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Abstract of Dissertation

This dissertation presents the first measurement of the > beam asymmetry of
the reaction Yp — aJ(980)p, where the incident photon energy is E, ~ 9 GeV. Data
on this reaction were collected by the GlueX experiment in Hall D of the Thomas
Jefferson National Accelerator Facility in Newport News, VA. The aJ(980) is a short
lived, neutral particle, and is detected as a resonance in the spectrum of the vp reac-
tion. After photoproduction, the ad(980) decays into n7°, both of which subsequently
decay into two photons. Only the final-state particles, the four photons and the re-
coiling proton, were detected by the GlueX apparatus. From the data collected the
¥ beam asymmetry of a)(980) photoproduction is determined. Additionally, values
for the mass and width of the a$(980) were extracted from a fit to the 4-photon in-
variant mass. Neutral pion photoproduction in yp — 7% and Yp — a3(980)p were
compared with a Regge-model phenomenology. The Y beam asymmetry is a polariza-
tion observable that gives insight into the interaction between the photon and proton
that produces the a3(980). The goal of studying such an observable is to further

characterize the behavior of the Strong Force that dominates nuclear physics.
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Glossary of Terms

CDC Central Drift Chamber, a set of straw tubes used for tracking of charged
particles. The straws run mostly parallel to the beam line, and each
layer is offset from the radially previous layer to ensure full coverage.

CEBAF| Continuous Electron Beam Accelerator Facility at Jefferson Lab

DOE United States of America Department of Energy

FCAL | A lead glass array known as the Forward Calorimeter.

FDC Forward Drift Chambers, a set of circular chambers to track forward
scattering charged particles.

GlueX | The GLuonic Excitation Experiment at the Department of Energy’s Jef-
ferson Laboratory

JLab Thomas Jefferson National Accelerator Facility

LQCD | Lattice Quantum Chromodynamics

QCD Quantum Chromodynamics

QED Quantum Electrodynamics
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Chapter 1: Introduction

1.1 Hadron Spectroscopy

Spectroscopy, in its most general form, is an experimental technique wherein a beam
of particles collide and interact with a target, and the ejecta from that collision
are analyzed to deduce information concerning physical properties of the target. In
the present analysis, an incident linearly-polarized photon beam of a nominal en-
ergy of 9 GeV and a liquid hydrogen target are used. In order to study the large
diversity of phenomena that emerge from the 7p interaction, a group of physicists
formed the GlueX Collaboration to develop, construct and utilize the specialized
GlueX detector system, now housed in Hall D at Jefferson Laboratory in Newport
News, VA. The present investigation, however, is to measure a specific property of a
known phenomenon. In particular, a measurement of the ¥ beam asymmetry of the
p — a$(980)p reaction is presented in this dissertation.

The aJ(980) is a light scalar meson, I¢(JP¢) =1 (07F), that is detected in the
GlueX spectrometer via two-fold decay, first into n and 7 mesons, and then into 4+,

two each from the 7° and 7, respectively. In sum, the reaction is:

Y4+p—ay(980) +p—=n+al+p—4y+p, (1.1)

as shown in Figure 1.1
1.2 Background on the a$(980)

First indications of a resonance around 980 MeV appear in Refs. [13-15]. Currently,
the Particle Data Group lists around 65 total references in its summary of the a$(980)
resonance, Ref. [16]. Despite a great deal of work and time invested, the nature of

the light scalar mesons, including the af(980) is not well understood; this problem is
1



Figure 1.1: Photoproduction of the a3(980) and subsequent decay into nm” each of
which then decays into 2+

described in detail in the Review of the Light Scalar Mesons included within Ref. [16].
Photoproduction was first shown to be a feasible avenue of investigation into the light
scalar mesons in Ref. [17]. To date, there is no known measurement of the beam

asymmetry under photoproduction of the a3(980).

1.3 Beam Asymmetry

The yield of a photoproduction reaction, assuming a linearly polarized incident photon
is given by:

Ni2(9) ~ A(¢)Fi» 1+ PoXcos(2(¢ — ¢o)) (1.2)

where N is the yield, A(¢) the detector acceptance, F' is the beam flux, P is the
degree of polarization, || and L refer to parallel and perpendicular polarization states
relative to the floor of the lab, ¢ is the azimuthal angle and ¢, is the polarization
angle, and X is the beam asymmetry; this formula is discussed further in Chapter 5.
It is important to note that X is not experimentally extracted directly from the yields,

but rather from a fit to the ratio: —~2—x

ﬁ It is more advantageous to fit this ratio

over directly fitting the yields, because several factors cancel in the ratio.



1.4 Data Collection

Data on this reaction were taken in 2017 by the GlueX experiment at Jefferson Labora-
tory in Newport News, Virginia. The experimental setup is described in greater detail
in Chapter 3. In summary, a linearly polarized photon beam interacts with a liquid
hydrogen target. Inside the target, we have the reaction of interest yp — ad(980)p,
among many other reactions that are being analyzed by others in the GlueX Collab-
oration. Being short-lived, the aJ(980) is identified through its decay products. As
shown in Figure 1.1, we have that a(980) — nm® — 4v. The final 4vs are detected

by calorimeters that nearly fully cover the scattering angles out of the target.

1.5 Organization of the Dissertation

In this dissertation, after a short description of relevant theory, the experimental
setup is described. Then the methodology for extracting the > beam asymmetry
is described and performed. Additionally, we present the results of a fit to the 4~
invariant-mass distribution using the Flatté distribution given in Ref. [18]. These
values provide insight into the pole position of the aJ(980) in the complex energy
plane. Furthermore, as the invariant mass is the primary discriminant to separate
ad(980) particles from other processes, this fit enhances our confidence that the ¥
we extract is associated with the Yp — a)(980)p process. Finally, we compare the

theoretical prediction made in Ref. [4] with the data collected in this experiment.



Chapter 2:

2.1 Mesons and The Standard Model

The Standard Model tells us the universe is made up of a limited set of fundamental
particles, shown in Figure 2.1. Of particular interest here are the quarks and gluons.
Quarks are not directly observable; they can only be seen in states bound by the
strong force known as hadrons [19].1 Amongst the hadrons, those that behave as
bosons are known as the mesons [20]. The mesons themselves represent a whole family
of particles, but the present investigation is of the properties of the photoproduction

of one particular member of that family, namely the a$(980).

The mechanism that prevents the direct observation of quarks is known as confinement, and

remains poorly understood.

Theory
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Figure 2.1: The Standard Model of Particle Physics [1]
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2.1.1 Quantum Chromodynamics

It is natural that to look to quantum chromodynamics (QCD) to provide insight
into strongly bound states such as the a3(980). QCD is the currently accepted and
very successful theory of the strong force, and what follows is a summary of the
theory as found in Ref. [16]. At relatively high energies, the theory can be treated
perturbatively, allowing for extremely precise calculations. The QCD Lagrangian is:

> 1

Loop = Vqa(i7"Ouda = 957" AL = Medu)op = TF M, (21)
q

where v); is the quark field, g, is the QCD coupling constant, m, are the quark masses,

and F4" is the gauge-invariant gluon field-strength tensor given by:

Fi = 0,A) — 0,A) — g fPCADAS (2.2)

[t4,¢7) =i fapct® (2.3)

where Ag are the gluon fields and fapc are the structure constants of SU(3).
However, at sufficiently low energies, such as the relatively low quark momenta
found within hadrons, the strong-force coupling constant a, = ¢2/4r is sufficiently

large to preclude perturbative treatment [16,19]. We are therefore denied, at least via

Photon, Leptons
Wt Z% [ (pions (electron,
Gluon, MUoLL,
Higgs neutrino,...)

Figure 2.2: Taxonomy of Observable Particles [2]
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a perturbative approach similar to the electroweak case, a means of calculating the
behavior of low energy bound states [19]. As a result, we cannot directly derive, from
the standard model, a calculation that would predict a quantity such as the beam

asymmetry [19]. However, phenomenological approaches remain.

2.2 Constituent-Quark Model

The Constituent-Quark model has its origins in Ref. [21]. Since that paper it has
become an accepted model for the strongly confined particles made of quarks. The
quark theory posits, like the Standard Model, that hadrons are collections of quarks.
The hadrons are then organized according to their quark content and implicated
quantum numbers. Assuming the a$(980) is a diquark, it is proposed to be part of
a nonnet. For the a3(980), we have I¢(JFY) =1 (0**). With an isospin of 1, we
expect it to be a part of a triplet, and this precisely what we find in the nonnet,
shown in Figure 2.3.

With no strangeness, the quark model for an isospin 1 system implies that the
ad(980) is the |1, 0) state. We therefore expect it to be a superposition of up and down
quark states where up is |1, 1) and down is |5, —3). According to the Clebsch-Gordon

table then we have:

r_ r_

111 1 1 11 1 11
00080) = [1.0) = = =, = — —— oo —5 oo 2.4
agO80)=1L0)= 5.5 375 t 53375 33 (2:4)

r_

1

Of course this tells us little about the dynamics of photoproduction, as photons are

not included in the constituent-quark model.



2.3 Regge-model

The basic proposal of the Regge-model is to consider angular momentum as a
complex variable. We will not attempt to give a complete general treatment of the
Regge-model. Rather, we shall attempt to give a modern intuition for the model. It
is recommended the reader see Refs. [22-25| for a more complete treatment.

We summarize here the introduction to the topic given in [22]|. In non-relativistic

scattering theory, using the Schrodinger equation, one is used to assuming an incoming

el

plane-wave, and an outgoing spherical wave, i.e., W(Z) ~ etk &y f (0);, where k and
Z are the momentum and position vectors respectively, 0 is the scattering angle, f
the scattering amplitude, and r is the distance from the scattering point.

