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ABSTRACT

Results are reported on the reaction p ¥ ppp with beam energy in the
range 4.8-5.5 GeV. The data were collected at the Thomas Je erson National
Accelerator Facility in CLAS experiment E01-017(G6C). The focus of this study is
an understanding of the mechanisms of photoproduction of proton-antiproton pairs,
and to search for intermediate resonances, both narrow and broad, which decay to
pp. The total measured cross section in the photon energy range 4.8-5.5 GeV is

=33 2 nb. Measurement of the cross section as a function of energy is provided.
An upper limit on the production of a narrow resonance state previously observed
with a mass of 2.02 GeV=c? is placed at 0.35 nb. No intermediate resonance states
were observed. Meson exchange production appears to dominate the production of

the proton-antiproton pairs.
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CHAPTER 1

INTRODUCTION

In the Standard Model of elementary particle interactions, particles interact
through three forces; the weak, strong, and electromagnetic interactions (Fig. 1.1)[1].
Gravity is excluded because it is not described by the Standard Model, however it is
also a fundamental interaction. The electromagnetic force is mediated by photons,
the weak force is mediated through Z and W bosons, and the strong force is mediated
through gluons. Each elementary particle has a complementary antiparticle.

The Standard Model describes how elementary particles interact to make up
matter. Quantum Chromodynamics (QCD) is the theory which describes the strong
interaction. However, at the energies of quark con nement, the perturbation methods
of QCD break down for calculating strong force interactions. Just how these processes
actually occur remains one of the major questions to date which physicists are trying
to understand.

We know that the hydrogen atom is made of a proton orbited by an electron,
and that the proton is made up of quarks and gluons. The simplest description
of the proton is that it is made of three quarks,(Fig. 1.2), and while this \Quark
Model™ [2] picture has been very useful in understanding the nature of sub-nuclear
matter, the proton is actually much more complicated. The quarks interact through
the strong force via force carriers called gluons. Quarks and gluons interact to form
various types of sub-nuclear matter called hadrons. Protons and neutrons are a form
of hadrons called baryons, and we also know of other baryons and other forms of

hadrons called mesons.



Table 1.1. The usual Quark Model hadrons and other hadrons allowed by QCD.

Hadron Con gurations
Usual Quark Model Hadrons
Bosons Fermions
aq qqq
Unusual Hadrons
Bosons Fermions
99=099 aqqg
qq9 4qqqq
qqqq

4qq9q9qq
plus other con gurations

Yet the Standard Model suggests many more new forms of matter which are
recently discovered or have yet to be explored [3]. QCD allows the existence of
multiquark mesons, such as a particle containing two quarks and two antiquarks
(9gqq). Hybrid mesons are predicted as well. These contain gluons as well as quarks,
qqg for example. There are also predictions for purely gluonic states (gg or ggg).
In hadronic nuclear physics one studies how quarks and gluons form the observable
hadrons to better understand the origin of matter and the nature of con nement.

Hadron spectroscopy is the study of the interactions and states of mesons,
baryons, and other particles which are composed of quarks and gluons. During
the last half century, many new hadrons have been identi ed expanding our under-
standing of nature. A main goal of nuclear physics is the discovery and the study
of forms of hadronic matter. This includes identifying new mesons and baryons,
pure quarkless objects called glueballs, and other forms of exotic matter like gluonic
hybrids, pentaquarks, and other multiquark states.

New hadrons can be produced through the use of energetic particle beams that
interact with targets or other particle beams[1l]. Examples of particle beams are
photons, pions, protons, and antiprotons. These beams are used to produce many

hadronic interactions, of which the byproducts are observed by particle detectors.
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Bosons

Quarks

Leptons

Figure 1.1. The Standard Model table of elementary particles. Nuclear physicists
study how the quarks and gluons form hadrons.
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Figure 1.2. The decomposition of matter into smaller substructures and elementary
particles.[4]



