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ABSTRACT

INCLUSIVE DIRECT PHOTON PRODUCTION IN THE
CENTRAL AND FORWARD RAPIDITY REGIONS IN
PROTON-ANTIPROTON COLLISIONS AT A CENTER
OF MASS ENERGY OF 1800 GEV

By

Steven A. Jerger

A study of isolated direct photon production in proton-antiproton collisions at a center of
mass energy JE = 1800 GeV is reported, as measured at the D@ Detector at the
Fermilab Tevatron. Cross sections for the central (0< IN|<0.9) and forward
(1.6<n[<2.5) rapidity regions are presented as a function of photon Ej
(15 GeV < E;< 150 GeV), and compared with a next-to-leading order QCD calculation.

In the central region, the data and theory are consistent in both shape and normalization;
however, in the forward region the data are consistently above the theory, especially in the
E7 region below ~30 GeV. A preliminary measurement of the correlation between the
rapidity of the photon and that of the leading jet in the event shows qualitative agreement

between the data and the theoretical prediction.
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Chapter 1

Introduction

This thesis presents a measurement of the production of direct photons in proton-
antiproton collisions, using the D@ Detector at the Fermilab Tevatron collider. The rate at
which single, isolated photons are produced in such collisions is considered over a range
of photon energies, and for two separate ranges of photon polar angle. In addition, the
structure of direct photon events is considered by measuring the angular correlation
between the photon and the other particles in the ev;nt. In both cases, the experimental
results are compared with theoretical predictions. Direct photon measurements have
historically played a role in the modeling of the Strong force which binds nuclei together
(for a review of early direct photon experiments, see [1]), and this thesis continues that
tradition by extending the measurement to the highest photon energies available in the
world. As such, this thesis serves as an extension to and improvement upon previous D@
direct photon measurements [2][3].

The structure of the thesis is as follows: in Chapter 2, an introduction to basic particle



2

physics is given, along with a brief explanation of the theory of the Strong force and of the
theoretical calculation of direct photon production. Chapter 3 describes the D@ Detector,
while Chapter 4 describes the way photons are identified in the detector, as well as the
efficiencies with which photons are identified. Chapter 5 presents a discussion of the
backgrounds to the direct photon signal, and describes the method by which the level of
photon sig;lal was determined. Finally, Chapter 6 presents the results of the measurement
of the direct photon production rate, while Chapter 7 presents results from a study of direct
photon event structure. The results are summarized in Chapter 8.

The reader will note that e)gensive use is made of Appendices. This is done in order to
avoid excessive detail during the description of the measurement; however, it also serves
to partition detailed subjects, so that the Appendices may be more useful to those who may

use this thesis as a reference.



Ch_'apter 2

Theory

2.1 The Standard Model

In order to set the framework to which the study of direct photons contributes, we briefly
coﬁsider the known elementary particles and the forces which govern their interactions.
This set of particles, their antiparticle counterparts, and the physical laws they obey are
known as the Standard Model. As its name implies, the Standard Model is a stable and
consistent structure which has developed over time, and which explains most of the
fundamental behavior of particles and forces quite well.

In the Standard Model, all matter is composed of point-like particles which have half-
integer values of spin. These are classified as fermions, and can be further divided into the
lepton (Table 2.1) and quark families (Table 2.2) [4]. Both the lepton and quark families
can be grouped into three “generations,” each generation having identical properties

except for mass. The reason for these generations is still unknown - most matter in the
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Table 2.1: The three generations of leptons.

Particle Symbol Charge Mass (MeV/c?)
electron e -1 0.511
electron neutrino v, 0 <5.10 E-6
muon w -1 105.6
muon neutrino vy, 0 <0.17
tau - T -1 1777
tau neutrino Vi 0 <24

Table 2.2: The three generations of quarks.

Particle Symbol Charge Mass (MeV/c?)
up u +2/3 2-8
down d -1/3 5-15
charm c +2/3 1000-1600
strange S -1/3 100-300
top t +2/3 180000
bottom b -1/3 4100-4500

universe appears to be composed of particles from the first generation: up and down
quarks combine to form protons (uud) and neutrons (uud) that make up the nuclei of
atoms; and electrons orbit the nuclei, giving atoms their chemical and material properties.
Governing how these particles interact are the four known forces: the Electromagnetic,
Weak, and Strong forces and the Gravitational force. Each of these forces is mediated by a

spin 1 particle, classified as a boson; the bosons are listed in Table 2.3. Particles with
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Table 2.3: Vector bosons and the forces they mediate.

Boson Symbol Force Charge (Ml\gl/'sliz)
photon Y Electromagnetic 0 0
w w Weak +1 80300
z z Weak 0 91187
gluon g Strong 0 0
graviton ? Gravity ? ?

electric charge interact through the Electromagnetic force and its carrier, the photon;
Weak interactions proceéd through exchange of W or Z bosons. In very high energy
interactions, where the mass of the W or Z becomes negligible, the Electromagnetic and
Weak force are actually the same; therefore, the two forces are treated theoretically as two
aspects of one Electroweak force. While the Gravitational force was known before any of
the other forces, there is as yet no well-developed quantum theory of Gravity, and
therefore no standard Gravitational boson.

