupancy in 7 and ¢ showing a few
noisy towers above the nominal value.

3.2.3 Jet Quality Cuts

Cuts on the jet quality have been studied and developed [26] to reduce contami-

nation from spurious, or “fake,” jets that have been misidentified either at the trigger
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level or during reconstruction. If the two leading jets in an event do not pass the jet

quality cuts, the event is discarded. The cuts are outlined as follows:

e Electromagnetic Fraction: The electromagnetic fraction (EMF) is the frac-
tion of jet E7 deposited in the electromagnetic calorimeter. The EMF must be
less than 95% for all jets and greater than 5% for jets with || < 1 or |p| >
1.5. This cut rejects approximately 95% [27] of fake jets resulting from noisy

calorimeter cells, and is 99.9% [26] efficient for jets above E; = 30 GeV.

e Coarse Hadronic Fraction: The fraction of energy deposited by a jet in the
coarse hadronic calorimeter is required to be less than 40%. This cut removes
about 95% of the spurious jets caused by main ring activity and about 99% of
jets from noisy CH cells [28]. This cut is about 99% efficient for good jets above
Er = 30 GeV.

e Hot Cell Fraction: The hot cell fraction is defined as the ratio of the energy
of the highest energy cell to the second highest energy cell in a jet. This fraction
is required to be less than 10. The cut is very effective at removing jets that

are caused by or contaminated with noisy calorimeter towers. The cut rejects

80% of fake jets from “hot” cells and retains 98% of real jets [26, 27].

3.2.4 Final Data Samples

In addition to the removal of bad runs and hot cells, and the requirement that
jets pass the quality cuts above, other offline cuts are made to select the final data
samples. Table 3.1 lists the offline cuts made and the resulting numbers of events.

A cut on multiple interactions is made by using a multiple interaction flag,

MULINTF < 1, and the number of vertices, N.-VTX < 1, rather than using the
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TABLE 3.1

OFFLINE SELECTION CRITERIA

1800 GeV 630 GeV
Cut Nevents Percent Cut Nevents Percent Cut

Trigger 215,625 —— 79,619 ——

No. of Jets > 2 212,703 1 76,366 4
Single Interaction 212,703 —— 48,478 37
Vertex Position 136,723 36 39, 822 18
Jet Ep > 12 GeV 126,869 7 25,591 36
An >4 75,101 41 11,810 54

Jet Quality 69, 640 7 10,430 12
|7 |> 1.9 47,905 31 6,721 36

standard multiple interaction software tool, MI_ RUN1, used in standard event recon-
struction [29, 30]. This approach is necessary since the high luminosity 1800 GeV data
was taken without reading forward tracking information. Most rapidity gap events
have no central tracks, and the vertex position calculated using the CDC naturally
fails. The vertex position for gap events, therefore, would otherwise be found using
tracking information from the FDC. Since these high luminosity 1800 GeV events
do not have FDC information available, the vertex position is calculated with Level
@ timing information. The multiple interaction tool, MI_ RUN1, uses the tracking
vertex in its calculations. Therefore, this tool cannot be used in this analysis. The
low luminosity 1800 GeV data was used to study the effect of replacing the MI_ RUN1
cut with cuts on MUL_INTF and the number of vertices and resulted in no effect on
the measured color-singlet fraction. Since this data is at a fairly low luminosity, it

is not surprising that the multiple interaction flag is effective at cutting out multiple
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interactions.

Other cuts include a requirement that the primary vertex position, |z| < 50cm,
to demand that events are centered in the detector. The two leading jets are required
to have |p| > 1.9 to reduce out-of-cone contamination into the central region (|g| <
1.0) where the multiplicity is measured. The two leading jets must also have Ep > 12
GeV and An > 4.0.

Figure 3.2 shows the jet characteristics of the 630 GeV and 1800 GeV data
samples after all cuts are applied. The two leading Er jets are shown to be forward
in 77 as demanded by the trigger. When they are present, third jets are required by the
jet reconstruction algorithm to have Er > 8 GeV. They have no trigger requirements
and are central in  and have low Er. All jets are uniform across ¢. Figure 3.3 shows
the event characteristics of the 1800 GeV and 630 GeV data samples after all cuts
are applied. At lower center-of-mass energy, the jets are not as far forward and so the
An separation is reduced. The 630 GeV jets are also less boosted in 7, have a smaller
Ep difference, have fewer numbers of jets on average, and probe a higher parton =
range. Both data samples are shown to have jets back-to-back in ¢ and events are
centered in the detector.

Figures 3.4 and 3.5 show the topology of a typical rapidity gap event. Fig-
ure 3.4 is a detector event display and shows a side view of the tracking system with
charged particle tracks, the reconstructed vertex position, and the calorimeter with
energy deposition. Figure 3.5 shows the energy deposition in the calorimeter, which

is represented by the height of the lego plot “towers.”
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Figure 3.4. Detector event display (side view) of a rapidity gap event showing

reconstructed charged particle tracks in the tracking system and energy deposition in
the calorimeter.
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Figure 3.5. Energy deposition in the calorimeter in 5 vs. ¢ for a rapidity gap event.
The height of each tower represents the energy deposited.



CHAPTER 4

MEASUREMENT OF THE RAPIDITY GAP FRACTION

As mentioned in the first chapter, a rapidity gap is defined as a region of rapidity
in an event where particle production is highly suppressed, and color-singlet exchange
is characterized by rapidity gaps between the two leading E7 jets. Therefore, counting
the particle multiplicity in the rapidity region between the two leading jets is a clear
method for differentiating the color-singlet exchange signal from QCD color-octet
background. This method has been well-established in studies of central rapidity
gaps [18, 19, 20]. The particle multiplicity is estimated experimentally by looking for
energy deposits in the calorimeter or for tracks in the tracking chamber. Specifically,

the multiplicities measured in this analysis are:

® 7., - the number of EM calorimeter towers above a threshold of E7 > 200 MeV

in the region |g| < 1.