The focus of this work is the analysis of experimental data collected at Thomas
Je erson National Accelerator Facility (Je erson Lab). Je erson Lab is a U.S.
Department of Energy facility which is utilized by scientists worldwide. At Je erson
Lab, electrons are accelerated using the Continuous Electron Beam Accelerating
Facility (CEBAF), and pass into three experimental halls (Hall A, B, and C). Hall B
is the location of the CEBAF Large Acceptance Spectrometer (CLAS) that is used
to detect the byproducts of the high energy collision reactions. In this experiment,
protons at rest interact with photons of energy up to 5.5 GeV. When the photon
interacts with a proton, the products are projected forward into the CLAS detector,
and the properties of those products are measured. In this study, events are observed
in which the proton and photon interact to produce an additional proton and
antiproton ( p ¥ ppp).

Proton-antiproton studies have a rich history spanning more than thirty years.
Proton-antiproton pair production has been studied in proton-antiproton scattering,
pion-production, and photoproduction experiments. While there has been a history
of much excitement over the prospects of the observation of new forms of exotic
matter decaying to proton-antiproton, these earlier experiments su ered from limited
statistics. Only the J/ meson has been clearly observed to decay to pp [5].

The experiment E99-005[6] at Je erson Lab was optimized for acquiring data
of the reaction p ¥ p; ¥ K*K . In E99-005, approximately 2000 events
identi ed as p ¥ ppp were observed[8]. This relatively large yield was unexpected
because the reaction requires complicated mechanisms to produce the three quarks
and three antiquarks. This yield has led to the search for the same decay in Je erson
Laboratory experiment E01-017 data [7]. Experiment E01-017 had a higher beam
current and was con gured for a larger acceptance of this type of event. E01-017
has provided an order of magnitude larger number of p ¥ ppp events, and it is this

data set that is the main focus of this work.
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Figure 1.3. Di ering pp pair production mechanisms. Left: The pp pair are
produced directly without an intermediate resonance. Right: Production of a
resonance which decays to a pp pair.

Initially, the pp system had much interest due to theories that predicted nucleon-
antinucleon states that are loosely bound in a molecule-like structure called bary-
onium. Bubble chamber experiments that searched for these states used proton-
antiproton elastic scattering su ered very little data and complications arising from
antiproton annihilations. A problem with bubble chamber experiments is that after
the antiproton scatters 0 a proton, it may annihilate before traveling a detectable
distance [9]. Another problem is that events in which the antiproton annihilates
in ight may be indistinguishable from those in which it decays at rest[10]. In
photoproduction the pp pair is produced in the interaction, which suggests that the
pp pair may be produced in the decay of a produced state. It is also possible though
that the pp pair could be produced directly without an intermediate resonance. The
di erence of these interactions is illustrated in Figure 1.3. The intermediate particle
could be a baryonium, a hybrid four-quark meson, or even a normal qq meson.

One di culty in studying the reaction p ¥ ppp is in properly handling the
identical particles. In this nal state, there are two protons, one of which may be
associated with a pp resonance and the other possibly not. In order to characterize
the type of production, one would like to be able to distinguish the protons. Under
some kinematic conditions this can be done. In di ractive production, the photon

essentially \skims" o the proton and produces the proton-antiproton pair (Fig. 1.4).



Figure 1.4. The di raction/meson exchange diagram. In di ractive production,
the photon essentially \skims™ o the proton and produces the pp pair. The recoil
proton is expected to receive very little momentum from a meson which decays to a
proton-antiproton pair.

In baryon exchange, a photon interacts with an exchange baryon, converting it to
a fast forward-going proton, leaving a slow-going resonance (Fig. 1.5). Antibaryon
exchange is similar, except that the fast forward-going particle is an antiproton.
This dissertation is outlined as follows. In Chapter 2, a brief history of proton-
antiproton resonance searches is covered, followed by theoretical predictions for
quasi-nuclear and multiquark baryonia. Chapter 2 ends with de nitions of kinematic
variables used throughout the dissertation. In Chapter 3, the experimental apparatus
and the experimental run conditions are described. The event reconstruction is
described in Chapter 4, and Chapter 5 describes the procedures used to select and
identify the reaction p ¥ ppp. Chapter 6 describes the general features of the data.
Chapter 7 describes the models and methods used for generating Monte Carlo events,
and also describes CLAS resolutions studies. In chapter 7, a description of how the
Monte Carlo simulations were t to the data is given. Chapter 7 also explains how
the production mechanisms for proton-antiproton pair production were determined.
In Chapter 8, upper limits on the production of a previously observed resonance