In the case of the linear superposition of spherically symmetric potentials (in

Ref. [22], a superposition of Yukawa potentials is taken) one arrives at, with ¢ the

Q=-1 Q=0 Q=+

Figure 2.3: Nonnet containing the @J(980) in the center. As expected, it has
no strangeness and no charge. Its isospin siblings are charged, but also have no
strangeness [3].



angular quantum number and &, the phase shift:

Xoor4+1
k

f (K%, cos(0)) = e sin(dy) Py(cos(6)) . (2.6)

=0

Omnes and Froissart then define [22, p. 25]:

' sin(dy) 1 i5
ag(/{:z) = T = ﬂ 62 o 1 5 (27)

which, in their words, can “easily be expressed in terms of the Jost functions as:” [22, p.
25] 2

as(k?) = ﬁ (—1)“1% 1 . (2.8)

It can be seen here that a,(k?) will have poles wherever ¢ (¢, k*) = 0. These poles
of a; we shall call ;(k?). These are the Regge poles, and give rise to bound states.
To consider this in terms of complex angular momenta, we invoke the Sommerfeld-
Watson Transform that takes the sum in the equation for f(k?, cos(#)) to an integral

in the complex-¢ plane. Glossing over the details given in Ref, [22], the outcome is:

: £ 2L (90 4 1)ay (k) By~ 608(9))d5+x Bi(k?) Pay 12) (— cos(6))

12 i1 sin(m/) . sin(ma; (k?))
(2.9)

F(k?, cos(0)) =

from Ref. [22], “where 3;(k?) stands for the integral (2¢ + 1)a,(k*)d¢ around the pole
a;.” [22, p. 46] In the relativistic field-theory version of this same argument, these
poles become bound states and resonances in much the same way that one is familiar
with in the usual Feynman arguments about the complex-energy plane [19,22]. The
difference here is that, rather than exchanging single particles, Regge theory suggests
that you exchange all Regge poles on a so-called “Regge trajectory,” that is poles

which have the same spin [22|. That leads to the rules for replacing the usual Feynman

2The Jost functions are defined to be the radial solutions of the Schrodinger equation of the form

ue ~ (¢, k2)etk + ot (£, k?)e~"". One can show that %% = (—1)¢+! g;gﬁ’;i; [22, p. 25].

8



propagators with the Regge propagators. In the present case, the relevant propagators
are derived and developed in Ref. [26].

2.4 Theoretical Predictions

The vp — a$(980)p reaction is determined by four helicity amplitudes. In Ref. [27],
a number of weak Regge absorption models are developed. Of particular interest here
is the development of the yvp — 7%p model, which is used by analogy to generate a
prediction for the aJ(980) photoproduction process in Refs. [4,26]. Following Ref. [4],

we use the notation of Ref. [27] to define the four helicity amplitudes of this reaction:

fi=frror=%f o8, (2.10)
fo= frrow =F[f o, (2.11)
fs = For =F[f 1704, (2.12)
Jo= Fuor = £ 170, (2.13)

where from [27, p. 866] we have that “fu . is the amplitude for a photon with
helicity a striking the target nucleon of helicity b and producing a spin-zero meson
and a nucleon with helicity d.” We then define, as in Ref. [27], f; = fi £ f1 and
fo = foF fs amplitudes of definite t-channel parity. The polarized photon asymmetry,
¥ is then defined in Ref. [27] as:

P2 +12 2
2 o Uil
Now following the argument in [4], observe that the 7% has J¥¢ = 0 T whereas the
ad(980) is expected to have JF¢ = 0**+. The charge conjugation symmetry is identical

so we can safely ignore it, but the parity operation is opposite. Thus, we choose for

P =+, fi = f4, and fy = —f3. Similarly for P = —, f; = —f, and f; = f3. So for X



we have:

o LAt AP = R U= B 1+ S

= (2.15)
2" il
for the 7°, where P = —, writing in terms of f; and fy:
—12£1]% — [2f5]?
o = | @4 | f' (2.16)
2 lfil

and for a$(980), where P = +, writing in terms of f; and fy:

2 2
29(980) = %‘% : (2.17)
So, whatever else may be, we expect the asymmetry of the 7° and a$(980) to have
opposite sign. According to [4], in t-channel exchanges the p and w leading roles
in yp — 7’ lead us to believe that ¥,0 = +1, and therefore likewise that the
proposed dominant h(1170) and b;(1235) in aJ(980) photoproduction would lead to
Ya9(es0) = —1. Figure 2.4 from [4] shows predictions and data for 7° photoproduction
and the predictions discussed for aJ(980) photoproduction.
Figure 2.4 shows experimental confirmation of the proposition that ¥,0 = 1 and
we, therefore, expect at the very least Y9980y < 0. However, we do see additional

dynamics and deviations away from +1.

10
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Figure 2.4: From Ref. [4], the figure above shows multiple theoretical and experimen-
tal plots of X for yp — pr® and one for vp — pa)(980). GlueX pion photoproduction
data from Ref. [12]| is shown as red points. Various Regge-model predictions from
Ref. [27] [26] and [28] are shown in magenta, blue and red respectively. Finally Regge
predictions of pr® from Ref [29] are shown as long black dashed lines near 1 and that
same model, analogized to the paJ(980) is similarly shown near -1. It is important to
note that multiple models demonstrate dynamics in the pion production, deviating
significantly from +1. The a3(980) curve deviates slightly from 1 at high -t.
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Chapter 3: Experimental Setup

Jefferson Laboratory (JLab) in Newport News, Virginia, is a Department of En-
ergy User Facility; the data in this dissertation were taken, and are maintained by
Jefferson Laboratory. Funds were first appropriated by Congress for construction of
The Thomas Jefferson National Accelerator Facility (TJNAF) in 1986, and construc-
tion on the Continuous Electron Beam Accelerator Facility (CEBAF) began in 1987.
Construction on Experimental Hall D, which produced the data used in this disser-
tation and is one of four experimental halls connected to CEBAF, began in 2009 [30]
as part of the 12 GeV upgrade of CEBAF. The information on the detector system
that follows is summarized from several references on the GlueX detector system,
Refs. [5-9, 11,14, 31, 32]

3.1 CEBAF

As of 2015, the upgrade to produce a 12 GeV continuous wave electron beam at
CEBAF was complete. This facility consists of two anti-parallel linear accelerators
connected by semicircular recirculation arcs, as shown in Figure 3.1.
Electrons are accelerated on each pass through the two parallel linear accelerators
(linacs). The electrons are bent into the parallel linacs by two recirculation arcs, with
multiple paths separated by energy as each path must have magnets with the correct
magnetic fields to bend the electron beam at the step-wise higher energies having
progressed through the linacs multiple times. The electrons can be extracted into the
experimental halls on each turn or for Hall D half-turn.

Despite the implied continuity in the name, CEBAF accelerates electron bunches
to a nominal energy of 12 GeV, and then delivers them into Hall D. It is within Hall

D that most of the physics involved in this dissertation takes place [6].
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3.2 Hall D

As shown in the upper right of Figure 3.1, the 12 GeV electron beam exits CEBAF
and is sent into Hall D. An overview of the the beam line within Hall D, exiting
CEBAF from the left and terminating on the right is shown in Figure 3.2.

Figure 3.2 shows the 12 GeV electron beam incident on a diamond radiator. This
diamond radiator produces the photons used in the photoproduction reactions within
Hall D via the bremsstrahlung process. More detail on the photon production is given
in Section 3.2.1. While the photons continue straight onward towards the collimator
on the right, the electrons are bent away and down from the beam line and into
the Photon Tagger. The Photon Tagger allows measurement of the photon energy
by measuring the difference between the incident electron energy from CEBAF and

the final electron energy in the photon tagger. Precision timing allows correlation

North linac
1.09 GeV

South linac
1.09 GeV

'\ Injector

Up to 10.9 GeV
beams

Figure 3.1: The Continuous Electron Beam Facility (CEBAF) [5]. The electrons are
injected from the Injector in green on the lower left. The two anti-parallel linear
accelerators are shown in red and blue. They are connected on either end by two sets
of recirculation arcs, each of which handles a different energy. The electrons are then
sent into the various experimental Halls, A, B, and C shown in the lower left, and
Hall D shown in the upper right in yellow. [5]
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between photons and electrons. More detail is given in Refs. [6] and Section 3.2.2.

The photons, which now have known energy, continue along through the collima-
tor, past the pair spectrometer and triplet polarimeter, which are used to measure
the polarization of the beam induced by the diamond radiator, then enter the GlueX
Spectrometer, contained within Hall D, where the physics of interest takes place.
More details will be provided in subsequent sections, but what follows here is a brief
summary [6].

Upon entering the spectrometer, the photons interact with a small target of liquid
hydrogen, discussed further in Section 3.2.3.1. Photons that do not interact with any
proton in the target, of course, travel straight onward into the photon beam dump.
Photons that do undergo some interaction produce some ejecta as well as a recoiling
proton. The recoiling proton and ejecta, are then detected by the array of detectors
that together make up the GlueX Spectrometer, see Section 3.2.3 [6].

3.2.1 Incident Photon Production

In the Tagger Hall upstream of Hall D, the 12 GeV electrons from CEBAF pass

through a thin diamond wafer held in a goniometer; the diamond wafer serves as a

pair spectrometer -\
triplet polarimeter
collimator

~ target center
-— solenoid
1 / /

profiler photon
electron dump dump

tagging magne
diator o _\ -

-
=]
[=1
S
HI|IIII|III |I T

photon beam -\

5C11B
electron beam

Tagger Hall

L
=
(=]
=]
I |IIII|IIH‘I\

-12000 —10000 -8000 -6000 -4000 -2000 0 2000 4000
Z (cm)

Figure 3.2: Having left CEBAF, the electrons enter the beamline shown here. The
electrons encounter a diamond radiator and are then bent into the tagger hall where
their energies are measured. The photons they radiated via bremsstrahlung then
continue into Hall D on the right [6]
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radiator (Figure 3.3).