® 74 - the number of charged tracks in the region |p| < 1.

The multiplicity distributions can be used individually to look for rapidity gaps (nca
or ny < 2), or the information can be combined to doubly tag rapidity gap events

by requiring that both n.,; and ny; be small.

4.1 Methods for Measuring the Fraction

Two methods have been developed for extracting the rapidity gap fraction from

the event multiplicity distributions, and these are described in detail in this section.
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4.1.1 Negative Binomial Fit Method

Particle multiplicity distributions have been phenomenologically parametrized

well by the Negative Binomial Distribution (NBD) [31, 32]. The NBD is of the form

Pk —a| " TFT! ( ﬁk)( kk)k (4.1)

n

where P(n) is the probability of observing n particles given the parameters a (a nor-
malization factor), @ (the mean multiplicity), and &, which is inversely proportional

to the width of the distribution.

In the D@ Collaboration’s first publication [19] of the measured rapidity gap
fraction, a double NBD was fit to the calorimeter multiplicity because it parametrized
the data better than a single NBD. In the original measurement, the weighting of the
two NBDs was chosen by minimizing the log likelihood of the fit as a function of the
normalization ratio of the two distributions. However, in the current data samples,
there is no clear minimum in this log likelihood distribution. No one normalization
ratio of the two distributions is significantly favored over the full range of possible
combinations, and yet the resulting rapidity gap fraction that is measured from the
fit shows a significant dependence on which normalization is chosen. Although, the
single NBD does not parametrize the shape of the entire multiplicity distribution
as well as the double NBD, fitting the leading low-multiplicity edge of the original
data distribution with a single NBD results in a fractional excess in agreement with
the published value. For this reason, a single NBD is used to fit to the multiplicity

distributions.
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Measuring Color-Singlet Signal

Fitting the n.y and n;; multiplicity distributions with a NBD has been shown
[19] to be a good way to separate the candidate color-singlet events from the QCD
background. The color-singlet signal shows up as an excess at low multiplicity on top
of a smooth background that rises with multiplicity. The leading edge of a multiplicity
distribution is fit with a NBD starting at a bin no which gives a good x?/df for the fit.
The fit is then extrapolated to zero multiplicity. The fraction of color-singlet events
observed is represented by the rapidity gap fraction, f;, which is defined to be the
excess of events over the fit in the extrapolated region divided by the total number

of events in the distribution,

m-l data(n) — fit(n
fS - Z t (]3'tota;f t( ) (42)

n=0

A calorimeter multiplicity distribution with a leading edge NBD fit is shown in fig-
ure 4.1, where the solid line is the fit and the dashed line is the extrapolation to zero
multiplicity. The figure clearly demonstrates the excess of events above the fit in the

low multiplicity region.

Leading Edge versus Full NBD

Figure 4.2 shows both a NBD fit over the entire multiplicity distribution and
a NBD fit to the leading edge. The full NBD fit, shown in figure 4.2(a), does not
match the multiplicity distribution very well. The full fit has a x?/df of 123/92, and
a confidence level of less than 2%. The full NBD fit is narrower than the leading edge
fit and clearly underestimates the low multiplicity background. In contrast, fitting
only the leading edge of the multiplicity distribution with a NBD parametrizes the
shape of the low multiplicity region well (fig 4.2(b)). The leading edge NBD fit has a
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Figure 4.1. Central calorimeter multiplicity of 1800 GeV data with single NBD fit.
Solid line is the fit; dashed line is an extrapolation of the fit to zero multiplicity. The
log-log scale emphasizes the low-multiplicity region.

x?/df of 10/10 and a confidence level 45%. Figure 4.3 emphasizes the low multiplicity

region of both fits. The leading edge fit is clearly superior at low multiplicities.

Using a leading edge fit also reduces the effect that multiple interaction con-
tamination can have on extracting the fraction. Multiple interactions add to the
population of higher multiplicities, shifting the mean of the distribution and adding
a high multiplicity tail. Multiple interactions are more likely at higher luminosities,
and figure 4.4 shows the calorimeter multiplicity for low and high luminosity data

samples. Fitting only the leading edge of the multiplicity distribution agrees with the
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Figure 4.2. Calorimeter multiplicity with NBD fit of (a) full distribution, and (b)
leading edge. Points are the 1800 GeV data.

data better in the region of interest and reduces the effects of multiple interaction

contamination causing an inaccurate determination of the signal fraction.

Fitting Studies

A detailed study of the fitting method is described in reference [8] and will only
be summarized here. To study the accuracy of the fitting method, an ensemble of one
hundred double NBDs was generated since a double NBD can be used to parametrize

the entire data sample well. The ensemble models the QCD background distribution
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Figure 4.3. Calorimeter multiplicity for 1800 GeV data with full and leading edge
NBD fit. The log-log scale emphasizes the low multiplicity region.

and by construction contains no excess at low multiplicity. The effectiveness of a
single NBD to accurately fit the background distribution can be studied by applying
the fitting technique to the double NBD ensemble. Each of the distributions was
fit with a leading-edge single NBD for fit starting bins of np = 0 to ng = 5. The
fit ending bin was fixed at the peak of the distribution. The measured fit fraction is
consistent with zero and has a good confidence limit up to ny = 4 (tables 4.1 and 4.2).
The study indicates that the color-singlet fraction measurement is not dependent on
the starting bin of the fit at low multiplicities; however, the starting bin will have to

be chosen just beyond the region of excess in order to fit the background accurately.
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Figure 4.4. Calorimeter multiplicity distributions for 1800 GeV data at different
luminosities.