is calculated, and also cross section measurements are shown. In Chapter 9, an
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Figure 1.5. The baryon exchange diagram. In baryon exchange, a photon interacts
with an exchange baryon, converting it to a fast forward-going proton. The produced
proton is expected to have high momentum compared to the other decay products.

angular moments analysis is shown as part of the search for resonances decaying to

proton-antiproton pairs. The results of the analysis are summarized in Chapter 10.



CHAPTER 2

BACKGROUND HISTORY AND
THEORETICAL PREDICTIONS

2.1 History of Proton-Antiproton Studies

The proton-antiproton system has had a rich history spanning more than thirty
years. In the late 1960s, there were claims of a meson resonance with a mass of 1.93
GeV=c? seen using a missing mass spectrometer at the European Center for Nuclear
Research (CERN)[11]. In 1968, it was hypothesized that this narrow resonance
was a baryonium particle when it was observed in a pp elastic scattering bubble
chamber experiment at Brookhaven National Laboratory(BNL)[9]. This implies that
it should be possible to produce the state in pp interactions and also observe it in
pp decays. There were then claims that other experiments found the resonance in
proton-antiproton scattering experiments [12][13][10]. Beginning in the late 1970s
there were additional claims of higher mass resonances at 2.02 and 2.20 GeV=c? in
the proton-antiproton system[14][15] [16]. However, subsequent experiments refuted
these claims [17][18], and until recently the debate had diminished.

The resonances claimed by Benkheiri et. al. in 1977 [14] were signi cant because
they were the rst claims of a resonance decaying to a proton-antiproton pair. This
experiment was performed using CERN’s Omega spectrometer. In the reaction

p I Pepp, Where pg is a high momentum proton compared to the other
particles, it was assumed that a resonance was produced through baryon exchange.
They claimed observation of two narrow peaks (Fig.2.1), one at 2.020 and the other
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at 2.200 GeV=c2. The 2.020 GeV=c? resonance had a signi cance of more than 6
standard deviations. The 2.020 GeV=c? resonance was reported to have a width of
24 12 MeV=c?. The width of the 2.200 GeV=c? resonance was 1622 MeV=c?. The
cross section of the 2.02 GeV=c? resonance was measured to be 30  12nb.

Other experiments with lower statistics supported the 2.020 GeV=c? resonance[15]
[16], but an experiment at BNL [18] refuted these claims. The BNL experiment
observed approximately 7000 events of the type p X pepp. They did not
observe resonances, and an upper limit of 3nb was placed on the resonance cross
section.

The rstexperiment to produce proton-antiproton pairs via photoproduction used
the 7 GeV Electron Synchrotron DESY at Hamburg in 1983 [16]. The experiment
recorded 230 events of the type p ¥ ppp. The experiment claimed to observe a
pp resonance with a mass of 2.024 GeV=c? with a width of 27 MeV=c?, and a cross
section of 14 5nb. The total pp cross section measured by DESY is shown in Figure
2.2. Note that the DESY experiment analyzed the same reaction as in the E01-017

p ¥ ppp analysis. DESY also ran with a photon beam energy from 4.7 to 6.6 GeV,
which is comparable to that of E01-017, which ranged from 4.8 to 5.5 GeV. These
similarities make the DESY results ideal for comparison to the results of the E01-017
analysis.