The purpose of the goniometer is to hold and accurately position the diamond
wafer such that as the electrons pass through the crystal lattice, they radiate coherent
linearly polarized photons via the bremsstrahlung process. The electrons are then bent
down into the tagger, discussed in Section 3.2.2. The ability to produced a coherent
beam of polarized photons is crucial to the measurement of the ¥ beam asymmetry;
the mechanism is discussed in Ref. [33].

The top portion of Figure 3.4, (a), shows the energy distribution of the radiated

photons. In the bottom of the figure, (b), the polarization as a function of energy is

Figure 3.3: The diamond mounted within this goniometer causes the electrons passing
through it to radiate via bremsstrahlung. By adjusting the orientation of the diamond
lattice, the polarization of the emitted photons can be controlled. |7]
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shown.

Part (a) of Figure 3.4 shows that while the photons are distributed over a wide
energy range, there is a sharp coherent peak around 9 GeV. In (b), there are two
plots which depict the degree of polarization as a function of energy. One is labelled
PARA and the other PERP. These labels refer colloquially to the direction of the

polarization of the photons that exit the diamond. The z-axis is positive in the

- N _
= 7000E- (5 =
%_ 6000 — -=-=Diamond: PARA —
= = — Diamond: PERP =
g 5000:_ -------- Aluminum =
" 4000— —
1= : -
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02F ** } =
0.111 #tgiii‘**# #—:
o ¢
75 8 85 9 95 70 d05 i1 115

Photon Beam Energy (GeV

—

Figure 3.4: In (a) of the figure above the energy distribution of the radiated photons
normalized to the amorphous aluminum radiation is shown. In (b) the polarization
of those radiated photons is shown as a function of the energy. Note that the energy
at which the polarization is maximized is also the energy at which most photons are
radiated [6].
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direction of the beamline, and the x-axis is positive and to the left, parallel to the
floor, as viewed downstream in the beam line. The x-axis determines ¢ = 0 or
“PARA” as it is parallel to the floor. “PERP,” is then in the positive y-direction at
¢ = 90 . The variability of the yield in these two polarizations with energy is what
is depicted in (b). Additionally, data are also taken with the polarization directions
rotated counterclockwise by 45 , so that ¢ = —45 = 135 and ¢ = 45 are also
“PARA” and “PERP,” respectively. The degree of polarization is not uniform across
the energy range of the photons. Comparing (a) and (b) of Figure 3.4 shows that
the degree of polarization is greatest at the energy of greatest photon flux, nominally
9 GeV [6].

In order to determine the beam asymmetry, the angle between the polarization
direction and the scattering plane will need to be extracted. Having knowledge of,
and precise control over the polarization is therefore critical, and enabled entirely by
the simultaneous use of the bremsstrahlung process and the goniometer, allowing for
control of the polarization direction.

3.2.2 Photon Tagger

The Photon Tagger measures the energy of the photons produced within the diamond
radiator. It does so indirectly, by measuring the energy remaining in the electron that
emitted the photon via the bremsstrahlung process. After the electrons have radiated
and exit the diamond, they are bent away from the rest of the GlueX apparatus by
a large magnet into the Tagger Hall [6].

The angle at which the electrons are bent away from the photon beam line by
the magnet is determined by their energy via the Lorentz force. By measuring the
bending angle of the electrons, their energy can be determined; the apparatus for
measuring this angle is shown in Figure 3.5.

As shown in Figure: 3.5, electrons that have not radiated any energy are bent
by 13.4 , whereas electrons that have radiated have steeper bending angles. The
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electrons then encounter the tagger hodoscope, shown in blue in Figure 3.5. The
tagger hodoscope is made up of scintillating fibers set at certain angles that detect
the incoming electrons. There is a region of more densely packed fibers for higher
energy resolution. This segment is called the tagger microscope and it permits mea-
surement of electron angles, and therefore energies, at the 12 MeV level, meeting the
GlueX specifications. The microscope covers angles that correspond to photon ener-
gies between 8.2 and 9.2 GeV [6]. Penultimately, once the electron energy is extracted
from its bending angle, the photon energy can easily be extracted by subtracting the
measured electron energy E. from the beam-energy Ej, resulting in E, = E, — E. [6].

The final step in beam preparation is associating individual photons with the
electrons that produced them. This is done based on the coincident timing of the
electron’s detection in the tagger with the detection of a recoiling proton in a detector
known as the start counter. The start counter is a charged particle detector that
surrounds the liquid hydrogen target and detects protons that are recoiling from a

collision with an incoming photon and is discussed in Section 3.2.3.2 [6].

Quadrupole
Radiator Return yoke

_ Photon beam

,,,,,,,,,

Pole Full-energy
I electrons
“__ (13.4° bend)

Focal plane/;l
Detector planes g

K/E, = .975 95 90 85 80 75 65

Figure 3.5: In this figure, the electrons enter from the left and strike the marked radi-
ator. They then continue through a quadrupole magnet and then through a magnetic
yoke. The magnetic yoke bends the electrons into the tagger. In blue are shown the
scintillating fibers that detect the electrons and the angle at which they were scat-
tered, revealing their energy. As indicated, full energy electrons bend through 13.4 .
Slower electrons bend further. By measuring the energy of the electrons, the energy
of the photons can be found [6].
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3.2.3 Target and Detector Systems

Figure 3.6 from Ref. [8], shows the Hall D detectors in schematic. The beam
photons enter from the left along the dotted line until they encounter the hydrogen
target. As discussed above, beam photons which do not react continue along the
dotted line and into a photon dump, while those that do produce ejecta and a recoiling
proton that fly into the detector systems.

Figure 3.6 shows the six main detector systems of the GlueX spectrometer. They
are: the Start Counter, the Central Drift Chamber (CDC), the Forward Drift Cham-
ber (FDC), the Barrel Calorimeter (BCAL), the Forward Calorimeter (FCAL) and
the Time of Flight Detector (TOF). Figure 3.6 also shows the large solenoid magnet
that envelopes the entire detector system, bending the trajectories of charged par-
ticles. The solenoid is of limited utility to the present analysis as we are concerned

only with neutral particles. The other detector systems, briefly described here, are

Solenoid
FCAL
IBCAL
Start _CDC
Counter \
........ E’ ::: :_
Target 1 FDC
I |
l -

Figure 3.6: Above is shown the GlueX detector in schematic. In the current analysis,
we are interested in a purely neutral channel (save for the proton) so the relevant
detectors are the BCAL, Start Counter and FCAL |[8].
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expanded on in subsequent Sections [6].

The start counter is a collection of scintillators used primarily for timing analysis,
more detail can be found in Section 3.2.3.2. The Central Drift Chamber is a collection
of thin tubes that azimuthally surrounds the target. Each of the tubes is filled with
gas that ionizes upon being hit by a high energy charged particle. This allows for the
tracking of charged particles. Similarly, the Forward Drift Chambers are also made
up of chambers filled with gas that allows the tracking of charged particles [6].

For the detection of neutral particles, the GlueX experiment has two detectors,
the Barrel Calorimeter (BCAL) and the Forward Calorimeter (FCAL) [6]. These
detectors use scintillating fibers and scintillating crystals, respectively, to observe the
showers of particles resulting from the impact of neutral particles. These detectors
are subsequently detailed. There are three other detectors that have not been men-
tioned: the pair spectrometer and triplet polarimeter, which are used to measure the
polarization of the beam, but do not measure the final state, and the Time of Flight
detector, which is simply an array of scintillating paddles used for timing information
on forward flying particles [6].
3.2.3.1 Target

The GlueX target is an ampule of liquid hydrogen, providing protons for scattering.
The target is surrounded by the start counter and other detector systems as shown

in Figure 3.6 [6].

2300.00

Figure 3.7: LH, target cell; dimensions in mm [6].
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3.2.3.2 Start Counter

The start counter surrounds the target and is made of multiple scintillating pad-
dles. Primarily it detects protons from the liquid hydrogen recoiling from an inter-
action with an incoming beam photon. The timing information from each detection
is used to associate events and therefore photons with the electrons that have been
detected in the tagger hall.
3.2.3.3 Central Drift Chamber

As described in Ref. [6], the Central Drift Chamber surrounds the target cell and
Start Counter, but is inside the barrel calorimeter. It consists of a set 3522 Mylar
tubes. The inner surface of each of these tubes is coated with aluminum, and each
tube contains a 20pum gold-plated tungsten wire. A gas mixture of half carbon dioxide
and half argon fills each tube. When a charged particle, having been ejected from
the target at high energy, passes through the tube, it ionizes the gas. The wall of the
tube and the wire are held at such a voltage that the shower of particles resulting
SiPM pre-Amplifier and

Bias Voltage
Distribution

Tedlar Cover

Scintillator

Paddles
Target Chamber

LH2 Target

Rohacell Support
Structure

Figure 3.8: The start counter consists of scintillating panels, in pink [6].
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from the ionization deposits on the wire and the pulse is read out by the electronics.
Figure 3.9 shows the Central Drift Chamber being constructed, and in particular that
some of the straws are angled, allowing for positional measurements in the direction

along the beam line [6].

IX

Figure 3.9: The Central Drift Chamber under construction. Each mylar tube is filled
with a gas mixture. The tubes are angled to permit position measurements along the
z axis [6].
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3.2.3.4 Forward Drift Chamber

The Forward Drift Chamber is a set of four panels each consisting of six detector
chambers. Each chamber is filled with gas mixture of 40% Argon and 60% CO,.
Within each chamber, a set of wires is held at voltage relative to two cathodes, one
upstream of the mesh and one downstream. As charged particles fly through the
chamber, they ionize the gas which deposits charge onto the wire mesh. From this
current, particle location can be identified. For accurate tracking in the x-y plane,
each subsequent detector chambers wire mesh is rotated by 60 [6].