The double NBD ensemble is then fit with a leading-edge single NBD from
ng = 2 to ending bins in the range n; = 7 to ny = 100. The fit fraction, shown
in tables 4.3 and 4.4, increases with increasing n;. If the entire distribution is fit
(n; = 100), the fit fraction is biased giving an artificial excess of 0.15% for the 1800
GeV ensemble and 0.36% for the 630 GeV ensemble.

In conclusion, the fitting studies show that the fit starting bin should be kept
as low as possible while including all of the signal, and the ending bin should be close
to the peak of the distribution being fit. The studies are not used to determine an

absolute fit range but are instead intended as verification that the fitting method is
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TABLE 4.1

GAP FRACTION VS. FIT STARTING BIN: 1800 GeV

ng average fs(%) | rms | average CL(%)
0 - - 53.48
1 0.009 0.05 54.44
2 0.012 0.12 53.28
3 0.009 0.25 52.40
4 0.058 0.51 51.92
5 0.069 0.79 49.48

TABLE 4.2

GAP FRACTION VS. FIT STARTING BIN: 630 GeV

ng average fs(%) | rms | average CL(%)
0 - - 52.36
1 0.021 0.11 51.52
2 0.034 0.32 53.00
3 0.064 0.61 50.76
4 0.416 0.93 49.96
5 1.032 1.24 51.92

accurate and as a guide in selecting the starting and ending bins. Both the 630 GeV
and 1800 GeV data samples are fit using starting bins of ny = 2. For the 630 GeV
multiplicity distribution, the ending bin is chosen as n; = 11. At 1800 GeV, the

ending bin is chosen as n; = 14.

4.1.2 Two-Dimensional Method

The two-dimensional plot of n., versus nyy (figure 4.5) shows a clear excess

in the number of events with zero tracking and zero calorimeter multiplicity. This
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TABLE 4.3

GAP FRACTION VS. FIT ENDING BIN: 1800 GeV

ny average fs(%) | rms | average CL(%)
7 0.039 0.16 47.12

10 0.021 0.13 51.60

12 0.012 0.12 53.28

15 0.030 0.11 51.36

20 0.060 0.10 52.08

100 0.159 0.08 39.00

TABLE 4.4

GAP FRACTION VS. FIT ENDING BIN: 630 GeV

ny average fs(%) | rms | average CL(%)
7 0.032 0.49 47.44

10 0.013 0.37 52.84

12 0.034 0.32 53.00

15 0.086 0.27 49.60

20 0.141 0.24 46.92

100 0.356 0.19 36.16

striking excess motivated another method for measuring the rapidity gap fraction.
Simply counting the fraction of events in the zero track, zero tower (0,0) bin does not
require fitting, and therefore can be accurately measured for small statistical samples.
When the rapidity gap fraction is measured as functions of other variables, such as
jet Er, jet An separation, or the parton-x values, the limited statistics lead to large
systematic errors in fitting the background. This new “two-dimensional” method for
extracting the rapidity gap fraction improves our ability to look for dependencies on

other event variables.
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Figure 4.5. Calorimeter vs. tracking multiplicity for jet E7 > 12 GeV for 1800 GeV
data.

The amount of background in the (0,0) bin is very small (~ 17%), but the
amount of signal in that bin is only approximately 50% of the total signal. The
rapidity gap fraction is thus approximated as the fraction of events in the (0,0) +
(0,1) + (1,0) bins. As compared to the fit method, approximately 80% of the signal
is extracted with this method. The background distribution has a slight dependence
on the jet EF7 and An separation and is discussed in the following section. After
background subtraction, the “two-dimensional” method can be used to study the rel-
ative shape of the rapidity gap fraction as a function of jet Er and jet Az separation.
The fraction of events in the three multiplicity bins used in the “two-dimensional”

counting method is denoted

F#7P = (Noo + Not + Nio)/Nau (4.3)

53



=P (4.4)
where f2~P is fraction of signal events and 4>~ is the fraction of background events.

4.1.3 Background Estimation and Uncertainty

In order to determine the amount of background populating the region of the
multiplicity distribution where the signal fraction is measured, a data sample that
contains events whose multiplicity distributions mimic those of the color-exchange
background is used. The data sample requires two jets on the same side of the
detector (“same-side” data). The two leading jets in this sample are required to have
an Er > 12 Gev, |g| > 1.9, and 7; - 72 > 0. Since a LO coincidence is required, single
diffractive events which would yield a rapidity gap are largely suppressed. The same-
side topology insures that the central calorimeter is, on average, highly populated with
particles since there will be a color string stretched across the event. The sample may
contain color-singlet exchange events, but in these events, the gap is in the forward
region since it occurs between the two jets. The resulting multiplicity distribution in
the central region behaves as that of color-exchange processes. Figure 4.6 shows the
same-side multiplicities at 630 GeV and 1800 GeV.

An NBD is fit to both same-side multiplicity distributions using the starting and
ending bins chosen for the opposite side data samples. For 1800 GeV sample, the fit
has a good x?/df and shows that no excess is measured. For the 630 GeV sample, the
fit has a good x*/df but measures a negative excess. The fit overestimates the number
of low-multiplicity events because the mean of the distribution is low and because the
number of events in the low multiplicity bins is small. Fitting the entire leading edge
of the distribution also gives a good x*/df and measures an excess consistent with

Z€TOo.
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and (b) 1800 GeV.

Central calorimeter multiplicity for same-side jet events at (a) 630 GeV
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Figure 4.7 shows the two-dimensional n.,; versus ny for the same-side samples.
Unlike the opposite-side distributions, there is no clear excess of low multiplicity

events.

Figure 4.7. Calorimeter vs. tracking multiplicity for same-side data for (a) 630 GeV
and (b) 1800 GeV.