The Strong force acts between quarks - for example, it is the Strong force which holds
the nucleus of an atom together. The Strong force is mediated by the gluon, and introduces
anew type of quantum number called color, analogous to Electromagnetic charge but with
three facets rather than the one of electromagnetism. Thus, quarks can be “red”, “green” or
“blue” (or antired, antigreen, or antiblue), and gluons carry these characteristics in color-
anticolor pairs in order to exchange color between two quarks. Note tﬁat this is markedly

different than in Electromagnetism, where photons do not carry charge themselves. Also,
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only colorless particles are allowed to exist free in nature - therefore, quarks only exist in
quark-antiquark states called mesons (in which color charges cancel) and in three quark
states (such as protons or neutrons) called baryons (in which red, green, and blue form a
colorless combination). Note that these groupings also eliminate the possibility of states
with fractional charge. The more general term hadron is used to refer to any particle
composed ~of ‘quarks, whether meson or baryon.

Historically, the framework of the Standard Model was laid out during the 1960’s and
1970’s [5], with experimental evidence accumulating in the following decades which

confirmed the model [6]:

« experimental evidence of point-like scattering centers inside nucleons, which led

to the association with quarks (1969) [7]
 observation of weak interactions through the exchange of a Z boson (1973) [8]
 observation of the charm and bottom quarks (1974, 1977) [9]
 observation of jet structure and gluon radiation (1979) [10]
» direct observation of the W ;and Z bosons (1983) [11]
» observation of the top quark (1995) [12]

Increasingly precise measurements of particle properties and interactions have followed
these discoveries, as physicists seek not only to confirm the building blocks of the model,

but also to refine and extend our understanding of how those building blocks interact.



2.2 QCD Interactions

While the theory of the Electromagnetic force, known as Quantum Electrodynamics
(QED), is now well understood and well tested experimentally, the equivalent theory for
the Strong force, Quantum Chromodynamics (QCD), is less completely understood, and is
thus .a very active theoretic;al field. This thesis studies the production of direct photoné in
proton-antiproton (i.e., hadron-hadron) collisions - interactions involving the Strong force.
Thus it is important to consider the workings of QCD in more detail.

If we consider a proton-antiproton collision, we might imagine a very complicated
picture. We have essentially a bag of three quarks interacting with another bag of three
(anti)quarks, all the while exchanging gluons as necessary for the quarks to stay bound
together. While these gluons generally have only a small amount of the momentum of the
proton, they are plentiful. In addition, because of the quantum nature of QCD, some
number of quark-antiquark pairs (called sea quarks) are being created and then annihilated
from the vacuum in addition to the 3 valence quarks. How do we keep track of all that
goes on between all these different particles?

The answer lies in one of the more curious aspects of the Strong force. Because the
gluons carry color, and thus couple to themselves, the strength of the Strong force

(expressed as the coupling constant of the Strong force, @) actually gets weaker as the

energy of the collision gets higher (or alternatively, the distance scale gets shorter). This is
the reverse of everyday experience, such as in Electromagnetism or Gravity where
increased energy (shorter distance) means a stronger effect. This can be roughly imagined

by considering that since the gluons can couple to themselves, they can emit other gluons
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which increase the color force. Thus the quicker and shorter the interaction, the less
chance there is for gluons to radiate, and the smaller the strength of the field.

Using this fact, known as asymptotic freedom, we are therefore free to consider the
collision between a proton and an antiproton as an interaction between one component
quark or gluon (generically called a parton) of each. Also, we can use the methods of

perturbation theory to calculate the interaction in orders of a, since at higher energies o

becomes small enough to decrease the importance of higher orders. Generally we
calculate a cross section (o), measured in units of area, which indicates how likely it is
that a given interaction will occur; this is analogous to the classical cross section, where a
larger surface area with which to collide means a larger chance of a collision.

In order to give an overview of the process, consider the sample interaction shown in
Figure 2.1, in which a quark and a gluon (or more generally, two partons) collide to
produce a photon and a quark (or parton). Looking first at the center of the figure, we see
the “hard scattering” part of the calculation. Here we consider just the two partons
scattering off each other - to calculate the cross section for photon production
perturbatively, we consider all the possible outcomes involving a photon and partons. To
leading order, this is simply a photon plus a single parton. Notice, however, that we might
also have a gluon radiated off the final state parton (shown as “jet 2”); this requires
another strong interaction, and hence another factor of 0. We must continue to sum such
possible higher order terms, as well as sum over all the different quark/gluon types which
the “partons” might specifically be, and integrate over all possible parton momenta in
order to produce a total cross section.

However, because of the complexity of the calculation, it is not possible to sum to all



pp— v+ jet+ X photon

no fragmentation —
direct probe of the hard
scattering process

jet 2
Parton Distributions - Hard scattering Fragmentation
Non-perturbative, must be High momentum transfer (quark, gluon) — jet

experimentally determined, Perturbative QCD
but are universal

Figure 2.1: Diagram picturing different aspects of a QCD interaction.
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orders - as a result, infinities in the momentum integration no longer cancel, leading to
unphysical results. To resolve this problem, a mathematical method known as
renormalization is used, which neatly removes the infinities, but at the price of
introducing an arbitrary momentum scale i (the renormalization scale). It is important to
note that uRvis an artificial, non-physical parameter which appears in the result of the
calculation only because we cannot complete the calculation to all orders. We choose this

scale to be roughly the order of the produced photon momentum, representative of the

scale of the interaction; however, we expect that the dependence of our result on pg will

be minimized if we have carried the calculation to high enough order.