3.2.3.5 Barrel Calorimeter

The BCAL is an open cylinder “|consisting| of 48 optically isolated modules, each
with trapezoidal cross section, forming a 3.9-m-long cylindrical shell having inner
and outer radii of 65 cm and 90 cm respectively.” [8, p. 4] Each trapezoidal mod-
ule is made up of “a lead and scintillating fiber matrix, consisting of 0.5 mm-thick
corrugated lead sheets and 1.0 mm-diameter Kuraray SCSF-78MJ multi-clad scintil-
lating fibers...[running| parallel to the cylindrical axis of the detector. Each module
has approximately 185 layers and 15,000 fibers. The light generated in the fibers is
collected via small light guides at each end of the module, which transport the light
to silicon photomultipliers...” [8]. The detector has a azimuthal angular acceptance
of 0 to 360 and 11 to 126 polar acceptance. This configuration is illustrated in
Figure 3.10.

When an end-state photon is incident on the BCAL, its interaction with the lead
creates a shower of ionizing radiation. A cartoon of this shower is shown in Figure 3.11.
This shower is then incident on the scintillating fibers embedded within the lead. The
fibers scintillate in response to the radiation and carry the light to either end of the
BCAL. The light is then collected by silicon photomultipliers and the signal sent to

the rest of the GlueX data acquisition system.
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The barrel calorimeter thus allows the reconstruction of the four-momenta of a
neutral particle. The z-location of the particle’s impact on the calorimeter can be
determined by comparing the time difference of arrival of signals from either end
of the scintillating fibers. The energy can be extracted via a clustering algorithm
described in Refs. [8,9]. Finally, the direction of the momentum of the particle can

be determined by analyzing the geometry of the shower.

-~ 390cm

N BCAL .

BN e A =~ beamline
30-cm targe!
BCAL top half cutaway

(b)

|« 8.4 cm |

single module
BCAL end view end
(o] (d)

Figure 3.10: BCAL in various views. The total cylinder shown in (a) is made up of
48 modules as shown in (c). The position of the target within the BCAL is shown in

(b) and the make up of the modules is shown in (d) [8].
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3.2.3.6 Forward Calorimeter

According to the GlueX Technical Design Report, Ref. [6]:
The Forward Calorimeter (FCAL) detects photon showers with energies
ranging from 0.1 GeV to several GeV, and between 1 - 11 in polar angle.
The front face of the FCAL is located 5.6 m downstream from the center
of the GlueX target and consists of 2800 lead glass blocks stacked in a
circular array that has a diameter of 2.4 m. FEach lead glass block has

transverse dimensions of (4 x 4) cm? and length of 45 cm [6].

The light from the shower is collected by a photomultiplier tube (PMT) as shown

in Figure 3.12 and read out by the Hall D Data Acquisition System [6].

4 CDC/FDC

Figure 3.11: A cartoon of a photon entering the BCAL and undergoing pair produc-
tion. The fibers within the BCAL scintillate as a result of this process [9].
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Figure 3.12: An FCAL module in exploded view. The lead glass block scintillates
with incoming particles and that light is detected by the PMT at the rear of the
module [6].
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Chapter 4: Data Selection and Experimental Priors

4.1 Experimental Priors

The a)(980) resonance is not a newly discovered resonance, referenced as early
as 1967 in Refs. [13-15]. However, this dissertation is the first to investigate the
resonance using photoproduction on a proton target; there are no known prior deter-
minations of the ¥ beam asymmetry for this reaction.

4.2 Data Collection

Per [10], the data for this analysis was collected at Hall D of Jefferson Laboratory
in Newport News, Virginia during the 2017 run period. The run was characterized
as stable and is summarized in Figure 4.1 [10].

The raw detector data were then processed using the standard GlueX collaboration
reconstruction code. Data were taken with the diamond radiator set to 4 possible
polarization states: 0 (parallel to laboratory floor and left facing down the beam

line), 90 , —45 , and 45 [32].
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Figure 4.1: Summary of 2017 Runtime [10]
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4.3 Event Selection

The first step in the data analysis was to use the GlueX Reaction Filter, found at
Ref. [34], (a collaboration managed software) to skim the data for events of interest
by following the instructions on the page. In particular, the following reaction filter

plugin input was given:

Reactionl 1_14__7_17

Reactionl:Decayl 7__1_1

Reactionl:Decay2 17__1_1
Reactionl:Flags B4_M7_M17

This tells the filter to look for a 4-photon final-state in which, based on a loose
invariant-mass region, 2 of the photons appear to come from a decaying 7%, and two
appear to come from a decaying n. This is accomplished via the GlueX Kinematic
Fitter collaboration software. The “B4” term tells the filter to look at the primary
beam bunch and also 4 bunches surrounding it. All of the analysis following the
event selection by the GlueX Kinematic Fitter was accomplished via the standard
GlueX DSelector Class, which inherits from the standard ROOT TSelector Class.
The resultant spectra of these pairs of two photons can be seen below in Figure 4.2
(after a very loose ~ 10 7 confidence-level cut). Two clear peaks at around the 7 and
7% mass are visible.

After running through this software, additional weightings and cuts are applied

to the data to extract a reasonable 4-photon invariant mass to identify the ad(980).

These are explored below.

4.4 Accidental Subtraction

The CEBAF beam produces bunches of electrons that produce bunches of photons

in the diamond radiator spaced 4 nanoseconds apart [32]. When the kinematic fitter
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reconstructs events, there are usually multiple possible beam photons that could
be associated with the final-state. So, using the results of the kinematic fitter, we
calculate the difference between the time of the vp collision, from the start counter,
and the beam photon RF time (A; = tgp — t.,). The closer this is to zero, the more
likely that photon is associated with that reaction. [32] Of course, it is impossible on
an event by event basis to sort them, so instead we implement a weighting scheme.
Figure 4.3 shows A; and one can see the distinct beam bunches from the acceler-
ator. Only the central-most region between the two lines is treated as the signal. As
stated before the B4 flag means we should see four peaks on either side of the signal
peak, but instead we see three. This is because the two peaks immediately to the left
and right of the signal peak are subjected to a hard cut, as the tails of the in-time

distribution leak in, whereas the remaining six in the outermost region are treated as
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Figure 4.2: This plot shows two photon invariant-mass pairings. Two of the four
final-state photons sum to an invariant mass very near the pion mass, on the left, and
two sum to be very near the  mass on the right. The 7 distribution is much broader
and is asymmetrical due to an underlying b; resonant background, discussed later.
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background.! These events are given a weight of -1/6 and are subtracted from the
signal peak. The resultant distribution is shown in Figure 4.4.

4.5 Beam-Energy Cut

As the present analysis is concerned with a polarization observable, the data were

IThis methodology is the standard GlueX Methodology and is described in comments within the
DSelector code.
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Figure 4.3: A; = tgrp — t,, in nanoseconds. The two peaks in the accidental distri-
bution that ought to be to the right and left of the primary signal peak are cut to
prevent leakage. The blue lines indicate the boundaries of the regions that were cut
out.
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Figure 4.4: Post-weighting RF spectrum. The background peaks have been removed
by the weighting scheme, and the signal peak appropriately reduced.
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restricted to the region where the polarization was the strongest. As shown in Fig-
ure 3.4, this is around the coherent peak. A cut was made at 8.2 < FE, < 8.9 GeV.

4.6 Confidence-Level Cut

For the purposes of identifying the a$(980), the primary discriminatory variable will
be the 4-photon invariant mass of the final-state. Without any cut on the confidence-
level, the signal is entirely washed out. A confidence-level cut was placed at CL=0.01,
and after accidental subtraction, the 4-photon invariant-mass distribution was as in
Figure 4.7. Peaks are observed around the a3(980) mass and the a»(1320). The
peak furthest to the left is leakage from an w — 7%y — 3+ with a stray photon
captured [11]. This will be of no matter as it will be cut out in the final analysis with
cuts on the 4-photon mass to discriminate the aJ(980).

4.7 Fiducial Cuts

Fiducial cuts are made on the basis of the geometry of the detector. Two are
made here: one that ensures the vp reaction took place within the target cell, and

another that ensures events that have final-state photons too near the edges of the
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Figure 4.5: Beam photon counts per energy. The precipitous drop into 8.9 GeV cor-
responds with that in Figure 3.4. The region captured is otherwise roughly uniform.
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detectors are rejected, as it is less likely that the detector would be able to accurately

reconstruct a shower very near the edge.

Kinematic Fit Constraints: p*
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Figure 4.6: Confidence-level post cut. A great many events are removed in the
confidence-level cut, as there were a great deal near 0.
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range. The peak to the left is leakage from an w decay [11].
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4.7.1 Target Vertex Location

In order to ensure that the vertex for the yp reaction occurs within the target cell,

cuts on the Z location were placed at 51 < z < 79 mm.

4.7.2 Polar Angle Cuts

Neutral showers detected very near the beamline are likely to have energy leakage
from other out of time beam photons. They are therefore cut by requiring that
the polar angle, 0, off the beam line be greater than 1.72 [11]. Another problematic
area is the gap between the forward calorimeter and the barrel calorimeter [11]. Here,
there is a risk that there is energy leakage out of the detectors that is unaccounted for,
distorting either the cluster reconstruction of the track or the total energy deposition.
This is avoided by requiring that events with 9.7 < 6 < 12 are also excluded. See

Figure 4.9.
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Figure 4.8: Target cell z axis cuts, i.e., a cut on the z axis position of the reconstructed
vertex of the vp interaction. The black vertical lines show the position of the cuts.
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4.8 Baryon Rejection

It is expected, in the case of true a)(980) photoproduction that there would be no
structure to the invariant-mass distribution of the pr® or the pn systems. However,
structure is seen at lower mass values in both of these spectra. Cuts were placed
on these distributions such that the invariant mass of the pion+proton was greater
than 1.4 GeV, and greater than 1.7 GeV in the case of the eta. This can be seen in

Figure 4.10.