The color-exchange background for the 2-D fraction (b2_D = b(ncar + nirk < 2))

is determined using the following method.

e The NBD fit to the calorimeter multiplicity distribution is used to determine
the background b(n., < 2) (simply the fraction of events under the fit in the

extrapolation region).
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Figure 4.8. Calorimeter and tracking multiplicities for /s = 1800 GeV; Boxed entries
add into background estimation; Circled entries add into signal estimation.

e b(n.u < 2) is corrected to a 2-D background by multiplying by the ratio of

N(neat + ik < 2)/N(near < 2) obtained from the same-side sample multiplic-

ity distribution in the same detector region (accounts for n .-ni, multiplicity

correlations).

e The dependence of the background on E7 and Ay is determined by measuring

the low-multiplicity background b(2 < neq + nie < 6; Ep, An) from the two-

dimensional opposite-side data sample. Figure 4.8 shows the number of eventsin

each n.q-nyp bin included in the measurement. The color-singlet contribution

in these 15 bins is negligible.

o These factors then multiply to obtain 52~

With this method, >~ accounts for ~ 30% of 2~ 7.

as a function of E7 and An.
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4.2 Corrections to the Fraction

Measurement of the rapidity gap fraction is highly sensitive to multiple interac-
tion contamination. A rapidity gap can be spoiled by even a small amount of energy
(as little as one additional particle between the jets) added by a multiple interaction,
and tight single interaction cuts are used in selecting the events. However, the cuts
used do not remove all of the multiple interactions. This effect is corrected for and
discussed in section 4.2.1. In addition, the tight single interaction cuts include a cut
on the number of vertices that may actually create a bias in the rapidity gap fraction.

This correction is described in section 4.2.2.

4.2.1 Luminosity

The luminosity dependence of the color-singlet fraction is discussed in detail in
reference [8]. This dependence indicates that the standard event cuts used do not
completely cut out multiple interactions. Therefore, a luminosity correction method
was derived to correct the signal fraction to an ideal case of zero luminosity. The
method used in the reference [8], however, has not been sufficient for the low Ep
data, and so the method has been slightly modified.

The luminosity correction method separates the fraction into luminosity inde-
pendent and dependent factors. According to this method, the color-singlet fraction

is expressed as

fs:

05! data(n) — fit(n) (m?f data(n>) (4.5)
Lum=0

EZ(J:Bl da/ta/(n) Ntotal

In both the 4/s = 1800 and 630 GeV analyses, ng = 2. Therefore, the first

factor in the correction simply takes the excess over the fit for multiplicity of 0 or 1
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and divides by the total number of events in these two bins. This factor is believed to
be luminosity independent since any particle added to either the first or second bin
due to a multiple interaction would have the same affect on both the numerator and
the denominator. Any extra minimum bias event with multiplicity greater than one
would not appear in this factor. The first factor in the correction for the 1800 GeV
data is 0.40 4+ 0.03. For the 630 GeV data, this factor is 0.41 4+ 0.04. The second
factor contains the full luminosity dependence. The second factor in the correction is
shown in figure 4.9 for both the 630 GeV and the 1800 GeV data.

The luminosity correction increases the rapidity gap fraction by 28% at 1800
GeV and by 15% at 630 GeV.

4.2.2 Event Vertex

The single interaction cut requires a single event vertex. Rapidity gap events
have very few central tracks, and the event vertex will be reconstructed either using
tracks in the Forward Drift Chambers or using timing information from the Level &
detector. In both cases, only one vertex will be found. Making the requirement that
there be only one vertex in the event does not reduce the number of signal events.

Conversely, the background events may have many central tracks. Therefore, it
is possible that a single interaction could be reconstructed with more than one vertex.
The single event vertex cut, therefore, may cut out perfectly good background events,
arbitrarily raising the measured rapidity gap fraction.

To correct for this effect, the fraction of single vertices is found as a function
of luminosity. Then, similar to the luminosity correction, the distribution is fit with
a second order polynomial and extrapolated to zero luminosity. Figure 4.10 shows

the fraction of single vertices for (a) signal and (b) background events at 630 GeV.
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Figure 4.9. w vs. Luminosity for (a) 630 GeV and (b) 1800 GeV.

Figure 4.11 shows the fraction of single vertices, F,, for (a) signal and (b) background
events at 1800 GeV. As expected, the fraction of single vertices for the signal events
is almost identically one, whereas the fraction of single vertices for the background

decreases with increasing luminosity.

The correction factor, Cy, is found by dividing the intercept found for the
fraction of single vertices at zero luminosity for all events by the intercept for the signal

events. For the 1800 GeV data, Cy;, = 0.91 £ 0.01 indicating that approximately 9%
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of all single interactions are misidentified during the reconstruction process as having
more than one vertex. For the 630 GeV data, C,;, = 0.97 £ 0.04 indicating that only
about 3% of all single interactions are misidentified. Since the average multiplicity at
630 GeV is much lower than for 1800 GeV, the smaller number of fake extra vertices
is not surprising. The correction factor has also been verified to be independent of
the Er and An of the leading jets. Including the vertex correction factor into the

luminosity corrected fraction, the color-singlet fraction becomes:

S r=to~! data(n) — fit(n) (2223 data(n))
Lum=0

s — Cv x —
f ' Ez;é data(n) Ntotal

(4.6)

4.3 Systematics and Errors

Table 4.5 lists the systematic errors for each data sample. Contributions from

each error source were calculated as follows:

TABLE 4.5

SYSTEMATIC ERRORS ON DATA

630 GeV 1800 GeV

Source Error (%) Error (%)
Jet quality cuts 3.8 3.7
MI Flag = 1 or 2 1.0 ——
Out-of-cone —— 1.9
Energy Scale 3.3 3.7
Luminosity correction 8.1 16.7
Nyerter correction 2.2 3.7
Fit method 17.1 23.8
Total 20.0 29.6
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Figure 4.10. Fraction of single vertices versus luminosity for the 630 GeV data sample
for (a) events with 0 < ny < 2 (b) all events (filled triangles are high Er data, open
triangle is extrapolation of fit to zero luminosity).