Given this method of calculating the hard scattering, we can expand our consideration
to the left side of Figure 2.1 - namely, if we collide a proton and antiproton, what is the
likelihood that two partons of a given momentum will be available to interact? These
directly affect the perturbative calculation, since we need to know how often each parton
combination that we enumerated above might occur. Also, we need to know what fraction
x of the proton’s momentum each of these partons is likely to have, so that we can
integrate over momentum properly. Unfortunately, these ar€ exactly the quantities which
we cannot calculate in perturbativé QCD, as they deal with the relatively low energy
structure of the proton.

In order to continue the calculation, then, we must make one further assumption. We
assume that the part of the calculation which specifies the parton densities and momenta
can be separated from the hard scattering part - this is known as factorization. Given this

assumption, we can replace the non-perturbative portion of the theory with experimentally
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determined functions which describe the quark and gluon content of the proton - the
parton distribution functions (PDFs). These PDFs can then be considered universal - they-
can be applied to any process which requires knowledge of the content of the proton.
However, to implement this separation in the calculation, we must use a mathematical
method similar to that used in renormalization - hence we introduce another (unphysical)

factorization scale [y, on which the PDFs are dependent. As in the case of pg, we choose
Mg approximately equal to the photon momentum to set the scale of the interaction;

however, it is important to note that the two scales need not be exactly the same, as they
have independent origins.

With an understanding of the PDFs and the perturbative hard scattering, we can finally
consider the right side of Figure 2.1. In enumerating the outcomes of a hard scattering, we
must consider what happens to the outgoing partons, as we know they cannot remain free
because they are not colorless. Here again the nature of the Strong force comes into play:
because the Strong force grows stronger with distance, as the outgoing parton gets farther
away from the interaction the color force between it and the parent hadron increases.
Ultimately, enough energy builds up to create one or more quark-antiquark pairs from the
vacuum - these quarks then combine to form colorless hadrons. This process is called
hadronization or fragmentation, and it results in a collimated “jet” of particles being
| observed as the final signature of an outgoing parton. Because of this fragmentation
process, there is a finite probability of obtaining any given particle from a parton
fragmentation which can be expressed in terms of fragmentation functions; these
functions are also not calculable in perturbative QCD and therefore must be modeled

using experimental data. However, like the PDFs, they can be considered universal, and
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independent of the nature of the hard scattering process.
Combining these aspects of the calculation, then, we can express the QCD cross
section for the process A + B — C + X (where X indicates that we do not explicitly keep

track of what, other than C, is produced) with the following expression:

G(A+B—C+X) = Y [de,du,dz F,\(xy We)Fy/p(t D c(z) (21
. abcX

X 6&1) — cx(Xg Xps Wpy L)
where a and b are the partons which interact from hadrons A and B; c is the parton which
gives rise to C; the F are the parton distribution functions which describe the likelihood of

getting a and b (with momentum fractions x, and x;) from A and B; D is the fragmentation

function which describes the probability of getting C from ¢ with some fraction z,. of ¢’s

momentum; and © is the partonic hard scattering cross section, implicitly summed to
some order in Q.

Note that in the specific case of photon production (as illustrated in Figure 2.1), the
final state photon is free of the complication of fragmentation (D, sy = 1). The photon is
seen in the final state exactly as it was produced, directly from the parton level interaction.
This is an important advantage of the study of direct photon production. In contrast, the
study of jet production suffers from ambiguities in reconstructing a parton from the spray

of hadrons; also, because of the fluctuations in hadronization, the measured energy of jets

can be uncertain because the exact particle composition of any given jet is not known.
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2.3 Direct Photon Theory

The study of direct photons thus provides experimentalists with a unique and useful tool
with which to test QCD. The mechanisms by which they are produced, as described by
QCD theory, imply a direct sensitivity to the gluon distribution of the proton. Also, the
charéicteristics of th¢ final state particles that emerge in a direct photon event, including
the ease and precision with which one can identify and measure a photon experimentally,

provide a practical advantage.

2.3.1 Direct Photon Diagrams

Consider the examples of leading order direct photon production shown in Figure 2.2. We

GLUON COMPTON SCATTERING QUARK—=ANTIQUARK ANNIHILATION
g q q 04
q 94 q g

Figure 2.2: Leading order diagrams for direct photon production.
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see that photons can be produced in quark-antiquark annihilation, in which the direct
photon is produced along with an outgoing gluon. Another process is the QCD analogue to
Compton scattering, in which a quark scatters from a gluon, producing a photon in the
final state along with the scattered quark. Because of the relative abundance of low x
gluons in the -proton, this process is the dominant form of direct photon production for EY T
below ~ 100 GeV; above this, the (typically) larger momentum fractions of quarks are
necessary to produce such an energetic photon, and the annihilation diagram becomes
more prominent. Because of the Compton dominance, we expect a measurement of direct
photon production to have sensitivity to the gluon content of the proton.

Some examples of higher order photon production diagrams are shown in Figure 2.3.
These typically involve additional gluon radiations, and result in characteristic signatures

of a photon plus two or more jets. Current direct photon QCD calculations include only up
to the two jet level (order (152), known as next-to-leading order (NLO), whereas the
experimental measurement includes all orders unless an explicit cut is made, and is

therefore termed inclusive. However, if terms beyond NLO are small, the NLO prediction

“should be a good approximation to the inclusive cross section.

