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Abstract

The GlueX Experiment in Hall D at Jefferson Lab ultimately aims to provide
evidence of hybrid mesons, ¢¢ pairs with gluonic excitations, which are predicted
by quantum chromodynamics calculations on the lattice. GlueX features a linearly-
polarized photon beam incident on a liquid hydrogen target and a nearly-47 hermetic
detector capable of measuring positions and momenta of both charged and neutral
final state particles generated in the target. The short-term physics goals of GlueX
are to measure observables and properties of the known particles, especially those
that are likely decay products of hybrids, such as the  and 7" mesons. An overview
of the detector subsystems and the long-term physics goals of GlueX are presented,
along with analyses on the ¥ beam asymmetry of the n and 1’ mesons.

The measurements of Y are presented versus the four-momentum transfer squared
using a photon beam energy of 8.2-8.8 GeV in the three main decay channels of the
n(n — 2v,n — wtn 7% and n — 37°) and the largest branching fraction decay
channel of the ' ( — #"7 n, with . — 2v). These are the first results for the
beam asymmetry of the 1’ measured at this beam energy. The results, which are in
agreement with past published measurements for the n by GlueX and with modern
theory predictions for the n and 7/, indicate a dominance of natural parity exchange

in the resonance production mechanism.
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Chapter 1

Introduction

The GlueX experiment, based at the Thomas Jefferson National Accelerator Facil-
ity (JLab) in Newport News, Virginia, USA, aims to collect experimental evidence for
the existence of exotic and hybrid mesons. These include mesons (quark-antiquark
pairs') that feature contributions from excited gluons (the force-carrying boson of
the strong interaction) and tetraquarks (particles comprising two quark-antiquark
pairs). These particles are predicted to exist by Lattice QCD, a computational ap-
proach to studying Quantum Chromodynamics (QCD, the field theory of the strong
interaction), and while some tantalizing evidence for the existence of certain hybrid
and exotic states have been presented by other experiments in the past, GlueX is
designed to produce these states at a relatively high rate up to invariant masses of
3.0 to 3.5 GeV/c?, including the charmonium state J /1. This should allow GlueX to
perform the mapping of the low-lying meson spectrum, including hybrids and exotics,
a field known as ‘meson spectroscopy.’

A brief overview of QCD and Standard Model (SM) physics is given in this chapter,
along with the existing evidence for hybrid or exotic states and the physics goals of
GlueX, including the motivation for the work presented in this thesis on the > beam

asymmetry of the  and 7 mesons. Chapter 2 provides a description of the accelerator

!Throughout this thesis, the quark content of particles referred to are ‘valence’ quarks, those
that contribute to the quantum numbers of the particle.



facility at JLab and the GlueX detector, while Chapters 3 through 5 describe the data
analysis, results, and systematic studies for the ¥ beam asymmetry analyses. Finally,

Chapter 6 contains the conclusions and future directions of this line of research.

1.1 The Standard Model

The fundamental particles of matter, as they are known today, are divided into
two main categories: fermions (particles with half-integer spin), some of which make
up observable matter, and bosons (particles with integer spin), which mediate inter-
actions between particles. ‘Spin’ here refers to a quantized intrinsic angular momen-
tum, a principal quantum number of a particle. Each particle type has a unique set
of quantum numbers, which act as identifiers. Other examples of identifying quan-
tum numbers include electric charge, spin, isotopic spin, colour charge, and parity.
Interactions between these fundamental particles are governed by four forces: the
electromagnetic, the strong, the weak, and the gravitational forces. Of these, all but
the gravitational force are part of the ‘Standard Model’ (SM) of particle physics.

Figure 1.1 shows the fundamental fermions and bosons in SM physics. The
fermions are split into six quarks and six leptons, and further split into three ‘gener-
ations.” The quarks are what make up ‘hadrons,’ like the proton, neutron, and pion.
They interact with one another electromagnetically and through the strong interac-
tion, which binds them together inside hadrons and nuclei. Leptons do not interact
via the strong force, and so are not bound strongly together and can exist as free
particles. The three generations are separated by large differences in mass, with most
other properties being similar. For example, the generation I electron has a mass of
0.511 MeV?, and the generation II muon has a mass of 105.658 MeV. The two par-

ticles behave identically in electromagnetic interactions, and the only real difference

2Throughout this thesis, natural units (¢ = h = 1) are often used. Masses and momenta quoted
in units of GeV are to be understood as being in units of GeV/c? and GeV/c, respectively.
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Figure 1.1: The fundamental particles of SM physics. Quarks and leptons are ar-

ranged by generation. Each particle’s mass, spin, and electric charge are noted.
Particles with colour charge are also indicated.