e The data samples are selected by requiring that each event pass the jet quality
cuts discussed in chapter 3. To study the systematic effect of this requirement,
the cut was relaxed to no requirement on the jet quality, and then tightened to
require that all the jets in an event pass jet quality. In each case the resulting
multiplicity distribution was fit and the rapidity gap fraction was measured.
The error is chosen as the largest deviation from the gap fraction with the

nominal cut.
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Figure 4.11. Fraction of single vertices versus luminosity for the 1800 GeV data
sample for (a) events with 0 < n.y < 2 (b) all events (filled triangles are high Er
data, open triangle is extrapolation of fit to zero luminosity).

e For the 1800 GeV data, the multiple interaction flag was required online to be
either zero or one. This requirement was made offline on the 630 GeV data. To
study the effect of this offline requirement, the multiple interaction flag cut was
loosened to include flag values of two. The resulting multiplicity distribution
was fit and the gap fraction was measured. The error is the deviation from the

gap fraction with the standard cuts.



o Out-of-cone effects were studied by converting the jet physics 7 to detector 7.
Although central rapidity gap events tend to have small 7-boost, a boosted
event could spoil a gap if the jet positions are measured in physics 7. Our

studies revealed negligible out-of-cone effects.

The analysis uses the CAFIX 5.0 energy scale. Selecting jets using the low,
nominal, or high energy scale correction has little effect on the measured gap
fraction. The error assigned is the maximum deviation from the gap fraction
using the nominal energy scale correction. The gap fractions have also been
measured using CAFIX 5.1 (the most recent energy scale correction) [24, 25]

and the results are in agreement with those found using CAFIX 5.0.

The errors on the luminosity correction and vertex correction mentioned in the
previous section are added into the total systematic error. The error on each
correction is simply the error on extrapolating the fit to an intercept at zero

luminosity.

The largest systematic error is due to the fitting method used for extracting the
signal fraction. Studies of the fitting method were discussed previously. The
error on the fitting is determined by adding two contributions in quadrature.
The first component is the rms of the distribution of fit fractions found from
fitting the generated double NBD ensembles. The second component is the
deviation in the fit fraction when the data is fit using a starting bin that has

been increased by one.
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CHAPTER 5
RESULTS AND INTERPRETATIONS

In this chapter, results are presented on the measurement of the color-singlet
fraction as a function of jet Er, jet An separation, parton z, and center-of-mass
energy (630 and 1800 GeV). Results using both the NBD fitting method and the

two-dimensional method for extracting the rapidity gap fraction are discussed.

5.1 Measurement of the Color-Singlet Fraction

The rapidity gap fraction, f,, is measured using the central calorimeter multi-
plicity (|n| < 1). A single NBD is fit to the leading edge of the calorimeter tower
multiplicity distribution, and the excess over the fit in the first two bins divided
by the total number of events is the measured color-singlet fraction. The measured

color-singlet fractions at 630 GeV and 1800 GeV are
£:%° = (1.85 & 0.09(stat) + 0.18(syst.cuts) 4 0.32(syst. fit))%

— (1.85 £ 0.38)%
£.'%% = (0.54 £ 0.06(stat) & 0.10(syst.cuts) & 0.13(syst. fit))%
— (0.54 £0.17)%.

The ratio (RSg,) of these two fractions is 3.43 4 1.29, a 1.90 deviation from one. The
difference (D935,) of these two fractions is 1.31 + 0.42, a 3.1¢ deviation from zero.
Both fractions include the luminosity correction and the vertex correction discussed

in chapter 4.
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Figure 5.1. Central calorimeter multiplicity with single NBD fit for (a) 630 GeV
data and (b) 1800 GeV data. Note the excess over the extrapolated fit in the first
two bins.

Figure 5.1 shows the fitted multiplicity distributions for each center-of-mass
energy. Particle production occurs at a lower rate at the lower center-of-mass energy.

This effect is demonstrated by the lower mean multiplicity.



Many cross checks were performed to test the robustness of the measured color-

singlet fraction. These are described in the following sections.

5.1.1 Dependence on Tower Threshold

In order to study the effect a lower mean multiplicity might have on fitting the
distribution and extracting the fraction, the calorimeter tower threshold was varied
for the 1800 GeV data sample. The thresholds were varied from 200 MeV to 350 MeV.
The resulting multiplicity distributions, shown in figure 5.2, are each fit with a NBD
and the rapidity gap fraction is measured. Figure 5.3 shows the measured color-singlet
fraction using the NBD fit as a function of calorimeter tower threshold. In the plot, the
gap fractions have been corrected for vertex and luminosity (see section 3.2) and only
statistical errors are included. The color-singlet fraction is shown to be independent
of the tower threshold, although there is some fluctuation with increasing threshold
values. As seen in figure 5.2, the mean of the multiplicity distribution decreases as the
tower threshold increases. This reduces the reliability of extracting an accurate gap
fraction using the NBD fitting method; the amount of background under the signal
increases and the leading edge of the distribution decreases, resulting in larger fitting
errors. Using a higher calorimeter tower threshold produces a rapidity gap fraction
that is well within errors of the standard value using a threshold of 200 MeV.

Using a tower threshold of 270 MeV for the 1800 GeV data, the resulting leading
edge of the multiplicity distribution can be matched to the leading edge of the 630
GeV multiplicity distribution. Figure 5.4 shows the two distributions overlayed, and
reinforces that the higher signal fraction found at 630 GeV is not a function of having

a lower mean multiplicity. The ratio of these two fractions is 3.4 + 0.7(stat).
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Figure 5.2. Calorimeter multiplicities for 1800 GeV data with varying tower thresh-
olds.
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threshold of 270 MeV (dashed curve).