4.9 Weighting Schema

In this analysis, the a9(980) is identified primarily through its resonance in the
4-photon invariant-mass spectrum of yp — a9(980)p — pnn® — p+4v. As only loose
mass cuts were used in the initial event selection, an additional selection schema
was setup to identify events within the a3(980) mass that had reasonable n and 7°

invariant masses, as shown in Figure 4.2.
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0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Binradians

Figure 4.9: Cuts on the scattering angle 6 of the four photons. Events with photons
very near the central beam monitor in the FCAL, or very near the interface gap
between the FCAL and BCAL are excluded.
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The selection process was developed by research at FSU and is described also in
Ref. [11]. The assessment of the n and 7° masses must be made simultaneously, so
as to ensure that selected events have proper masses for both particles. For each
combination of four photons, two are hypothesized as a 7° and two as an 7. The two-
dimensional histogram in Figure 4.11 can then be constructed, with the hypothesized
7¥ mass along one access and the hypothesized n mass along the other.

In Figure 4.11, the enhancement of the 7 spectrum at higher mass due to b;
decay, discussed later becomes pronounced. The 7¥ distribution is relatively narrow
compared to the n distribution. There is a large peak in the center, wherein both
sets of photons are very near the proper invariant mass for both 1 and 7°, which
from Ref. [16] are m, o = 134.9768 & 0.0005 MeV and m, = 547.862 £ 0.017 MeV.
Any event that appears outside the central box has either an out of range 1 mass, 7°
mass, or both, in the cases of events that are in the corner boxes. Rather than simply
cutting on this distribution, which was found, based on conversations with researchers

at FSU, to give unsatisfactory results, a weighting schema was implemented virtually

identical to that used in Ref. [11]. The schema is as follows:
e An event within the central box has a weight of unity.

e An event within the upper or lower central boxes has the correct 7° mass, but

a side-band 7 mass. These are given a weight of —b/(a + ¢) .

e Similarly, an event in the left or right central boxes has the correct n mass but

a side-band 7% mass. These events are assigned a weight of —e/(d + f).

e Events in the corner boxes have incorrect masses for both particles and are
treated as random background. In Ref. [11], it was found that just the above
weightings removed too much, and so we add back some of the background with

a weight of be/[(a + ¢)(d + f)].
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After the weighting and cutting described above, the n and 7° mass distributions are

as shown in Figure 4.12.

4.10 Final 4-photon Mass Distribution

After the cuts and weighting the four-photon mass distribution is as shown in
Figure 4.13.

9 — 5y where one 7 is

Likely resonant contributions include: b;(1285) — wm
missed, w — 7y — 37 and a stray photon is detected, af(980) — 4v, and a(1320) —
4. These are expected as a result of extensive Monte Carlo simulations found in
Ref. [11]. As the w leakage occurs far enough to the left of the af(980) all events
to the left of the lower a{(980) are ignored. This invariant-mass spectrum will serve
as the primary discriminant variable to identify candidate a3(980) photoproduction

events.

4.11 Transfer momentum, ¢, Binning

The data are further binned in the Mandelstam t variable. The bins are, in GeV?:

0.0 >t>—0.2, (4.1)
—0.2>t>-04, (4.2)
—0.4 >t > —0.7, (4.3)
—0.7>t > —1.0, (4.4)
1.0 >t > —2.0. (4.5)

The binned and unbinned t-distributions for events within a mass range around the

expected a)(980) peak (0.9 — 1.05 GeV) are shown in Figures 4.14 and 4.15.
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Figure 4.10: These are cuts on pion+proton and eta+proton masses. In principle
these distributions should have no structure, otherwise they would indicate the pres-
ence of an undesired resonance. It can be seen on the left, that both distributions
demonstrated such a resonance at low energies, and so cuts were placed at the black

lines. The resultant distributions are shown on the right.
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Figure 4.11: This plot shows the ° mass on the horizontal axis and the mass on
the vertical. A strong signal peak is evident in the central box, at the expected pion
and eta masses. The other boxes are to show the 2-d sideband subtraction method
described here and in Ref. [11] The letters refer to the width of the side of the box

they are nearest.

Figure 4.12: This plot is analogous to Figure 4.2. Now however, the cuts described
above, along with the accidental subtraction and 2-d sideband subtraction scheme
developed at FSU are implemented. Both peaks are better de ned and sit at.
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Figure 4.13: This plot shows the 4-photon invariant-mass spectrum. Resonances
from the a3(980), a,(1320) and leakage from the channel are clearly visible. There
remains, however, signi cant background below the peaks. This will be addressed via
a dilution factor later on.

Figure 4.14: Binned, Mass Accepted t-distribution. These bins preserve the peak
structure shown in Figure 4.15.
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Figure 4.15: Unbinned Mass Accepted t
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Chapter 5: Beam Asymmetry

5.1 Scattering and Beam Asymmetry

To understand the physical meaning of the beam asymmetry, it is easiest to imagine
for a moment, contrary to reality, that the a$(980) is an observable particle. In this
case, we could imagine it being produced by a t-channel process, such as in Figure 5.1,
which corresponds with the Regge-model picture. Using the same coordinates de-
scribed above, is the scattering angle, the angle between the incident photon and
the scattereda3(980), and is the azimuthal angle. The positive z-axis is de ned by
the incoming photon. See Figure 5.2 from Ref. [11]. Using this de nition, the beam
asymmetry is a measure of how uniform the yield e ! a3(980)p is in

5.2 Beam Asymmetry
We follow here the derivation from Ref. [35]. The yield for a reaction with a linearly
polarized beam can then be written as:

Now( ) A()F2 1 Pry cos(2( 0) (5.1)

N- . is the yield given the beam's polarizationK or ?), A( ) is the detector accep-

a3(980)

-
-’

Y p
Figure 5.1: a(980) Photoproduction
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tance, i.e. the likelihood a photon does not miss the detectoF- . is the beam ux
in each polarization state,P- . is the beam polarization, is the beam asymmetry,
is the angle between the polarization plane and the scattering plane, and is the
o set of the beam. The total yield, seen in the detector, is given by the beam ux
times the likelihood of detection (detector acceptance) times the cross-section of the
reaction (which is safely ignored here as it would drop out with the acceptance when
we take ratios in the next step). The next term can be broken down as follows. The
rst term in the parentheses, gives the amorphous (unpolarized) yield. Think of the
case wherP =0 or =0 . We then add an oscillation around that central value in
the form of P cos(2( 0)). The comes from the factor of that is added to
o When the polarization is changed fronk to ?. The factor of 2 inside the cosine
enforces azimuthal symmetry [35].
We now seek a method of forming a function to which we can t and extract
from data. The rst obvious thing to eliminate is A( ) by taking a ratio. In

particular, we will be interested in the ratio(N, Ny)=(Nx + N-) and so we have:

Figure 5.2: angle shown. is the scattering angle as it is conventionally de ned. [11]
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N> Ng _ A() F>  Fe+ F2P> cos(2( 0)) + FxPy cos(2( 0))
Ne+ No  A() Fp + F+ FoPp cos2( o)) FePecos(2( o)
Fo  Fx+ F, P> cos(2( 0)) + FxPx cos(2( 0) .
F» + Fx+ F> P, cos(2( 0) F«Px cos(2( 0)

(5.2)

We now introduceFgr = F>=F, and Pr = P>, =P, and, P = %(Pk + P,) nd that:

N, Ng _ F, Fg+ F,P, cos(2( 0)) + FcPy cos(2( 0))
Nk + N> F» + Fy+ F2 P> cos(2( 0) FkPx cos(2( 0))
Fr 1+ (FrP-» + Py) cos(2( 0))
Fr+1+(FrP> Py) cos(2( 0))

FrRP7 + P )(P> +P
_ Fr 1+ IR o i)é,k)' k) cos(2( 0))
Fr+1+ o2 PHEZTR) cos(2( ()
_Fr 1+ F';Rpfjl*l 2P cos(2( 0) 5.3)
Fr+1+ T852.22P cos(2( 0)) '

This derivation was adapted from Ref. [35]. In principle, all four parameters;r, Pg,
P, and , can be simultaneously extracted in a single t. However, in this case, it was
found that doing so resulted in the ts not converging, or converging to incredibly
poor ts. For consistency with [11], the following values were chosen.
o was set to0 and 45 respectively, and then allowed to vary as will be shown in
Chapter 6. Thus, is the only one left.
| FR Pr P

0/90 1:038 10 034
45/ 45 | 00995 10 034

Table 5.1: Flux Ratio, Polarization Ratio and Average Polarization
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5.3 Data and Fitting

5.3.1 Raw Asymmetry

The azimuthal angle, , is extracted from the sum of the four momenta of the four
nal state. For events wherein the invariant mass of 4-photon sum is betwedn9
and 1:05 GeV, which are rough bounds for the(980) resonance, given the cuts and
weighting described above, the yields are shown in Figures 5.3 and 5.4, binned jn
and separated into t ranges and by polarization of the initial photon.The uncertainties
shown in Figures 5.3 and 5.4 are statistical only, and the ts are simplistic ts to
cosine curves used for illustration. These ts are not used in any future calculations.

From here, we assign data wherein the photon polarization is & and 45 as the

parallel data and the 90 and 135 data as perpendicular. It is a simple matter

No Ny

then to form, for each bin, the ratio Ny Ny

. These plots are found in Figure 5.5.