between them is the factor 200 increase in mass. Similarly, the generation III Tau
has a mass of 1776.82 MeV, nearly twice the mass of the proton. Some differences
can exist between generations other than mass, however, such as the isotopic spin
of quarks (see Section 1.2). The spin 1 bosons are gauge bosons, mediators of the
forces, meaning that the exchange of these particle between interacting particles are
used to describe the observed fundamental forces. An observed repulsive or attrac-
tive interaction between two particles is described by one of the particles emitting a
mediator boson (or ‘exchange boson’) and the other absorbing it. A mediator can
only be produced or absorbed in an interaction by a particle that is sensitive to the
mediator’s force. For example, the electrically neutral photon is the exchange bo-

son for the electromagnetic interaction, which is the force that governs interaction



between electrically charged particles. An electrically neutral fundamental particle,
then, cannot produce or absorb a photon. Finally, each particle has an ‘antiparticle,’
which has opposite charge (electric and/or colour)?.

The most familiar force is the electromagnetic force. Two particles with electric
charge will either repel or attract each another depending on whether the charge on
each is negative or positive. Each fundamental fermion in the SM has an electric
charge, with leptons having integer multiples of the electron’s charge and quarks
having fractional multiples of the electron’s charge (the hadrons that quarks comprise
have integer charge). As mentioned, photons are the mediators of the electromagnetic
force. The mathematical framework used to describe the electromagnetic exchange
force is known as Quantum Electrodynamics (QED).

The strong force is described as the exchange of gluons between colour-charged
objects. Of the fundamental fermions, only quarks have colour charge, but the gluon
also carries colour charge. As such, the mathematical framework for describing the
strong force, QCD, is quite different from QED (see Section 1.3).

The weak force acts on ‘lavoured’ particles, where flavour here refers to the type
of a fundamental fermion. The exchange bosons of the weak interaction are the W
(electrically charged) and Z (electrically neutral) bosons. The interaction is respon-
sible for changing one flavour of particle into another, as in the decay of a neutron
into a proton in which the emission of a W~ boson changes a down quark in the
neutron into an up quark. The mathematical framework describing this exchange
force is Quantum Flavordynamics. However, at high energies, the weak and electro-
magnetic interactions behave similarly, prompting the development of Electroweak
Theory, which is more commonly used to describe properties of the weak interaction.

The mediator of the interaction that gives particles mass, the ‘Higgs mechanism,’

is the Higgs boson. Particles that interact with the Higgs field have mass, while those

3Some particles are their own antiparticles.



that do not are massless. The gravitational force, which describes how massive parti-
cles interact with one another, has no quantum mechanical mathematical description
that can fit into the SM. The description of quantum gravity is left to physics beyond
the SM.

1.2 The Quark Model

The constituent quark model, based on the work of Gell-Mann [1, 2], Ne’eman [3],
and Zweig [4], aims to describe hadronic matter by way of quarks, subatomic particles
that make up baryons (consisting of three quarks or antiquarks) and mesons (quark-
antiquark pairs), collectively called hadrons. In order to describe known baryons,
a model based on the SU(3) (special unitary group in three dimensions) symmetry
group and three types of quarks was proposed. These three quarks, now called ‘up,’
‘down,” and ‘strange’ quarks, were assigned additive quantum numbers such that the
combinations of quarks could describe the quantum numbers of the known baryons.
In particular, this required each quark to possess a baryon number of 1/3, along
with fractional electric charge. By convention, quarks are fermions with positive
parity. Antiquarks then have baryon number —1/3 and negative parity. This results
in baryons (antibaryons) having a baryon number of 1 (—1) and mesons having a
baryon number of 0. Furthermore, the up and down quarks have isobaric spin (isospin)
I =1/2 (the up quark having third component of isospin Iz or I3 = 1/2, the down
quark having —1/2) with the strange quark (and the three heavier quarks, the ‘charm,’
‘top,” and ‘bottom’) having an isospin of 0. These properties are summarized in
Table 1.1.

SU(3) is then used to determine the ways in which the three flavours of quarks can
be combined into mesons and baryons. Meson multiplets are formed from a quark and

an antiquark, and for the three light quarks, the possible combinations are grouped



’ Quantum Number H d ‘ U ‘ s ‘ c ‘ b ‘ t ‘
@ (Electric Charge) —-1/312/3 | -1/312/3 | —1/3|2/3
I (Isospin) 1/211/2] 0 0 0 0
I, (Third Component of Isospin) || —1/2 | 1/2| 0 0 0 0
S (Strangeness) 0 0 | —1 0 0 0
C (Charm) 0 0 0 1 0 0
B (Bottomness) 0 0 0 0| —1 0
T (Topness) 0 0 0 0 0 1

Table 1.1: Additive quantum number assignments for the six flavours of quarks.

as 3®3 =8 @1, an octet (adjoint representation) and a singlet (trivial represen-
tation). There are three combinations of isospin 1 (du, ud, and \%(uﬂ —dd)), four
combinations of isospin 1/2 (ds, us, sd, and si), and two combinations of isospin 0
(I18) = \/Lg(uﬂ +dd — 2s3) and [1) = \%(uﬂ + dd + s5)). Because the SU(3) symmetry
is not exact (owing to the higher mass of the strange quark compared to the up and

down quarks), these isospin 0 (isoscalar) states are not necessarily the physical states.