5.1.2 f, from Central Tracking Multiplicity

As another check, the central tracking multiplicity, nk, can be fit and the
color-singlet fraction extracted. The measured fractions, including the luminosity

and vertex corrections, found from the central tracking are

£ = (1.84 £ 0.38)%

£ = (0.52 +0.16)%

and are in excellent agreement with the color-singlet fractions found using the calorime-
ter multiplicities. Figure 5.5 displays the fitted tracking multiplicity in the central

region for both center-of-mass energy data sets.

5.1.3 f, for 2-Jet Events

Typically, color-singlet events tend to be 2-jet events due to the imposed restric-
tion on color flow between the two leading jets. However, the color-octet background
events can have a higher average number of jets. By allowing events to have any
number of jets above two, the denominator (background) events include higher or-
ders of radiation whereas the numerator (signal) events are mainly 2—2 processes. It
is of interest, therefore, to restrict the background events to also be 2—2 processes
and measure the color-singlet fraction. By restricting higher orders of radiation, it is
expected that the color-singlet fraction be somewhat larger than that found without
such a restriction. Indeed, the measured color-singlet fractions for strictly 2-jet events

are

£ = (2.55 £ 0.52)%

£+ = (1.42 4 0.36)%.
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Figure 5.5. Fit of central tracking multiplicity for (a) 630 GeV and (b) 1800 GeV
data.

The ratio of these two fractions is 1.8 + 0.6, a 1.30 deviation from one. The
difference of these fractions is 1.1 + 0.6, a 1.80 deviation from zero. The central
tracking multiplicity distributions of the 2-jet events were also fit at each center-of-

mass energy, and the measured fractions agree within errors with the above results.

5.1.4 Color-Singlet Fraction from Two Dimensional Method

As mentioned in the previous chapter, the two-dimensional method after back-

ground subtraction accepts approximately 80% of the color-singlet fraction compared
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to the fitting method. Therefore, this method is not preferred over the fitting method
for the determination of the actual value of the color-singlet fraction. Rather, the
two-dimensional method is preferred for obtaining the shape of the fraction’s depen-
dence on jet Er, jet An separation, and parton . However, the color-singlet fraction
can be approximated as f>~” for each center-of-mass energy, and the ratio can be
found as another cross check.

The approximate color-singlet fractions using the two-dimensional method be-

fore background subtraction but including the luminosity and vertex corrections are

27P(630) = (2.15 & 0.20(stat))%

8

f27P(1800) = (0.61 £ 0.04(stat))%

The ratio (Rfay,) of these two fractions is 3.52 + 0.40(stat). The difference (D%3),)
of these two fractions is 1.54 + 0.20(stat). After background subtraction, the color-

singlet fractions are

f27P(630) = (1.61 & 0.15(stat))%

F27P(1800) = (0.46 & 0.03(stat))%

8

These fractions are 85% of the gap fractions found using the NBD fit. The ratio
(R$35,) of these two fractions is 3.5 + 0.4(stat). The difference (D%35,) of these two

fractions is 1.10 + 0.15(stat).

5.1.5 Interpretation of f,

All of the above measurements of f; show that the fraction of color-singlet
exchange is larger for the 630 GeV data than for the 1800 GeV data. This result
is inconsistent with the prediction of the naive two-gluon model which states that

because a two-gluon color-singlet couples more strongly to gluons than to quarks, the
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ratio of the rapidity gap fraction at 630 GeV to that at 1800 GeV would be less than
one. In contrast, the ratio of rapidity gap fractions of the two center-of-mass energies
is consistent with the predictions of the color rearrangement model for color-singlet

exchange.

5.2 Color-Singlet Fraction Versus Jet Er

The measurement of the color-singlet fraction as a function of the Er of the
leading jets uses the 4/s = 1800 GeV data presented in this thesis in combination
with the data presented in reference [8]. The data for this analysis contributes the
lowest E7 point in the range studied. For this measurement, the low Er jets are
required to have 15 GeV < Er < 25 GeV. This subset is roughly 50% of the full low
Er data sample. The data in reference [8] contributes one point from a medium Er
(25 GeV < Erp < 30 GeV) data set, and six points from a high Er (Er > 30 GeV)
data set. The measurement of the color-singlet fraction versus jet Er was presented
in reference [8], but is also presented here since the method for extracting both f2-
and b*~P have changed slightly and final errors have been calculated for the low Er
point. Figure 5.6 shows the calorimeter multiplicity distributions for the three data
samples. Looking at the low multiplicity region of the distributions shows that the

high E7 sample clearly has more low multiplicity events than the low E7 sample.

Figure 5.7 shows the fraction f2~P and the background 5?~? versus jet Er. The
data is binned as a function of the second-leading jet Er, and the points are plotted
at the average Er of the two leading jets. Many different binning methods were
studied in reference [8]. This binning was selected since it keeps the acceptance bias

in Er across the E7 bins at a minimum by keeping the A E7 fixed for each bin. The
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Figure 5.6. Central calorimeter multiplicities for three E; samples: (a) Solid line is
high Er; dashed line is medium Er; dotted line is low E7 (b) log-log scale emphasizes
the low multiplicity region.

two lowest Er f2~P points include inner statistical error bars and outer systematic
error bars. The high Er f?>~P points include statistical error bars and an overall
systematic error normalization band. All of the b*~” points include both statistical
and systematic errors. All of the points, f2~” and b>~P, have been corrected with
the luminosity and vertex corrections. Figure 5.8 shows the background subtracted
color-singlet fraction, f2~ versus jet E7. Table 5.1 shows detailed information about

each bin. The parton z is calculated from jet kinematic quantities according to

]ets ETZ nl

=3 (5.1)