CERN performed a followup experiment to the one which observed resonances
in 1977[19]. In 1997, CERN published results which refuted their earlier claims of
the 1.93 and 2.02 GeV=c? resonances. Yet in 1999, a reanalysis of the same data
resulted in the con rmation of the existence of the 2.02 and 2.2 GeV=c? resonances
[20]. The claim of this new analysis was that certain kinematic cuts were necessary
to favor the production mechanism of the resonance. Ferrer et. al. claimed that
the resonance production occurred in a central production mechanism, as shown
in Figure 2.3. Various kinematic cuts were used to enhance the signal in central

production mechanisms. In the pp rest frame of a central production mechanism, an
9
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Figure 2.1. The pp invariant mass spectrum from p ¥ Pepp events taken at
the CERN Omega spectrometer. a) The entire data sample. b) Events in which the
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Figure 2.2. Total cross section of p ¥ ppp as a function of photon energy. The
gure shows the results from DESY (red) and NINA(blue). The results of this analysis
will be directly compared to those of the DESY experiment.

exchange proton and an exchange antiproton head towards each other. After forming
a resonance, the decay has no preferential angular distribution. The other nal state
particles are either moving in the direction of the beam or in the direction of the
target. The kinematic cuts were used to enhance this mechanism, and to reduce
mechanisms in which most of the nal state particles move in the beam direction. It
was shown that the 2.02 GeV=c? resonance was enhanced by these cuts.

Presently, the only well-known particle that decays to proton-antiproton is the
J= particle, which has a mass of 3.097 GeV=c? [5]. Recently, the BES collaboration
claimed the observation of a baryonium state seen in radiative J= decays [21]. The
claimed state appears as an enhancement in the pp invariant mass spectrum near
threshold as shown in Figure 2.4.

Recently, Je erson Laboratory observed the photoproduction of proton-antiproton
pairs. Experiment E99-001, an experiment to search for unusual mesons, observed

approximately 2000 events of the reaction p ¥ ppp[8]. A preliminary study of this
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Figure 2.4. The pp invariant mass distribution for the J= ¥ pp reaction at
BES[21]. The enhancement seen at 1.90 GeV=c? is claimed to be a sub-threshold
baryonium resonance.

12



120 F e 173011 |

Entriza ZBED
- M=o 2018
I NS 0.9599E—01 |
B ! Frnar 1TES 7 30|
1ha P 1029
- pa 1.850
= P3 0. FB8GE-D2
- / \ P4 ET.23
- [ 2014
| FE 0.3313E-02
1 Yy — 1497,
| ‘} PE 1628,
il Pg 26,3

AL
A

:J( Preliminary

i

Figure 2.5. The pgowp invariant mass spectrum, from CLAS Analysis Note 2001-001
by V. Koubarovsky, M. Battaglieri, and M. Ripani. An enhancement was observed
at a pp invariant mass of 2.02 GeV=c?. An enhancement was also observed at 1.95
GeV=c?,

data suggests a possible resonant structure at 2.02 GeV=c?, consistent with earlier
observations (Fig. 2.5).

In 2001, Je erson Lab Experiment E01-017 acquired a large sample of photopro-
duction events at beam energies of 4.8-5.5 GeV. E01-017 acquired more than 18,000
events of the reaction p ¥ ppp. Itis the analysis of this data which this dissertation
is based. With such a data set, it may be possible for the rst time to search for the
existence of both narrow and broad resonances via the use of angular and kinematic
dependence of the proton-antiproton system.

Historically, the pp system has a rich, but controversial, history of narrow reso-

nance observations. The debate on the existence of these states has greatly lingered

on due to a lack of statistics, supporting evidence, and con icting experimental
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results. The source of proton-antiproton production in pion and photoproduction

experiments is unexplained.

2.2 Quark Model Predictions

Originally, Fermi and Yang attempted to describe the pion as a nucleon-
antinucleon state [22]. They found that the state would share many properties as
those of the pion from Yukawa theory. In the 1970s, theorists associated NN states
with new types of particles with masses near the NN threshold [23]. These theories
were encouraged by many experimental results at the time. These states can generally
be categorized into either quasi-nuclear baryonium or multiquark baryonium.