2.3.2 Bremsstrahlung Component and Isolation

As shown in Figure 2.4, there is another source of single photons: bremsstrahlung from an
outgoing quark in a dijet event. In this case, the photon is not produced directly from the
interaction vertex, and is therefore not really a “direct” photon - however, the existence of

this production method affects the way direct photons are measured and modeled



.
XX

Figure 2.3: Examples of higher order direct photon diagrams.
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BREMSSTRAHLUNG

q q
y

qg qg

Figure 2.4: Photon production through Bremsstrahlung

theoretically, as described in the next section. This method of production can be described
using the probability that a quark fragments primarily to a photon - D /v

In order to reduce the occurrence of the bremsstrahlung case, an isolation criterion is
imposed on the photon: typically, a cone around the photon is examined and required to
have less than a certain amount of energy. Since a photon produced through
breméstrahlung tends to be very collinear with the quark it radiates from (and thus the jet
resulting from the quark’s subsequent fragmentation), the requirement that the photon be
isolated removes all but the very largest angle radiations. In the theoretical model, a
bremsstrahlung/fragmentation component is added into the calculation and then (partially)
removed by the imposition of an isolation requirement matching that of experiment. This
component contributes a large (up to 50%) fraction of the total (un-isolated) rate, and

remains significant in the E7 region below ~ 25 GeV even after the isolation criterion is

applied [13][14].
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Another important reason to include an isolation criterion is the possibility that a jet
might be misidentified as a photon. In the process by which a parton fragments into

observable particles, if most of the parton energy remains with a single particle (for

example, a 70 meson) and that particle produces photons as its decay products (e.g.,

7° — YY), the multiple photons can be indistinguishable from a single photon. While only

one in ‘103-104 jets fragrnénts in this way, the dijet production cross section is 103-10*
times larger than the photon cross section; therefore this background to the direct photon
signal is of the same magnitude as the signal itself. The experimental challenges and
solutions involved in removing this background are a major part of any direct photon

analysis, and are described in Chapter 5.
2.4 Variables for Hadron Collider Physics

It is necessary to define a set of quantities which are used in the study of high energy

hadron-hadron collisions. While the standard phase space variables of energy (E),

momentum ( ; ), polar angle (8), and azimuthal angle (¢) can be used, the nature of hadron
colliders makes the introduction of additional quantities necessary.

An important feature of hadron colliders is that while the hadrons can be given equal
and opposite momenta, there is inherent uncertainty in the momenta of the partons which
interact. Unlike positron-electron (e*e”) colliders, where the two colliding particles and
their momenta can be exactly defined, the quark and gluon substructure of the proton

implies that we cannot predetermine which partons will interact, and what momentum
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they will have (as discussed in Section 2.2). Therefore in the lab (detector) frame, the
momenta along the beam axis (defined to be the z direction) will usually not sum to zero,
and the system will be Lorentz boosted.

In the transverse (x-y) plane, however, we expect that the final state momenta will
cancel, as the initial state transverse momenta are negligible. Therefore, we define the

fransverse momentum and energy:

2 2

PT=qPx *P, (2.2)
2 2

E;=,JE -p, 2.3)

which become important variables for collider physics. Note that if the particle mass
m « E, or for massless particles such as the photon, |

E; = pr = Esin® (2.4)

The Lorentz boost also motivates an alternative to the polar angle 6, which is not

Lorentz invariant. Instead, we define the rapidity (y):

1 E+pz
y= §1n(E_pzj A (2.5)

which transforms under a Lorentz boost as y — ¥ + [constant], thereby preserving the
shape of the rapidity distribution under the boost. Again, if a particle’s mass is much less

than its energy, we can simplify to form the pseudorapidity (1):
0 .
n - -Inan(3) 2.6)

Thus a pseudorapidity of 1 = 0 corresponds to 6 = 90° from the beam (z) direction,
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increasing to o (—0) as the angle grows nearer to the +z (-z) direction. Since the
condition m«E is a good approximation for high energy jets and photons, the
pseudorapidity is used almost exclusively, and is often referred to as simply the rapidity.
Finally, since we are interested in measuring a cross section, we consider the rate (R)
at whiéh events with a cross section o ( with units of area) occur:
R =oL 2.7)
where L is the luminosity in units of inverse area per second. The luminosity is a measure
of beam flux, and is tied to the performance of the accelerator and its ability to focus the

colliding beams densely enough to achieve significant event rates for high energy physics

processes. Cross sections are typically measured in barns (1 barn = 10724 cm?), with rare
events having cross sections of several picobarns (pb) or less; therefore, modern colliders
such as the Fermilab Tevatron provide luminosities of up to ~10°! cm 7L Integrating
over the amount of time the accelerator makes this luminosity available to experiments
gives a useful measure of how much data has been taken - the integrated luminosity. For

the 1994-1995 Tevatron Run 1B, from which the data in this analysis was taken, a total of

~ 100 pb™" of data was accumulated.
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Ch.apter 3

Experimental Apparatus

3.1 Accelerator

The Fermilab Tevatron Collider, located in Batavia, IL, accelerates protons and
antiprotons to energies of 900 GeV, making a total of 1.8 TeV of energy available as the
particles collide. This makes the Tevatron the most powerful accelerator in the world, and
thus, in the particle physics tradition of giving Nature as much energy as possible to see
what She will create from it, the premier facility at wilich to study elementary particles
and the forces by which they interact.