Since the two leading jets in each event are in opposite hemispheres of the detector,
their  values are very similar. For this reason, instead of finding an « value for each
jet and then averaging, only one z value is found for each event by summing over all
the jets. This « definition has been compared with other definitions and the results

are presented in a later section.
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TABLE 5.1

CHARACTERISTICS OF f2-? VS. JET Er

Er bin (GeV) || <Er> | <lpl> | 2% | Newew @ 7Q
15 — 25 20.1 2.46 | 0.4140.10 | 23751 | 0.147 | 61

25 — 30 29.8 2.39 | 0.68+0.14 | 21579 | 0.211 | 69

30 — 35 34.9 2.35 | 0.68+0.09 | 44643 | 0.237 | 71

35 — 40 40.3 2.32 | 0.704+0.12 | 16809 | 0.261 | 74

40 — 45 45.4 2.29 | 0.854+0.17 | 6735 | 0.284 | 76

45 — 50 50.9 2.28 | 0934025 | 2885 | 0.308 | 78

50 — 60 57.2 2.25 | 0954031 | 1855 | 0.333 | 81

> 60 71.4 2.22 | 0984052 | 609 | 0.395 | 85

Note: z is parton-z fraction and %@ is percent of initial quarks using the CTEQ3M
pdf[2].

5.2.1 Interpretation of f>P vs. Jet Er

The rapidity gap fraction is shown to increase slightly with increasing jet E7.
To understand this dependence more quantitatively, linear fits were performed on the
background subtracted fraction (figure 5.8). Both a line with a slope and a line with
zero slope are good fits; however, the line with zero slope has a lower confidence level.
The zero slope fit is f, = (0.65 £ 0.05)% and has a x*/df = 11.5/8 which corresponds
to a confidence level of 18%. The linear fit with a slope is f, = ((0.015 + 0.005)E; +
(0.15 £ 0.17))% and has a x?/df = 1.3/8 which corresponds to a confidence level of
99%. Since both the naive two-gluon model and the BFKL calculation predict that
the color-singlet fraction should decrease with increasing jet Er, these results appear

to be inconsistent with these models. The data may be consistent with the soft color
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rearrangement model, however, since this model predicts an increase in the rapidity

gap fraction as jet Er increases.

5.3 Color-Singlet Fraction Versus Ap

The gap fraction before background subtraction and the background using the
two-dimensional method is shown as a function of the jet Ay separation in figure 5.9.
The background subtracted color-singlet fraction is shown in figure 5.10. Since only
one data sample is used for this plot, the points include statistical errors only; the
systematic error is 15% and includes the systematic error on the cuts applied and
the error on the luminosity and vertex corrections. Therefore, the systematic error is
independent of Ay and is simply an overall normalization uncertainty on the distri-

bution of points. The characteristics for each of the An bins is given in table 5.2.

TABLE 5.2

CHARACTERISTICS OF f2-P vS. JET An SEPARATION

An bin < Ang > < Er > 2 2(%) Neyents z %Q
4.0 —4.3 4.18 22.1 0.38 +£0.16 4000 0.121 56
4.3 — 4.6 4.45 21.5 0.29 +0.11 6835 0.134 58
4.6 — 5.0 4.79 21.2 0.46 +0.12 8761 0.154 62
5,0 —-5.4 5.19 20.9 0.47 £0.15 5886 0.184 66
54 —5.8 5.58 20.4 0.52 +0.23 3133 0.215 69

> 5.8 6.09 19.6 0.67 £0.31 1737 0.261 74

Note: z is parton-z fraction and %@ is percent of initial quarks using the CTEQ3M
pdf[2].
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Figure 5.9. Upper data are f2~” as a function of jet Az separation for 1800 GeV
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5.3.1 Interpretation of f>° vs. Ap

The gap fraction versus An has a slight rise with increasing An values. Again,
this data was fit with straight line curves. When fit with a line of zero slope, the
resulting fit is f, = (0.41 £ 0.07)% and has a x?/df = 2.22/6 which corresponds to
a confidence level of 89%. When a line with slope is used, the resulting fit is f, =
((0.17 £ 0.15)An + (-0.40 £ 0.71))% and has a x*/df = 0.83/6 which corresponds

to a confidence level of 98%. Both fits are good.

The BFKL calculation predicts an increase in the color-singlet fraction with
increasing An at very high, but unspecified, A7n. The soft color rearrangement model
also predicts an increasing color-singlet fraction with increasing A7n. The data are
possibly consistent with both of these models. The data are inconsistent with the
naive two-gluon model which predicts a decreasing color-singlet fraction with increas-

ing An.

5.4 Color-Singlet Fraction Versus Parton z
5.4.1 Parton z of the Ay Measurement

Finding the color-singlet fraction as a function of jet Er, jet An separation,
and center-of-mass energy is an indirect measurement of its dependence on the initial
parton z values. The slight increase in the color-singlet fraction with both increasing
jet Er and Agp indicates that the color-singlet fraction may increase with increasing
parton z. To study the z-range probed by the An measurement, the two-dimensional
color-singlet fraction is plotted in figure 5.11 as a function of the  values found from

binning the data in Ay (see table 5.2). The z values in this plot are determined using
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equation 5.1 and include the values calculated using the high E; data used in the Ay

measurement presented in reference [8] but not reproduced here.
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Figure 5.11. f*P as function of parton z using the Az data from the previous
section. The points contain statistical error bars and each data set has a systematic
normalization error band. The first point shows the width of the horizontal errors.



5.4.2 Various Parton z Definitions

The z definition given in equation 5.1 is an approximation of an average =

value for each event. Rigorously, each of the two leading jets would be assigned an

z value corresponding to its intial parton momentum fraction. Also, by definition, =

calculations are generally meaningful for 2—2 processes, so summing over all jets in

the event could inaccurately represent the average x value calculated. Therefore, it

is of interest to measure the dependence of the rapidity gap fraction on z using more

rigorous definitions and binning directly in z.