The quantum numbers of a proton-antiproton state are exactly the same as those
for a quark-antiquark state since they are both Dirac fermions. Parity is ( 1)-*1,
and charge conjugation is ( 1)-*S. Both particles have spin = 1, so the total spin
quantum number is S = 0 or 1. The allowed JPC are 0**, 0 *, 1**, 1* | 1 |
2*+. 2 *, 2 ,3 ,andso forth. The set of J°¢ quantum numbers which are not
generated by this prescription (JP¢ =0 ,0* ,1 *,2* ,..) are not allowed. These
JP€ quantum numbers also correspond to the exotic J°C for mesons. These exotic

guantum numbers are forbidden for qg mesons as well as for pp states.
2.2.1 Quasi-Nuclear Baryonium

A quasi-nuclear baryonium state is thought of as a six quark state in which
the nucleon-antinucleon components interact via meson exchange [24]. Shapiro
predicted that there would be 10-20 bound and resonant states with widths of 1-100
MeV. In formation experiments, these states would manifest themselves in radiative
electromagnetic transitions from pp-atomic Coulomb states to quasi-nuclear ones.

Dover et. al. attempted to interpret some experimental results as being NN

resonances [25]. Dover used a One Boson Exchange model (OBEP) to explain
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the NN interaction. The OBEP model depended on exchange of mesons with
well-de ned G-parity. The NN potential Vyn(r), was constructed from the NN
potential by inverting the signs of those terms corresponding to exchange of mesons
of odd G-parity. In this model, the !-exchange potential (G=-1) became attractive,
whereas it is repulsive in NN systems. From this model, Dover predicted that strong
tensor forces would produce I = 0 high-spin states (3 ;4%;5 ) relatively near the
NN threshold [26].

2.2.2 Multiquark States

The Quark Model provides a simple scheme for resonances assumed to be QQ
states. The meson resonances lie on Regge trajectories which were developed from
the ground state QQ con gurations by adding angular momentum [27]. The di culty
for Q2Q? con gurations is the large number of states. Ja e cataloged these states
and used the MIT bag model to estimate Regge slopes and intercepts. Ja e then
used the 3Py model to estimate the couplings of Q?Q? states to NN. The 3Py model
simply uses vacuum quantum numbers for a qq pair produced from the vacuum([28].

The MIT Bag Model describes multiquark hadrons and ordinary mesons (QQ)
and baryons (Q®) using the same dynamics. For a QQ system, the bag contains a
quark antiquark pair interacting through the color-electric ux. For large angular
momentum, the ux carries most of the angular momentum and energy. The slope of
the Regge trajectory is determined by the magnitude of the color ux which depends
on the color charge at each end. For ordinary mesons and baryons, the SU(3) color
representation on either end is always a 3 or 3, hence QQ and Q3 trajectories have
the same slope.

For Q2Q?, two quarks at one end can couple to a 3 or 6 as shown in Figure
2.2.2. A QQ pair at the end can couple to a 1 or 8. Thus three families of Q?Q? are
possible, with di ering Regge slopes.
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Figure 2.6. The Q2?Q? system with a diquark and antidiquark at each end. The
diquark can assume the color representations 3 or 6.The angular momentum barrier
suppresses the coupling to mesons.

3 3
6 6
8 8

From this picture the 3 3 and 6 6 states are predominantly NN resonances.
Coupling to mesonic nal states is suppressed by an angular momentum barrier.

The Q?Q? states which couple to NN have two quarks at one end and two
antiquarks at the other. Two quarks in the same spatial state must be antisymmetric
under exchange of color, spin, and avor. If they are antisymmetric in color (3) ,
then they must be symmetric in both spin and isospin or antisymmetric in both spin
and isospin. If they are symmetric in color (6) they may be either symmetric in spin
and antisymmetric in isospin or vice versa. States in which a QQ pair sit at each
end of the bag do not couple to NN.