While the Fermilab accelerator might be described simply as a huge ring of magnets
almost 4 miles in circumference, there are actually several different, increasingly

sophisticated stages of acceleration which make the final collision possible (Figure 3.1).

Cockroft-Walton generators produce H™ ions which have a small initial kinetic energy;

these are then fed into a series of accelerating electric fields known as a linear accelerator,

21
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Antiproton Proton
Direction Direction

COCKROFT-WALTON

Figure 3.1: The Fermilab Tevatron Collider.

and then stripped of their electrons. The remaining protons are then accelerated further in
a small “booster” synchrotron, consisting of a ring of accelerating cavities alternated with
~magnets to bend the particles, which are also grouped into bunches at this stage. The
bunches of protons, by now at an ehergy of 8 GeV, are then extracted into the Main Ring,
so named because it was once itself the final stage of acceleration, giving the protons an
energy of 150 GeV. Housed in the same underground tunnel as the Main Ring, however, is
its successor the Tevatron, which uses superconducting magnets to produce a magnetic
field strong enough to bénd even particles of 900 GeV kinetic energy into the necessary

circle.
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The production of antiprotons tak;:s place by directing some of the protons circulating
in the main ring into a target, which produces (among other particles) a small amount of
antiprotons. These are carefully selected out, condensed into bunches, stored in a small
“accumulator” accelerator, and finally, when a sufficient number have been produced,
injected into the Main Ring to circulate in the opposite direction to the protons. This points
out 2.1 major advantage of colliding protons with antiprotons: the same apparatus can be
used to accelerate both sides of the collision, since the two particles are identical but for
the opposite charge, which will draw the particles in opposite directions in an
electromagnetic field. The two bunches of particles pass through each other without
collisions because of the low density of particles within the bunches.

The antiproton bunches are then fed into the Tevatron and ramped up in energy to 900
GeV. The Tevatron operated during Runs 1A (1992-93) and Run 1B (1994-95) with six
bunches of each particle circulating within the accelerator, with collisions occurring at two
separate interaction points corresponding to the locations of the two detectors (D@ and its
sister experiment CDF). At the collision points, focusing magnets are used to squeeze the
particle beams down to densities which make collisions sufficiently likely (and thus
produce a useful luminosity). The arrangement of particles into bunches means that the
collisions take place at definite time intervals as the bunches cross each other - this allows
the detector to synchronize with this time cycle so that the readout electronics have
sufficient and uniform time intervals to process one bunch crossing and prepare for the
next. During Run 1 this time between beam crossings was 3.5 s; the average number of
collisions per bunch crossing varied as a function of the luminosity from ~0.5 to over 3.0

interactions/crossing.
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In practice, the accelerator runs in cycles calle—d “stores” - at the beginning of each
store, the particles are injected into the Tevatron bunch by bunch, the beam is “scraped”
(particles with very off-center orbits are removed), and collisions begin. At this point the
luminosity of the collider is at its highest - as the store progresses, lurrﬁnosity decreases as
particles are lost by attrition from collisions and unstable orbits. After about 8-15 hours
the availabie‘luminosity isrtoo low to be useful, and the store is ended by dumping the

particles into a “beam stop,” and a new store is readied.

3.2 Detector

The D@ detector is a multi-purpose apparatus, designed with the physics possibilities of
the Tevatron in mind. The goal of studying high-P phenomena and high-mass states such
as the W and Z bosons, as well as the search for the top quark, led to design emphasis on

electron and muon identification and measurement; high-Py jet energy measurement; and

accurate accounting of missing transverse energy.
The detector is shown in Figure 3.2. It consists of three main sections: the central
tracking detectors, which lie close to the beamline and detect ionization left by particles as
they travel from the interaction point outward; the liquid argon sampling calorimeter,
which stops most particles and measures their deposited energy; and the muon detection
system, which surrounds the calorimeter and provides identification and momentum
measurement of muons. A full description of these systems can be found in [15]; a brief
description is presented below, with particular emphasis on the tracking detectors and

calorimeter, which are the systems used in this analysis.
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Figure 3.2: The D@ Detector.
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3.2.1 Tracking

The DG Tracking System (Figure 3.3) consists of three subsystems, each providing

Central Drift  Vertex Drift Transition Forward Drift

Chamber Chamber Radiation Chamber
Detector

Figure 3.3: The DO Tracking System.

different information as the distance from the interaction point increases. The Vertex
Detector (VTX), which surrounds the beampipe over the range -2.0 < 1 < 2.0 , provides
fine resolution of tracks very close to the interaction point. The Transition Radiation

Detector (TRD) surrounds the vertex detector, covering the range -1.2 < N < 1.2, and
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provides discrimination between electrons and charged pions. The Central and Forward
Drift Chambers (CDC/FDC) give a measurement of charged tracks further away from the
interaction point, where they are more physically separated; the CDC surrounds the TRD,

while the FDC extends the tracking coverage down ton = 3.1.

The Vertex Chamber

The Dé Vertex Detector, like the CDC and FDC, is a drift chamber, designed to detect the
ionization left behind as a high-energy charged particle passes through a medium and
Coulomb scatters with atomic electrons. As the name implies, this type of detector
consists of a “chamber” containing a medium to be ionized (usually a gas, which allows
for easy movement of the ionized electrons), and a scheme by which an electromagnetic
field is applied to the medium in order to “drift” the ionized electrons to collection points,
these points being organized to provide spatial information on the path of the charged
particle.