The uncertainties shown are again solely statistical, but now the ts are to:

Fr 1+ 2PrYop cos(2( 0)

Pr+1

Fr+1+ F';Eil 12P cos(2( 0)

(5.4)

We extract the values shown Table 5.2 and displayed in Figure 5.6. This asym-
metry only represents the asymmetry found for events that lie betweeh9 GeV and
1:.05 GeV. It is expected however, that there are a substantial number of events in
this region of the4 invariant mass that are nota3(980). The central data points are

placed at the weighted average of the unbinned t-distribution within each t bin [36].
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Figure 5.3: Yields as a function of with the polarization at 0 are shown on the left
and yields with polarization at 90 are shown on the right. The red curves are ts
to simple cosines are are for illustration purposes only. Those ts are not used in the
analysis. Uncertainties shown are statistical only. It should be noted that all bins

have yields of less than 100 events.
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Figure 5.4: Yields as a function of with the polarization at 45 are shown on the

left and yields with polarization at 45 are shown on the right. The red curves are
ts to simple cosines are are for illustration purposes only. Those ts are not used
in the analysis. Uncertainties shown are statistical only. It should be noted that all

bins have yields of less than 100 events.
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Figure 5.5: The ratio E+Et is formed from data shown in Figures 5.3 and 5.4;

uncertainties are statistical. The ts are to Eq. 5.4 using factors from Table 5.1.
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0 and 90 45 and 135
t Uncertainty Uncertainty
0 t 0:2 -0.311 0.118 -0.552 0.121
02 t 0:4 | -0.256 0.113 -0.253 0.118
04 t 0:7 | -0.477 0.126 -0.605 0.123
0:7:1 t 1:1 ] -0.529 0.133 -0.589 0.142
1.0 t 2.0 | -0.742 0.128 -0.833 0.129

Table 5.2: Asymmetry values in the mass region of tha)(980), i.e., 0:9 1:05GeV.
These values are extracted from the ts to Eq. (5.4). These values however, do
not necessarily represent asymmetry only froma3(980) production. Rather, they

represent the total asymmetry in the mass region.

Figure 5.6: Asymmetry plotted againstt in the region0:9 1:05 GeV. Errors shown
are those from the t procedure and reported in Table 5.2. Again this is the asym-
1:05 GeV. Not necessarily solely from thead(980)
photoproduction. Each data point is placed at the weighted average of the unbinned

metry in the mass region0:9

t-distribution within each t-bin.
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5.3.2 Background Removal

To address the background we use the following methodology. The beam asym-
metry is given by:
f

= (5.5)

wheref is the fraction of the signal believed to be due to background, and,q is the
asymmetry of that background. To achieve this discrimination betweea3(980) and
background we must analyze in more detail the 4-photon mass spectrum.

Within the mass region of thea$(980) we expect the contributions from a back-
ground, thea3(980) ! , 82(1320)! ,andby ! ! I 5 with alost photon. Of
course, the total distribution will be the sum of all these contributions. The functions
used to model each contribution follow.

The a3(980) mass distribution is modeled by a Flatté distribution, made necessary

by the nearby K K threshold [18, 37]:

A m X)mg 2
Yoo (X) = o (Mg oM

1
m& X2+ mgpge Mg 3x2+ m3 2
(5.6)
+

Aao( X mK)m& 2
\.1

(M )7+ mE( o PE mR)?

M=

Where is the Heaviside step function andng = 0:4936GeV is the mass of theK
and K mesons.

The a,(1320) is modelled by a Gaussian with three parameters:

X a22

Ya(X) = Age = (5.7)
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The by meson is modelled by inspection of [11] as:

5000 1550 (&)2
E—— N T T :

") = —55000 (5-8)
The background is modelled by a quadratic function:
Yog(X) = K + Lx + Qx?: (5.9)
The total t function is then given by:
Yrotal (X) = Yag(X) + Ya, (X) + Yo, (X) + Ypg(X): (5.10)
The parameters aréA,,, Mg,  , 0k, Aa, a» a» K,L,andQ. The tis performed

in two steps, using ROOT's standard tting algorithms. First, seed values for the
parameters are found by performing 2 ts of individual functions to the mass regions
where they are most likely to dominatej.e., Y, in 0:9 x 105 Y, in 1:2 X
1:39and Ypg in 1:51  x 3 GeV. The seed values resulting from these ts are found
in Table 5.3. (Signi cant Figures are not obeyed in Table 5.3 to show exactly what
was used as the seed value.)

Using these seed values, a ten parameter log-likelihood (&sproduced unaccept-
able results for the global t) tis performed in 0:9 x 3.0 where all parameters
are allowed to vary. The results are found in Table 5.4. The resulting ts are shown
in Figure 5.7.

The red lines in Figure 5.7 show the individual ts, and the black line is the
global t. The t ends on the left at 0.9 GeV to cut out the contribution from the !
background peak seen there. Its contribution is deemed to be entirely to the right of
this cut, and is therefore ignored from here.

To determine thef in Eq. (5.5) for the asymmetry, we compare the integrals of
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the individual t functions, using the second set of parameters, in the region where

we expect to nd the aJ(980) peak. In other words:

For ease of visualization and numerical integration, we plot these functions using the

= R

R,.
a2 Yay (X) + Yy (X) + Yog(x)]clx

— T1.05

0:9 [

Yao (X) + Yay (X) + Yo, (X) + Yog(x)]dx -

Parameter| Value | Uncertainty | Dimensions
Aa, 1580.77 | 40.0547 Counts
mg 0.988923| 0.00313247 GeV

0.194741| 0.0157059 GeV
Ok 0.148469 0.0560565 N/A
Aa, 1655.54 | 17.7547 Counts
a 1.29077 | 0.00139169 GeV
a 0.134278| 0.00378561 GeV
K -371.506| 72.2503 Counts
L 1261.99| 64.5703 | Counts/GeV
Q -345.980| 14.0023 | Counts/GeV?

Table 5.3: These values are from the individual ts to each mass range. The rst four
parameters are the Flatté parameters for th@J(980) region, the next three are from
the a,(1320) region, and the nal three are from the background region. These
values are used as seed values for the global t, the results of which are found in

Table 5.4.

Parameter| Value Uncertainty | Dimensions
Aq 9.79e+02 | 2.59e+01 Counts
mg 9.77e-01| 1.10e-03 GeV

1.09e-01 | 5.80e-03 GeV
Ok 6.92e-02 | 3.94e-02 N/A
A, 7.27e+02 | 1.70e+01 Counts
ap 1.31e+00| 1.32e-03 GeV
a 7.43e-02| 1.93e-03 GeV
K -3.71e+02| 6.40e+00 Counts
L 1.26e+03| 8.77e-01 | Counts/GeV
Q -3.46e+02| 1.03e+00 | Counts/GeV?

Table 5.4: These are the results of a global t to the 4-photon invariant-mass. These
parameters are taken from a simultaneous 10 parameter t using the functions given
above and the values from Table 5.3 are used as seed values for the t.
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second set of parameters, without the data. The result is shown in Figure 5.8.
As a result, numerical integration nds that f = 0:45 This is a very loose

estimate, given the uncertainties on the t parameters given above, so we assign a

Figure 5.7: This plot shows the 4-photon invariant-mass with the individual ts in
red and the global t in black. The vertical lines bracket the aJ(980) mass region.
The ts stop at the lower a$(980) bound.

Figure 5.8: This plot shows the various functional forms plotted using the parameters
from Table 5.4. The total tis in blue, the background in yellow, the Flatté in red,
and the by in purple. The aJ(980) mass region is highlighted in red. It is from the ratio
of the integrals of these curves in the red region that the dilution factor is derived.
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somewhat arbitrary uncertainty value tof of 0:1, i.e., f =0:45 0:1.

What is left is to determine the asymmetry of the background 4. The process
here is indeterminate, as it is not guaranteed that gy is constant throughout the
mass range. It is also unclear how much each background will contribute. However,
it is clear from Figure 5.8 that the dominant e ect between 0.9 GeV and 1.05 GeV will
come fromY,y, with the other contributions being considerably smaller. Therefore,
we shall take the asymmetry, using the same methodology as in the preceding section,
frommassregiorl:6 m

2:5 GeVand use that as our background. The asymmetry

results for this region are shown in Figure 5.9 and Table 5.5. Using now,, =

( Tt T b=l f), we obtain the values shown in Table 5.6 and Figure 5.10.
0 and 90 45 and 135
t bg | Uncertainty bg | Uncertainty
0 0:2 | -0.156 0.141 -0.341 0.150
02 t 0:4 | -0.464 0.075 -0.377 0.0779
04 t 0:7 | -0.338 0.0605 | -0.454 0.0622
07 t 1.0 | -0.471 0.0603 | -0.443 0.0612
1.0 t 2:0 | -0.180 0.0406 | -0.140 0.0414

Table 5.5: These asymmetry values in th&:6 2:5 GeV region are extracted using
the same method as those from tha$(980) region.

0 and 90 45 and 135
t a | Uncertainty a | Uncertainty
00 t 0:2 | -0.384 0.189 -0.652 0.196
02 t 0:4 | -0.157 0.176 -0.195 0.180
04 t 0:7 | -0.543 0.190 -0.677 0.187
0.7 t 1:0 | -0.556 0.198 -0.658 0.213
1.0 t 2.0 | -1.006 0.225 -1.160 0.242

Table 5.6: a3(980) Asymmetry Values, Statistical and Dilution Uncertainties only
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Figure 5.9: This plots the values shown in Table 5.5. Uncertainties shown are statis-
tical.

Figure 5.10:a3(980) Asymmetry Values, Statistical and Dilution Uncertainties.
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Chapter 6:  Systematic Studies

6.1 b and Background Subtraction Study

In Ref. [11], it was found via Monte Carlo study that the only signi cant resonant
background inthe °! 4 invariant-mass spectrum was thdy (1235)! | ©with a
missing photon. This background shows up primarily as potential candidates with
erroneously high mass. The existence of the enhancement in thespectra can be
seen in Figures 6.1 and 6.2 as an increase in the counts in the upper central portion
of the plot.