Q?Q? states in the 3 3 con gurations lie on trajectories with the same slope
as ordinary QQ and Q3. For 6 6 con gurations, the trajectory has a smaller slope

which results in the masses being more widely spaced. However, for low angular
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momentum, mixing occurs between the 3 3 and 6 6 trajectories, which implies
curvature in those trajectories. This does not occur in QQ or Q3. At high angular
momentum, the diquark and antidiquark separate and mixing stops.

From the 3Py, model, it is assumed that the annihilating QQ pair have vacuum
quantum numbers (J® = 0*,1 = 0,color singlet) and the other quarks remain in the
same con gurations. The result is that the 6 6 trajectories decouple from the NN
system.

Several families of Q?Q? states are possible, but only the 3 3 con gurations
should couple strongly to NN. These states have been dubbed the \true" baryonium
states. The 6 6 con gurations, the \mock™ baryonium, couple weakly to both NN
and mesons, but are di cult to form in NN scattering. They may couple more
strongly to production processes, and may be candidates for narrow states. If the
quark-model classi cation scheme applies to the Q2Q? sector, then hundreds of NN

resonances in the region between 1.6 and 3.0 GeV await discovery.

2.3 Momentum Exchange Variables

Possible production mechanisms which describe the photoproduction of a proton-
antiproton pair are di raction/meson exchange, baryon exchange, and antibaryon ex-
change. In each process, an intermediate resonance may be produced. We can search
for these states rst as structures in the invariant mass and angular distributions. In
peripheral production, the photon interacts with an exchange particle which transfers
little momentum to the target proton. The photon interaction produces a resonance
which decays to a fast forward-going proton-antiproton pair. In baryon exchange,
the photon interacts with an exchange baryon converting it to a fast forward-going
proton leaving behind a slow moving resonance at the target vertex. The slow moving
resonance then decays to a proton-antiproton pair. For antibaryon exchange, it is

assumed that the photon interacts with an exchange antibaryon converting it to a
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Figure 2.7. The Feynman diagrams for baryon exchange (left) and meson exchange
(right). The proton with the most momentum was assumed to be associated with
the top vertex for both production mechanisms.
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Figure 2.8. The Feynman diagram for antibaryon exchange. It was assumed that
the antiproton would have the most momentum of the three particles for this type
of production mechanism.

fast forward-going antiproton, leaving behind a resonance at the target vertex which
decays to two protons.

A di culty arises in the distinction of meson exchange and baryon exchange
production due to having identical protons in the nal state. To be fully correct,
one needs to antisymmetrize the production amplitude with respect to exchange of
the protons because they are indistinguishable. But using kinematic signatures, one
can distinguish the protons to a good degree. For antibaryon exchange, it does not

matter since both protons are at the same decay vertex.
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Figure 2.9. The two-body reaction diagram. This diagram illustrates how the
Mandelstam variables are de ned. P3 and P4 are de ned di erently for meson and
baryon exchange.

The protons were labeled according to their momentum. In both meson and
baryon exchange processes, the proton produced at the photon vertex ( gure 2.3) is
expected to have more momentum than the proton at the target vertex. Therefore,
the proton with the greatest momentum will be associated with the proton at the
photon vertex and labeled pfast. The proton with the least momentum will be
associated with the proton appearing at the target vertex and labeled pgjow-

The momentum exchange variables used in this analysis are de ned by the
Mandelstam variables s, t, and u. Mandelstam variables are de ned for a two-body

nal state, whereas this reaction has a three-body nal state. The Mandelstam
variables can be de ned by assuming a pp system as shown in Figure 2.3. Using the

standard de nitions, the variable are de ned by

s (p +p,, )
t (p pP3)2'
u (e pp)’

For meson exchange, de ne P3 and P4 as
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meson
P3 ppfast + pp

meson
P4 ppslow

Whereas for baryon exchange de ne P; and P4 as

baryon
P3 ppfast

baryon
P4 ppslow + pp

Therefore, the magnitude of the four-momentum exchange for meson and baryon

exchange are
2
L

b 2
NP Ppgasd)”™

Additionally, the minimum values of t due to kinematic limitations are

mé
meson pgreson (ECM  pSM.,.)2
min 4s pjneson
m? 2m3)?
tbaryon ( Pfaryon ) (EC M CM 2
min 4s pp baryon
3
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CHAPTER 3