The Vertex detector (Figure 3.4) consists of 3 cylindrical chambers, concentrically
layered such that the inner radius of the first layer is just outside of the beampipe at r = 3.7
cm, and the outer radius of the last layer is at 16.2 cm. The actual walls between each
chamber are constructed of carbon fiber support tubes, and the chambers are filled with a
mixture of carbon dioxide (95%) and ethane (5%). Each of the layers is segmented in
azimuthal angle @, with the inner layer segmented into 16 cells and the outer layers
segmented into 32. As seen in Figure 3.4, the cells are defined by rows of wires, which run
the length of the cylinder (in the z direction) under tension, and which provide the

carefully shaped electric field. Traces on the carbon fiber tubes provide a cathode which
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Figure 3.4: Side schematic of the DY Vertex Detector.
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coarsely shapes the field; fine shaping is provided by the cathode wires, and the grounded
grid wires serve as anodes to attract ionized electrons to the adjacent sense wires, which
read out the accumulated charge. Note that the cell positions in the three layers are
staggered in order to improve resolution in the r—¢ plane, which is typically ~50 pm.

The track position can be determined in the z coordinate by comparing the amount of
charée'read out at either end of the sense wires, obtaining a z coordinate via charge
division. Measuring the z position of tracks is crucial to reconstructing the location of the
primary interaction vertex, as well as any secondary vertices due to multiple interactions;
knowledge of these vertex positions is used to fix the exact direction of final state particles
and therefore measure their production angles and transverse energy components. While
the Vertex Detector was designed to achieve a z resolution of ~1 cm, the high track
multiplicity environment near the interaction point at Tevatron luminosities has hampered
this performance. As a result, the position of the primary vertex is determined with the aid

of the Central Drift Chamber.

The Transition Radiation Detector

The Transition Radiation Detector relies on the fact that a charged particle moving at
highly relativistic speeds will radiate photons (as X-rays) when it transits between regions
with different dielectric constants. The amount of radiation emitted depends on the speed

of the particle, which in turn will depend on the energy and mass of the particle. For
example, an electron at a certain energy will travel much faster than a ©™ meson with the

identical energy, since the ™ is almost three hundred times more massive than an electron

- and as a result the electron will on average emit more transition radiation. It is this
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difference which the TRD is designed to exploit.

The TRD, like the VTX chamber, is made up of 3 separate cylindrical units. Each
contains foils of polypropylene, 18 pum thick, separated by 150 pm in a volume of nitrogen
gas (Figure 3.5). Since the probability of radiation is about 1% per boundary interface [4],
there are 393 foils in each unit to insure maximum efficiency. After the foils in each unit
there is a dl‘lft chamber, which serves to convert the X-rays and read out the ionization

signal. Since the drift chamber uses a Xe(91%)/CH4(7%)/C,Hg(2%) gas mixture, the drift

chamber in each unit is separated from the nitrogen environment of the foil layers by two

layers of mylar, between which dry CO, gas is circulated to prevent any leakage of gases

between the two volumes.

While this analysis does not explicitly use the information read out from the TRD, its
presence affects the detection of direct photons. At normal incidence (8 = 90°) the TRD
presents 8.1% of a radiation length to a photon; this is most of the material which lies
between the interaction point and the calorimeter. As a result, some fraction of photons
will convert to an electron-positron pair, and will thereafter leave a pair of ionization
tracks. Averaged over the region -0.9 < 1 < 0.9, the probability for such a conversion is
roughly 10%, while in the regions corresponding to 1.6 < [n| < 2.5, where non-normal
incidence on the TRD results in greater material depth and the endplates of the VTX and
TRD present additional material, the probability rises to about 38% [16]. Therefore, a

significant fraction of real photons and jets decaying to photons will convert before the

CDC/FDC, and will behave as an e*e” pair thereafter.
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Figure 3.5: Cross section of the first TRD layer.




The Central Drift Chamber

Surrounding the TRD is the Central Drift Chamber, which like the VTX and TRD has a

cylindrical shape. As seen in Figure 3.6, the CDC is segmented in azimuthal angle (32

Figure 3.6: End view of a section of the Central Drift Chamber.

cells in all) and is four layers deep, with alternating layers staggered for better coverage.
While the physical construction of the cells differs from that of the VTX, with Kapton-
covered Rohacell “shelves” defining the physical cell borders, the configuration of sense
wires centered in the cell along with surrounding grounded guard wires is similar. In

addition to the sense and guard wires, two Teflon coated delay lines run in grooves cut
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into the inner and outer shelves of each cell. Signals induced in the delay lines by the
nearest sense wires are read out at each end of the CDC, and the comparison of arrival
times at the two ends yields a measurement of the z position of the ionization track. The

CDC uses an Ar(92.5%)/CH4(4%)/C0O,(3%) gas mixture.