The question that remains is the e ect this has on the asymmetry extraction. To
address this, we compare the asymmetry results found when using a slightly larger
side-band in the upper spectrum as shown in Figure 6.2. The resulting values
are found in Table 6.1
As compared to the Nominal Sigma we have the following= | nominal Expanded -

In the interest of providing conservative error values, we shall choose for this system-

atic an uncertainty of 0:05, which is slightly larger than any of the

Figure 6.1: Nominal Boxes for Sideband Subtraction same as Figure 4.11.
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6.2 Data Selection Variations

To further test the stability of our result, the same analysis to extract was performed
using slight variations on the parameters used in the nominal case. These changes

are shown in Table 6.3. The resulting = nominal systematic » d€ ned by analogy

Figure 6.2: Expanded spectrum boxes to include more of thie;(1235) enhancement

0 and 90 45 and 135
t Uncertainty Uncertainty
0 t 0:2 |-0.281 0.125 -0.504 0.129

02 t 0:4 | -0.227 0.122 -0.285 0.127
04 t 0:7 | -0.499 0.135 -0.596 0.129
07 t 1.0 | -0.524 0.138 -0.561 0.146
1.0 t 2.0 | -0.767 0.136 -0.865 0.134

Table 6.1: with expanded side-band

t 0 and 90 45 and 135
0O t 0:2 0.02958 0.048055
02 t 0:4 0.028985 0.032319
04 t 0:7 0.021637 0.009008
07 t 1.0 0.005283 0.028223
1.0 t 2.0 0.025134 0.031693

Table 6.2: with expanded side-band
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with the above de nition for each case, is shown in Figure 6.3. In a similar manner

as above, we shall choose a systematic uncertainty here d¥:2.

| Selection Variable | Tighter Bound | Nominal | Looser Bound |
Photon Energy (GeV) 85 E 89 82 E 89 82 E 89
Photon Beamline (Rad) 0:04 0:03 0:01
Photon BCAL/FCAL (Rad) 0:2or 024 0:17or 021 0:14or 019
Unused Energy (GeV) E, 0:0001 E, < 0:005 E, <01
Missing Mass Squared (Ge¥) || jMM j? < 0:03 Free Free
Con dence-Level 0:02 0:01 0:005
Target Cell (mm) 530 z 770| 50 z 790 | 049 =z 810

Table 6.3: Systematic Study Parameters

Figure 6.3: These gures show the due to the various systematic studies shown in

Table 6.3.

57



6.3 Polarization o O set

Another option is to x the ( o set rather than allow it to be t, as has been done
for all values to this point. Allowing , to vary we nd the following . In a similar

manner as above, we shall choose0:14 as the systematic uncertainty from the .

t (GeV?) 0 and 90 45 and 135
0O t 0:2 0.008098 0.003193
02 t 0:4 0.007873 0.021212
04 t 0.7 0.03498 0.134829
07 t 1.0 0.046225 0.049629
1.0 t 2.0 0.021268 0.054014

Table 6.4: with xed ¢

6.4 Total Systematic Uncertainty

The total systematic uncertainty found by adding the values chosen in the preceding

sections in quadrature, given by is:

p
= 014 +0:02+0:22=0:25: (6.1)
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Chapter 7:  Discussion and Conclusion

7.1 Summary

In this work, we began with data taken at the GlueX experiment in Newport News,
VA. The GlueX experiment makes a linearly polarized photon beam incident on a
hydrogen target and analyzes the ejecta of this collision using the detectors described
in Chapter 3. From this data we extracted events wherein the nal-state of the ejecta
was a proton with4 s detected as well. We then selected, using the standard GlueX
skimmer, data where, based on very loose invariant mass cuts, the 4 photons appeared
to have decayed from an 0 state. Additional cuts and weightings were added, as
in Chapter 4 to further re ne the data and clarify the signal until the invariant mass
spectrum in Figure 4.13 was achieved. The large peak in this spectrum around 980
MeV is identi ed as being the aJ(980) resonance atop an unknown background. The

decay chain of interest was:

! pad(980)! p °! p+4 : (7.1)

We then attempted to model the background beneath the$(980) peak in the invari-
ant mass spectrum using Monte-Carlo results from Ref. [11], a model of the nearby
a3(1320) resonance, a quadratic assumption for the spectrum at high mass, and a
Flatté distribution for the a3(980)itself as proposed in Ref. [18]. Using these distribu-
tions, an attempt was made to extract the beam asymmetry that could be associated
with the a$(980) itself, as described in Chapter 5. Values for the Breit-Wigner mass

and width of the a3(980) were also extracted via the t to the Flatté distribution.
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7.2 Beam Asymmetry

The values found for the that could be associated with thea3(980) are reproduced
below in Table 7.1 and Figure 7.1. Adding in quadrature the systematic uncertainty
found in Chapter 6, we obtain Figure 7.2 and Table 7.2. The blue line marked
Theory in Figure 7.2 is from Ref. [4]. Finally, Table 7.3 and Figure 7.3 show the
result of averaging the results from both polarization pairings giving a nal result.

Our results seem to be in agreement with the hypothesis that the beam asymme-

0 and 90 45 and 135

t a | Uncertainty a | Uncertainty
00 t 0:2 | -0.384 0.189 -0.652 0.196
0:2 0:4 | -0.157 0.176 -0.195 0.180

t
04 t 0:7 | -0.543 0.190 -0.677 0.187
07 t 1.0 | -0.556 0.198 -0.658 0.213
1.0 t 2:0 | -1.006 0.225 -1.160 0.242

Table 7.1: a(980) Asymmetry Values, Statistical and Dilution Uncertainties only

Figure 7.1: a3(980) Asymmetry Values, Statistical and Dilution Uncertainties only.
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Figure 7.2: Extracted values with Dilution, Systematic and Statistical Uncertain-
ties. Blue solid curve shows theoretical predictions from Ref. [4].

0 and 90 45 and 135

t a | Uncertainty a, | Uncertainty
00 t 0:2 |-0.38 0.31 -0.65 0.32
02 t 0:4 | -0.16 0.31 -0.19 0.31
04 t 0:7 | -0.54 0.31 -0.68 0.31
07 t 1.0 | -0.56 0.32 -0.66 0.33
1.0 t 2.0 | -1.00 0.34 -1.16 0.35

Table 7.2: a8(980) Asymmetry Values, Statistical, Systematic and Dilution Uncer-
tainty

t a | Uncertainty
00 t 0:2 | -0.51 0.14
02 t 0:4 | -0.18 0.12
04 t 0:7 | -0.61 0.13
t
t

0:7 1.0 | -0.60 0.14
1:0 2.0 | -1.08 0.17

Table 7.3: Averageda3(980) Asymmetry Values as shown in Figure 7.3
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try of the p ! pa3(980)is opposite in sign to that of ° photoproduction. However,
the data suggest there may be additional dynamics at play iaJ(980) photoproduc-
tion that are absent in ° photoproduction. In nding these values, an underlying
assumption about the beam asymmetry of the background was made. Namely, that
it is constant throughout the invariant mass spectrum. This is a strong assumption
given our limited understanding of the background processes. A key aspect of fur-
ther investigation into this process would be to rm up our understanding of the
background processes contributing to the peak and how much they contribute to the
region where we expect to nd thea3(980). This would include extensions of the
analysis done in Ref. [11]. Additionally, most of the systematic uncertainty comes
from our choice of bounds around th@3(980) peak. This suggests change through
the invariant mass spectrum, likely due to background processes that were not re-
moved. Finally, additional studies using alternative decay channels of thecould be

performed, as well as investigations of alternative decay channels of #f$980). We

Figure 7.3: The nal result of averaging the two polarization pairs. Dynamics beyond
what is suggested in the theoretical curve from Ref [4] are possibly indicated.
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conclude then, that these values are perhaps not the nal answer, but a good rst
attempt at extraction.

With this in mind, we return again to the prediction of theory found in Ref. [4],
namely that .09g0 be opposite in sign to that of the 9 and nearly -1 through the
range oft values. While this analysis cannot a rm or reject with certainty the curve
from Ref. [4], it does appear more than likely that that g0 < O, which matches
the symmetry expectations laid out in Ref. [4].

The particular dynamics of the photoproduction reaction, however, are still sus-
pect. In Figure 7.3, one will note that the data appear to be more dynamic than the
relatively slow blue curve from Ref. [4]. The data from this work do however, seem
to mirror the pion photoproduction data from Ref. [38]. These SLAC data are shown
in Figure 7.4. In Figure 7.5, we show the SLAC dat&e ected across the x-axisatop
a reproduced Figure 7.3.

Though these data thus appear to demonstrate similar behavior, the large uncer-
tainties and presence of a Compton background in the SLAC data make the compari-
son suspect at best, and it can be seen in Figure 7.4 that no dip at low t was observed
in the GlueX measurement [38]. Further work, as described above, is required to nd
the asymmetry with more certainty and ultimately reveal the nature of thea3(980)
and the other light scalar mesons. The beam asymmetry is a polarization observ-
able that gives insight into the dynamics of the interaction between the photon and
proton that produces the a(980). The goal of studying such an observable is to

further characterize the behavior of the Strong Force that dominates nuclear physics.
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Figure 7.4: This gure from Ref. [12] shows ° production data are shown in black,
along with various theoretical predictions forp ° asymmetry. Note that the theoret-
ical curves for thep ° reaction have dynamics especially at low, particularly dip at
very low t. In blue are shown SLAC data from Ref. [38] which also have a dip in that
same region.

Figure 7.5: Figure 7.3 reproduced with pion photoproduction data from SLAG,e.,
Ref. [38], re ected across the x-axis superimposed.
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7.3 Mass and Width

In the process of discriminating between events that could be considered a3(980) pho-
toproduction and background, a fit was performed in a two step process as described
in Section 5.3.2. These results are summarized in Table 5.4 reproduced below in Ta-
ble 7.4. The mass and width of the a3(980) are not well known. The Particle Data
Group reports in Ref. [16] a mass of 980 4= 20 MeV. It does not report a specific I';x
but reports an estimate of the total width of between 50 and 100 MeV. Estimates
from Ref. [37] range from 984.8 < mggoso) < 1003 MeV and 69 < T'yr < 153 MeV.
Much depends on the extracted strength of the coupling to the KK channel, repre-
sented by the gy parameter in the fits. Ref. [37] notes the wide range of values in the
literature, in their summary table given as 0.222 < gx < 1.414.