Several = definitions were studied:

o The average of z, and =z,

Lh

< Zgp >

e The minimum of z, and zy,

Tmin —

e The maximum of z, and =y,

e The average of z; and z,,

Tmazx =

T

T2

< Ty >

min(zq, Tp)

maz(zq,Tp)

Er |
NE)
@elnzl
N

= (z1+22)/2

(5.6)
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The 1800 GeV data was binned in z for each of these definitions and the fraction

f?~P was found. Background subtraction was not included since the background has

been shown to be roughly independent of z (as seen in >~ versus dijet E7 and Ap

plots). Figure 5.12, shows f2~? as a function of z using each definition. The fraction

is shown to increase with increasing parton z regardless of the definition used.
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5.4.3 Parton z for 630 GeV Data

The 630 GeV data was also binned in # using the average of #, and z,. Fig-
ure 5.13 shows the two-dimensional fraction versus < z;, > for both the 630 GeV
and 1800 GeV data. The 630 GeV data probes a higher z region than the 1800 GeV
data, and the fractions are much higher than the 1800 GeV fractions. If the 630 GeV
fractions are larger than the 1800 GeV fractions simply because of a different survival
probability, the 630 GeV fractions can be normalized by the ratio of the two survival
probabilities to verify whether the two center-of-mass values are in agreement.

The ratio of the survival probabilities at 630 GeV and 1800 GeV has recently
been estimated to be Se30/S1800 = 2.1[7]. Figure 5.14 shows an overlay of the two-
dimensional fraction versus < x1,2 > for the 1800 GeV data and the 630 GeV data
normalized lower by a factor of 2.1. Points for both data sets include statistical error
bars. The normalized 630 GeV data is in good agreement with the 1800 GeV data,
indicating that a possible explanation for the difference in the rapidity gap fractions
at these two center-of-mass energies is simply due to differences in the survival proba-
bility. If, however, the survival probability is truly independent of the center-of-mass
energy, an additional explanation of a difference in some other physical process would

be needed to account for the differences in the rapidity gap fractions.

5.4.4 Interpretation of >~ vs. Parton z

All of the measurements of the color-singlet fraction versus parton x show that
the color-singlet fraction rises with increasing x value, or increasing initial-state quark
distributions. Again, these results are possibly consistent with the soft color re-
arrangement model for color-singlet exchange and are inconsistent with the naive

two-gluon model.
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CHAPTER 6
CONCLUSIONS

The analysis presented in this dissertation probes the nature of strongly-interacting
color-singlet exchange processes, providing insight into whether the color singlet pref-
erentially couples to initial-state quarks or gluons. A color singlet that prefers a
coupling to initial-state quarks will produce a rapidity gap fraction that increases
with increasing initial quark distributions. A color singlet that prefers a coupling to
initial state gluons will produce a rapidity gap fraction that decreases with increas-
ing intial quark distributions. Several theoretical models currently exist to describe
the dynamics of color-singlet exchange, and these models differ in that they predict
different preferred couplings for the color-singlet object. The results of this analysis
support color-singlet models that prefer initial-state quark processes.

The fraction of initial quarks increases with increasing parton z, which can be
achieved by increasing the jet E7, increasing the jet An separation, or decreasing the
center-of-mass energy. The rapidity gap fraction has been measured as a function
of all of these variables, and the results are consistent with a color-singlet fraction
that increases with increasing parton z. The results presented also suggest that the
survival probability at /s = 630 GeV may be twice as large as that at 1800 GeV.
This is in agreement with the current estimate for the dependence of the survival
probability on center-of-mass energy [7].

These results are inconsistent with Bjorken’s original simple two-gluon model
for the color singlet and with the leading-log BFKL adaptation of this model. Because

a two-gluon color singlet couples more strongly to initial gluons, both models predict
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that the rapidity gap fraction should decrease with increasing jet E7. The simple
two-gluon model also predicts that the rapidity gap fraction should decrease with
increasing jet Az separation, and decrease with decreasing center-of-mass energy. The
results presented here in combination with those presented in reference [8] disagree
with these predictions. The BFKL model differs from the simple two-gluon predictions
in that it suggests that the rapidity gap fraction will increase with An beyond some
large undetermined A7n value. In addition, BFKL dynamics do not change with
center-of-mass energy and so there is no prediction. Both of these models are at
leading order, and it is worth noting that the inclusion of higher order effects may

give rise to predictions that are in better agreement with the data.

The results presented are possibly consistent with the predictions made by both
the soft color rearrangement model and the U(1) gauge boson model. Both of these
models predict a rapidity gap fraction that increases with increasing intial quark
processes. The soft color rearrangement model qualitatively describes the data well.
The agreement suggests that perhaps color-singlet exchange is not a product of the
exchange of a perturbative color-singlet object but instead is a nonperturbative QCD
effect arising from the cancellation of the color flowing between the scattered partons.
The U(1) gauge boson model is interesting in that it proposes new physics to account
for the observed rate of color-singlet exchange. As a photon-like object, the U(1)
gauge boson couples only to quarks, producing an enhancement in the rapidity gap
fraction with increasing parton z. Recent studies show, however, that the predicted
rapidity gap fraction may rise much more steeply with increasing jet E; than is

observed in the data [10].

The measurements presented here and in reference [8] have challenged the his-

torical models for color-singlet exchange and are stirring theoretical interest. It will
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be interesting to see whether higher order calculations can revive the simple two-
gluon model. Perhaps the addition of gluons will simply bridge the two-gluon and
soft color rearrangement models. Or perhaps color-singlet exchange is not QCD at

all but instead a signature for new physics.
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