The Forward Drift Chambers

At smaller angles (closer fo the beamline), rather than extending the central detectors, it
becomes advantageous to place separate detectors perpendicular to the beamline, so that
particles will again impact normally on the detector surface and the z direction extent of
the detector can be minimized. The Forward Drift Chambers thus have a different
geometry than the CDC: each detector (one on each side of the central region) consists of
three disk-like layérs (Figure 3.7) oriented perpendicular to the beamline. The first and
third layer are constructed of four quadrants of six stacked rectangular cells each, so that
each cell covers a different range of angle 6. These two “®” layers are rotated by 45° with
respect to each other. The middle layer is very different, composed of 36 cells which are
like pie wedges, providing discrimination in azimuthal angle ¢. As in the CDC, though,
both “®” and “®@” layers utilize multiple anode and sense wires running along the long
dimension of each cell, and several deep in z, to detect the ionization signal. The gas
mixture used is also the same as in the CDC. Also, in the “@” layers, a single delay line
similar to those in the CDC provides a determination of the location of the track along the

length of the rectangular cell.
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3.2.2 Calorimetry

The DY Calorimeter System (Figure 3.8) measures the energy of most particles by

END CALORIMETER
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Middle Hadronic
(Fine & Coarse)

CENTRAL
CALORIMETER

Electromagnetic
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(Fine & Coarse) Coarse Hadronic

Electromagnetic

Figure 3.8: The D@ Calorimeter (cutaway view).

stopping them completely within the calorimeter volume, thus transferring the (kinetic)
energy of the incident particle to the material in the calorimeter. Accordingly, the
calorimeter contains layers of very dense materials (plates of uranium and steel), within

which the particles shed their kinetic energy, interspersed with layers of an ionizing
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medium from which a signal can be easily measured (liquid Argon). This is therefore a
“sampling calorimeter” - since only the ionization left within the Argon layers is read out,
only some fraction of the energy (about 10%) is sampled. The total energy deposition is
then inferred from this sample by calibrating with particles of known energy in a test
beam, and dériving "sampling weights" which multiply the raw energy read out in each
layer so th.at'the sum exactly represents the true particle energy. We further expect that
readout charge will be proportional to particle energy, so that the calqrimeter response will
remain linear with increasing energy.

Practically, this layering is achieved by enclosing the dense plates within a cryostatic
vessel filled with liquid Argon, so that the Argon-filled gaps between plates become the
readout layers. An example of a calorimeter cell implemented this way is shown in Figure
3.9.

As can be seen in Figure 3.8, the calorimeter is separated into one Central and two
Endcap sections (North and South), housed in separate cryostats to allow easier access to
the interior of the detector. The Central Calorimeter (CC) covers roughly the range
Inl < 1.0 and the Endcap Calorimeters (EC) extend the coverage to |n| = 4.

The CC is further segmented radially into 3 sections (Figure 3.10). The
Electromagnetic (EM) calorimeter is the section closest to the interaction, and it is read
out in 4 separate layers (EM1-EM4) which correspond to 2.0, 2.0, 6.8, and 9.8 radiation
lengths, respectively. Most electromagnetic showers from photons and electrons are
contained almost completely within these 4 layers, and thus it is the most important part of
the calorimeter for this analysis. Beyond the last EM layer, and designed to stop the more

penetrating hadronic showers, are the three layers of the Fine Hadronic (FH) section
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Figure 3.9: Diagram of the layers within a calorimeter cell.

which include 1.3, 1.0, and 0.9 nuclear interaction lengths. Finally, the Coarse Hadronic
(CH) section, which uses copper as an absorber rather than uranium, provides one more
depth segment of 3.2 nuclear interaction lengths to contain the few hadronic showers
which penetrate beyond the EM and FH sections.

The depth segmentation of the EC is similar to that of the CC, with the difference that
the hadronic calorimetry is actually broken up into 3 separate sections (concentric about
the beampipe) called the Inner (IH), Middle (MH), and Outer (OH) sections, with the IH
and MH sections containing both fine (uranium) and coarse (stainless steel) layers of
depth similar to the FH and CH in the central region. The OH section contains only coarse

layers of stainless steel, as it lies in a region of overlapping coverage with the FH section
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Figure 3.10: Side view of a calorimeter quadrant. Lines of pseudorapidity are
shown to demonstrate the projective tower geometry.

of the Central Calorimeter, and thus serves essentially as an extension of the Central
Coarse Hadronic layers. Also, the EC EM layers have slightly different thicknesses than in
the CC, comprising 2.0, 2.0,7.9, and 9.3 electromagnetic radiation lengths.

Figure 3.10 also shows that the individual cells of the calorimeter are arranged
projectively in towers of A X A¢ =0.1x0.1 so that their centers point back to the

midpoint of the detector, which allows good shower shape resolution. In addition, to

provide better measurement of electromagnetic shower position, the third layer of the EM



39

calorimeter (EM3), where EM showers typically leave the majority of their energy, is
more finely segmented (A1 X A¢ = 0.05 % 0.05).

To calibrate the calorimeter modules, sections of CC and EC calorimeter assemblies
were studied in a test beam [17][18]. Electrons and charged pions with well—rneasured
energieé ranging from 2 to 150 GeV were scanned across the modules to simulate various

angles of incidence. These studies found that the response of the calorimeter was linear

above ~ 10 GeV, with a resolution for electrons of 15%/ (ﬁ ), and 50%/ (JE ) for

pions. To finely calibrate the EM calorimeter, calorimeter response was measured in situ

by reconstructing the decays Z — e'e , J/y — ¢ e , and - vy [19]. Since the masses
of these particles are well established (91.187 GeV, 3.096 GeV, and 134.97 MeV,
- respectively) and their decay products span a large energy range, exact calibration of the

TeSponse versus energy is possible.