The values found in this work, shown in Table 7.4 of m = 977 + 1.10 MeV and
I = 109 £ 5.90 MeV are consistent with the prior values described above. It was
on this basis that these values were deemed acceptable. In order to further pin down
the mass and width of the a3(980), the other decay channels must be explored, the
branching ratios found, and a better understanding of the non-resonant background,
here modelled as a quadratic, be found. Furthermore, an independent estimate of
the coupling constant gx would also improve confidence in fits performed to find the

Breit-Wigner mass and width.
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Parameter Value Uncertainty | Dimensions
Ado 9.79¢+-02 2.59e+01 Counts
mpg 9.77e-01 1.10e-03 GeV
Lyr 1.09e-01 5.80e-03 GeV
Ik 6.92e-02 3.94e-02 N/A
A, 7.27e+02 | 1.70e+01 Counts
ay 1.31e+00 1.32e-03 GeV
Tay 7.43e-02 1.93e-03 GeV

K -3.71e+02 | 6.40e+00 Counts
L 1.26e+03 8.77e-01 Counts/GeV
Q -3.46e+02 | 1.03e+00 | Counts/GeV?

Table 7.4: Reproduced Table 5.4.

66




[1]

2]

3]

4]

[5]

6]

17l

18]

19]

[10]

[11]

[12]

Bibliography

Standard Model Elementary Particles.svg. https://commons.wikimedia.org/wiki
/File:Standard Model of Elementary Particles.svg.

Igor Strakovsky. Diagram of Particle Types. Private Communication (Aug.,
2021).

Igor Strakovsky. Study of scalar ag(980)-Meson Photoproduction off Proton.
Powerpoint presentation given to JPAC December 2021 meeting.

Igor 1. Strakovsky, William J. Briscoe, Olga Cortes Becerra, Michael Dugger,
Gary Goldstein, Victor L. Kashevarov, Axel Schmidt, Peter Solazzo, and Byung-
Geel Yu. Pseudoscalar and Scalar Meson Photoproduction Interpreted by Regge
Phenomenology. Physical Review C, 107(1), 1 2023.

S.A. Bogacz et al. ERQCEBAF A test of 5-pass Energy Recovery at CEBAF.
Collider-Accelerator Department Brookhaven National Laboratory, June 2016.
BNL-112411-2016-IR.

Adhikari et al. The GlueX Beamline and Detector. Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment, 987:164807, January 2021. arXiv: 2005.14272.

Peter Pauli. A(1520) Measurements at the GlueX Experiment. Doctoral thesis,
University of Glasgow, August 2020.

Beattie et al. Construction and Performance of the Barrel Electromagnetic
Calorimeter for the GlueX Experiment. Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associ-
ated Equipment, 896:24-42, July 2018. arXiv: 1801.03088.

William Edmund McGinley. Development of the Barrel Calorimeter Reconstruc-
tion and Measurement of the Beam Asymmetry () for Photoproduced #° and
n Mesons with the GlueX Experiment. PhD thesis, Carnegie Mellon University,
September 2019.

Gluex Collaboration. Spring 2017 Data Set Summary. Accessed 9/3/2023, Pri-
vate GlueX Wiki.

Lawrence Ng. Photoproduction of the n7° System O [al Proton Target at £, =
9 GeV. Doctoral thesis, Florida State University, April 2023.

H. Al Ghoul et al. (CLAS Collaboration). Measurement of the Beam Asymmetry
¥ for 7 and 1 Photoproduction on the Proton at E, = 9 GeV. Phys. Rev. C,
95:042201, 2017.

67



[13] R. Ammar et al. Boson Resonance of Mass 980 MeV Decaying into © 1 . Physical
Review Letters, 21(27):1832-1835, December 1968.

[14] S.D. Protopopescu et al. 7m Partial-Wave Analysis from Reactions 77p —
ntn AT and 7tp — KTK ATt at 7.1 GeV/c. Physical Review D, 7(5):1279—
1309, March 1973.

[15] A. Astier et al. Further Study of the I=1 K K structure near Threshold. Physics
Letters, 25B(4):294-297, September 1967.

[16] R.L. Workman and et. al. Review of Particle Physics. Progress of Theoretical
and Experimental Physics, page 083C01, 2022.

[17] A. Donnachie and Yu. S. Kalashnikova. Scalar meson photoproduction. Physical
Review C, 78(6):064603, 2008.

[18] S. M. Flatté. Coupled-Channel Analysis of the nm and K K. Physics Letters B,
63(2):224-227, 1976.

[19] Michael E. Peskin and Daniel V. Schroeder. An Introduction to Quantum Field
Theory. Westview Press, 1995.

[20] Franz Gross. Relativistic Quantum Mechanics and Field Theory. Wiley-VCH
Verlag GmbH & Co. KGaA, 1993, 2004.

[21] Murray Gell-Mann. A Schematic Model of Baryons and Mesons. Physics Letters,
8:214-215, Feb 1964.

[22] Roland Omnes and Marcel Froissart. Mandelstam Theory and Regge Poles: An
Introduction for Experimentalists. W.A. Benjamin Inc., 1963.

[23] P.D.B. Collins. An Introduction to Regge Theory & High Energy Physics. Cam-
bridge University Press, 1977.

[24] A. Donnachie, G. Dosch, P. Landshoff, and O. Nachtmann. Pomeron Physics
and QCD. Cambridge University Press, 2002.

[25] Joao Penedones.  Bootstrap School 2018: Lectures on Regge Theory.
http://bootstrapcollaboration.com /bootstrap2018 /school /.

[26] A. Donnachie and Yu. S. Kalashnikova. Photoproduction of a(980) and f,(980).
Physical Review C, 93(2):025203, 2016.

[27] Gary R. Goldstein and Joseph F. Owens III. 7° photoproduction in a weak-
regge-cut model. Physical Review D, 7(3):865-879, 1973.

[28] V.L. Kashevarov, M. Ostrick and L. Tiator. Regge Phenomenology in 7° and n
Photoproduction. Phys. Rev. C, 96, 2017.

68



[29]

[30]

[31]

32]

[33]

[34]
[35]

[36]

137]

[38]

[39]

[40]

B.G. Yu, T.K. Choi and W. Kim. Regge Phenomenology of Pion Photoproduc-
tion Off the Nucleon at Forward Angles. Phys. Rev. C, 83, 2011.

Jefferson Laboratory. Timeline Jefferson Lab. https://www.jlab.org/about/ vis-
itors/history.

GlueX Collaboration. Measurement of the Beam Asymmetry ¥ for 70 and 7
Photoproduction on the Proton at E., = 9 GeV. Physical Review C, 95(4):042201,
April 2017. Publisher: American Physical Society.

Nilanga Wickramaarachchi. Measurement of the Photon Beam Asymmetry in
yP — K*%% at E, = 8.5 GeV with GlueX. Doctoral thesis, Old Dominion
University, May 2020.

U. Timm. Coherent Bremsstrahlung of Electrons in Crystals. Fortschritte der
Physik, 17(12):765-808, 1969.

Gluex Collaboration. Analysis launch. Accessed 2021-2023.

Ken Livingston. Suggestions for the Extraction of the Photon Beam Asymmetry
> with some examples and root macros.

Philip R. Bevington and D. Keith Robinson. Data Reduction and Error Analysis
for the Physical Sciences. McGraw Hill, third edition, 2003.

V. Baru, J. Haidenbauer, C. Hanhart, A. Kudryavetsev, and Ulf-G. Meifiner.
Flatté-like distributions and the ao(980)/ fo(980) mesons. The European Physical
Journal A, 23(3):523-533, 2005.

Anderson, R. L. and Gustavson, D. B. and Johnson, J. R. and Overman, 1. D.
and Ritson, D. M. and Wiik, B. H. and Worcester, D. High-Energy 7 Photopro-
duction from Hydrogen with Unpolarized and Linearly Polarized Photons. Phys.
Rev. D, 4:1937-1946, Oct 1971.

Ken Livingston. The Stonehenge Technique. A New Method for Aligning Coher-
ent Bremsstrahlung Radiators. Nuclear Instruments and Methods in Physics Re-
search Section A: Accelerators, Spectrometers, Detectors and Associated Equip-
ment, 603(3):205-213, May 2009. arXiv:0809.1739 [nucl-ex].

D.S. Sivia with J. Skilling. Data Analysis: A Bayesian Tutorial. Oxford Univer-
sity Press, second edition, 2006.

69



Appendix A:  The Dilution Factor

The form of the yield for a linearly polarized photoproduction reaction is given by:

No k(@) ~ A(9) Fo k(1 £ P2 X cos(2(¢ — ¢o)) -

We then assume contributions from signal and background of similar form and obtain:

A(9) o1 % PayS cos(2(6 — d0)) = A(6) Fax(1 £ Py cos(2(6 — 60))

+ A(¢)Fo k(1 £ P> X cos(2(¢ — o)) -

Rewriting with subscript m as measured, b for background and s for signal:

A, (1+ PX,, cos(z)) = Ay(1 & P, cos(x)) + Ap(1 £+ PYycos(x)) (A1)

Note that:
An=A+ A4 (A.2)
AT = AsXs + ALy (A.3)

Therefore:
Ym = %;Zs + %Eb : (A.4)
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Substituting

Ap — Ay Ay

Yo = ———— 2, b
A, T
Em:(l_f)zs—FfEb
Eszzm_fzb.

1—f

Thus, f = Ay/An.
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