THE EXPERIMENT

3.1 Overview

The experiment was performed at Thomas Je erson National Accelerator Facility
in Newport News, VA. Je erson Lab is the location of CEBAF, the Continuous
Electron Beam Accelerator Facility. CEBAF is capable of delivering three separate
beams of electrons with energies up to 6 GeV to detector halls A, B, and C [29]. Hall
A contains two high resolution magnetic spectrometers for the simultaneous detection
of scattered electrons and hadrons. Hall C is equipped with two medium resolution
spectrometers which have complementary momentum ranges. The data presented
in this dissertation were taken at Hall B, using the CEBAF Large Acceptance
Spectrometer (CLAS).

3.2 The Accelerator

Je erson Lab’s Continuous Electron Beam Accelerator Facility (CEBAF) uses a
racetrack design in which two anti-parallel LINACs and recirculating magnet arcs are
used to accelerate electrons up to an energy of 6 GeV (see Figure 3.1). Electrons are
injected into the accelerator with an energy of 45 MeV. The beam can be polarized
using the polarizing electron gun [30]. The polarized electrons are produced by
illuminating a GaAs photocathode crystal with circularly polarized laser light. Three
independent lasers are synchronized and combined to illuminate the photocathode
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emitting a 1497 MHz pulse train of electrons [31]. Two meters downstream, an RF
buncher cavity chops the beam to compensate for space charge e ects at higher beam
currents. The beam currents span a large dynamic range of 100pA to 100 A. Each
of the three beams are delivered to their respective halls at a frequency of 499 MHz,
or one pulse per 2.004 ns. The electrons are accelerated by two LINACs which consist
of eight cryomodules, each of which contain four pairs of ve-cell, 1497 MHz niobium
accelerating cavities.

Electrons are rst injected into the accelerator by an electron gun, and are then
accelerated by a LINAC. The electrons are then redirected by the rst of a set of
magnet arcs and pass through the second LINAC. Additional sets of magnet arcs
allow for this process to be repeated up to four more times by recirculating the
electrons through the LINACs. Each beam can obtain a multiple up to ve, of the
initial lap energy. After the electrons are accelerated, the beams are split into the
three halls. Due to the small amount of synchrotron radiation, the spread in the

beam energy is only £ <10 *.

3.3 The CEBAF Large Acceptance Spectrometer

The CLAS detector is mainly designed to measure the momentum, time of ight
and path length of charged particles produced when a beam photon or electron
interacts with the target (see Figure 3.2). The detector uses a toroidal magnet
used to bend the paths of charged particles away from, or towards, the beam line.
Drift chambers measure the momenta and path lengths of charged particles while
time-of- ight(TOF) scintillator counters measure the time a particle is detected.
The Start Counter near the target used in photon beam runs, obtains the event
start time. Combining this information, the particle’s velocity( ) can be measured
and used to calculate the mass of the particle. A Cherenkov detector is employed

to di erentiate between certain charged particles. The Forward Electromagnetic
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Figure 3.1. CEBAF at Je erson Laboratory. Electrons start at the injector and pass
through the LINAC toward the top left of the image. The electrons are circulated
by one of the magnet arcs and pass through the second LINAC. The electrons can
be recirculated up to four more times before being inserted into one of the halls.

Calorimeter is used to detect electrons and neutral particles. A detailed description

of the CLAS apparatus is given in Reference [29].
3.3.1 Torus Magnet

The torus magnet consists of six superconducting coils. The coils are cooled to
4.5K using supercritical helium. Field lines are generated in the azimuthal direction
surrounding the beam line as shown in Figure 3.3. This preserves the azimuthal angle

of charged particles traversing the magnetic eld. Charged particles bend away or
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Figure 3.2. A cutaway view of the CLAS detector. Charged particles are bent by
the torus magnet (cyan) and tracked by the drift chambers (purple). Their time of

ight is then measured by the scintillator counters (red). Cherenkov counters (blue)
are used for further particle identi cation. The electromagnetic calorimeters (green)
detect electrons, photons, and neutrons.
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towards the beam line, depending on the charge and torus current setting. The
magnet is designed so that the magnetic eld can be reversed. The magnet contains
no iron, which would become magnetized, thus the eld can be accurately calculated
directly from the torus current.