The Intercryostat Region

To accurately measure energy deposited in the gap between central and end cryostats, two
additional detector systems are installed. The first, .termed massless gaps, consist of single
calorimeter readout cells placed in the region between the cryostat wall and the edge of the
FH calorimeter section (in the CC) or the MH and OH sections (in the EC). These
essentially make the regions between the calorimeter modules and the cryostat walls into
an extra readout cell, albeit with very little mass to stop particles. In addition to the
massless gaps, scintillating counter arrays called the Intercryostat Detectors (ICD) are

mounted in the space between the central and endcap cryostats. Each ICD array consists of
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384 tiles of AMxA¢ = 0.1x0.1, read out by phototubes, and covering an area on the
inside face of the EC cryostats roughly corresponding to the MH and OH sections. While
they are of no aid in identifying electromagnetic showers, the ICD and massless gaps
provide enough information on hadronic showering between calorimeters to assist in the

proper reconstruction of energy deposition between cryostats.

3.2.3 The Muon System

While the calorimeter stops and absorbs most particles within its volume, there are two
particles it will not contain: neutrinos and muons. Neutrinos, due to their extremely small
cross section for interaction with matter, cannot be detected at all, and the presence of a
neutrino in an event must be inferred by summing the energies in the detector and
determining the amount and direction of “missing” transverse energy (E7 ) needed to
make the total transverse energy sum vectorially to zero. Muons, however, will leave a
trace of their passage via ionization - thus the outermost component of the DO detector, the
Muon System, is designed to identify muons and measure their momenta and position.
The Muon System consists of three sets of proportional drift tube chambers (PDTs)
along with a toroidal iron magnet, irnplemented In 5 separate pieces, maintaining fields of
~2 T. The first set of PDTS, called the A layer, is mounted before the toroid and consists of
four planes of PDTs; the B and C layers are mounted outside of the toroid, and consist of
three planes of PDTs each, with the two layers separated by 1m. The A layer, with its extra
plane of PDTs, detects muon hits and allows them to be associated with tracks in the

Central Tracking Chambers; the B and C layers track the muon trajectory after it has been
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bent by the magnetic field in the toroid, and thus allow the momentum of the muon to be

determined from the magnitude of the bend.

3.3 Data Acquisition and Processing

3.3.1 The Trigger System

Since the accelerator produces beam crossjngs every 3.5 ps, the detector must evaluate a
possibly interesting collision 285,000 times per second. At the other end of the timescale
is the rate at which a complete readout of the detector - close to 150,000 channels - can be
written to tape for storage: this is limited to 2-5 Hz. Condensing 285 kHz of potential
collisions down to 2-5 Hz of interesting events which comprise the final data sample is

done using the DG Trigger System, which consists of three successive levels.

The Level 0 Trigger

The first level of triggering is the Level 0 Trigger, which signals that an inelastic collision
occured in the beam crossing and this event is therefore worth examining by the higher
levels of the trigger. The Level 0 system consists of two planes of rectangular scintillation
counters, mounted 90° relative to each other to form a checkerboard-like pattern of
coverage; one such pair is mounted on the front surface of each of the endcap
calorimeters. When both counters register hits after a beam crossing, there is a >99%
probability that an inelastic collision occurred; the rate of coincident hits is also an
independent measure of the beam luminosity, and can provide feedback to accelerator

operations. The timing difference between the two counters can be used to give a rough
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measurement of the z of the interaction vertex, and can also indicate the presence of

multiple interactions - all of this information can be utilized in the higher trigger levels.

The Level 1 Hardware Trigger

Once it is established that a collision has occurred, the Level 1 triggering system examines
the calorimeter and the muon system for evidence of significant energy deposition. In
order to do this within the 3.5 ps deadline, the Level 1 system uses fast, hardware-based
algorithms to evaluate the event. |

In the Muon system, 200 electronic readout boards known as Module Address Cards
(MAC:s) receive from their assigned subset of muon chambers a list of cells from all
planes which registered hits. These hits are processed by the MACs into a single “coarse
centroid,” representing the best quick estimate of the muon position. Centroids output by
the MAC cards are then combined over the A, B, and C layers to give a rough momentum
measurement; this information is then used by the Level 1 system to compare with trigger
requirements for position and minimum momentum within 3.5 s of the interaction. If
needed, the system can initiate additional processing known as the Level 1.5 muon trigger
‘system: this uses “fine centroids” generated by the MACS and can produce a more
accurate measurement of the transverse momentum, but requires another 3.5 us and thus
incurs a deadtime penalty for the entire detector.

In the Calorimeter, a fast readout samples the rising edge of each cell’s signal pulse,
and sums these signals into A1} = A¢ = 0.2 trigger towers, keeping separate account of EM
and hadronic energies. Using lookup memories and the z position from Level 0, these

tower energies are processed to provide the Level 1 system with EM, hadronic, and total
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Er values for each tower, as well as the missing E resulting from a sum over all towers.
These quantities are then compared against the trigger requirements. The average rate of

events passing at Level 1 is about 100 Hz.

The Level 2 Software Trigger

The ﬁr}al level of triggering is provided by the Level 2 system, which consists of 50
VAXstation 4000 computefs (termed “nodes”) connected to the rest of the system by high
speed data cables. Events which pass the Level 1 system initiate a complete digitization
and readout of the detector, and this information is sent to the first available Level 2 node,
which then runs software-based algorithms to evaluate the event in much more detail than
at Level 1. This digitization and processing requires about 200ms; however, this is well
under the average time between events sent to<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>