The kidney-shape geometry results in a high eld integral for forward-going
particles, and a lower integral for particles emitted at larger angles. At a maximum
current of 3860A, the maximum eld reaches 3.5 T in the forward direction. The
current used for E01-017 was 1938A. The coil geometry also preserves a eld-free
region near the center of CLAS for the operation of a polarized target.

The six coils of the torus magnet de ne much of the geometry of the CLAS
detectors. The coils create regions in which particles may not be detected. Therefore,
the electronics and structural components of many of the CLAS detectors are placed

in these regions. This results in the six symmetric sectors of the CLAS detector.
3.3.2 Drift Chambers

Drift chambers are used to track charged particles as they bend in the CLAS
magnetic eld [32]. The CLAS detector has eighteen drift chambers located at three
radial positions in each of the six sectors. The \Region One"(R1) chambers surround
the target in a region of low magnetic eld. The \Region Two"(R2) chambers are
between the torus magnet coils in a region of high magnetic eld. The \Region
Three"(R3) chambers are located outside the torus magnet coils. A drift chamber
has two endplates placed parallel to neighboring torus coils, with thousands of high
voltage wires stretched between them.

A row of wires make up a layer. Each successive layer is placed so that the
wires are shifted by half the distance of the spacing between individual wires. A
pattern of two layers of eld wires followed by a layer of sense wires creates a
honeycomb structure in which each \cell"" consists of six eld wires surrounding one

sense wire (Figure 3.4). The honeycomb structure improves the track reconstruction
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(B)

Figure 3.3. A: Contours of constant absolute magnetic eld for the CLAS toroid
in the midplane between two coils. The eld strength is shown for a current much
larger than that used in the g6c experiment. The current used for this experiment
was 1938A. B: Magnetic eld vectors for the CLAS toroid transverse to the beam in
a plane at the center of CLAS. The length of each line segment is proportional to
the eld strength at that point. The six coils are seen in cross-section.
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by discriminating which side of the sense wire a particle passed in an individual cell.
Each R1 sector has 1296 drift cells, R2 has 2262 cells, and R3 has 2304 cells.

Sense wires are maintained at a positive potential, while eld wires are placed at
negative potential with the absolute value at half the sense-wire potential. Each drift
chamber consists of two superlayers, each of which is made up of several wire layers.
The superlayers are tilted at a six degree angle to one another to provide azimuthal
information.

The drift chambers are lled with a gas consisting of 88% argon and 12% CO,.
When charged particles traverse a cell, the gas becomes ionized and \drifts" towards
the sense wire. Each sense wire is attached to a pre-ampli er which delivers the
signal to a post-ampli er and discriminator board (ADB) which produces digital
output pulses. The pulses are then input into a time-to-digital converter (TDC)
board.

The distance-of-closest approach (DOCA) of a track to the sense wire is a function
of the drift velocity and the time it takes for ions to drift to the sense wire. This
DOCA value is used to obtain initial tracks. For each cell, there is an ambiguity as
to which side of the sense wire the track passed by. To resolve this, the 2 values for
each of the initial tracks are compared. The set of tracks contains every left-right
combination possible. The DOCA value for each cell is reobtained by tting a track
to hits in cells excluding the one being t and calculating the distance from the track

to the sense wire.
3.3.3 Time of Flight Scintillators

The time-of- ight(TOF) scintillators are made using Bicron plastic scintillator
which radiates when traversed by ionizing charged particles. The scintillator thick-
ness of 5.08cm was chosen to produce large signals from traversing minimume-ionizing
particles. The photon pulses which are emitted by the scintillator are absorbed by

photomultiplier tubes (PMTs) to collect the signal.
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