The observed states are mixtures of |8) and |1), defined by a mixing angle, ¥ [5].

f _ cos? sind | |[8) 1)

f —sind cosv | ||1)

These nine states comprise a meson nonet, all with the same J7¢ quantum num-
bers (total angular momentum, parity, and charge conjugation quantum numbers).

JPC multiplet.

The mixing angle, 1, is different for every

In the constituent quark model, a meson is a bound system of a quark and anti-
quark (gg pair). Since both have a spin of S = 1/2, the spin of the meson can then
couple to either 0 or 1. On top of that, there can be angular momentum, L, between
the quark and antiquark. The total angular momentum, .J, is then the coupling of L
and S. Using J, L, and S, the meson’s J'Y quantum numbers can be calculated [6].

The parity operator, which transforms a wavefunction ¢ (7) into ¢ (—7), has two

eigenstates, 1 and —1 (or + and —). The parity is a multiplicative quantity, such



that the parity of a multiparticle state is equal to the product of the parities of
the constituents. In order to relate the parity to the spin quantum numbers, the

wavefunction is separated into a radial part and an angular part, as in Equation 1.2.

P((7) = P (R(r) Yuu(0, ) = R(r) Yim(m — 0,6 + 1) = (=1)' R(r) i (0, ¢) (1.2)

The parity operator then only operates on the angular part and introduces a factor
of (—1)¥ into the parity of a meson. Since a meson has one quark (positive parity)
and one antiquark (negative parity), the multiplicative nature of parity dictates an
additional factor of —1, so the parity of a meson becomes P(qq) = (—1)&! [5].

The charge conjugation operator transforms a particle into its antiparticle. When
applied to a meson state, the quark becomes an antiquark and vice-versa. Then, in
order for the wavefunction to continue pointing to the quark, 7 transforms to —7 in
the same way as for the parity operator. Again, this introduces a factor of (—1)L*1
to the charge conjugation quantum number. The operation also flips the spin wave

function. This introduces a factor of (—1)°*!

, giving the charge conjugation operator
the form C(qq) = (—1)¥+° [5].

As an example, a ¢¢ pair with L =0 allows J =0 or 1 (since S =0 or 1). For
J=0,5=0,s0 P=-1 (or —), and C =1 (or +), giving J' =0~*. For J =1,
S=1,s0 P=—1,and C = —1, giving J'“ =17,

JPC quantum numbers for ¢g pairs allowable in the

In this way, for various L,
constituent quark model can be built up, and all quark model multiplets can be con-
structed. Table 1.2 shows the J7¢ multiplets for L < 2, along with the corresponding
physical state members of the multiplets and the name given to each group.

The model can be extended to SU(4) symmetry if the heavier charm quark is
included, giving ¢q combinations grouped as 4 ® 4 = 15 @ 1. As with the strange

quark, which is heavier than the up and down quarks, the charm quark is much



| L|S|J] P]C]|J" | Physical Mesons | Group Name |
0|00 —]+|0T m, n, 1, K | Pseudoscalar
O(1 |1} —1|—1]1"~ p, w, ¢, K* Vector
1101+ |—1]1% | b, hiy, b}, K| Pseudovector
L1104+ ]|4+]|0 | a fo, fo, K Scalar
L1 |1+ |+ |17 | a, fi, fi, Ki | Axial Vector
T2+ +]2t | ay fo, fi K5 Tensor

Table 1.2:  J¥Y assignments for constituent quark model mesons with L < 2. The
physical states belonging to each multiplet and the names of each multiplet are listed.
The mesons in each J©¢ group are distinguished from one another by their isospin.
Mesons in the first column (7, p, by, etc.) have I = 1, the second and third column
contain the (possibly mixed) I = 0 mesons, and the last column has the [ =1/2
mesons.

heavier than the SU(3) quarks, meaning that SU(4) symmetry is broken, but the
basic multiplets can still be constructed. Weight diagrams are used to display these
predictions in a succinct way. They contain the sixteen particles of SU(4) plotted
as functions of isospin I, charm C, and hypercharge Y = B+ S — % (here, B is
baryon number, S is the strangeness, C' is the charm, B is the bottomness, and T is

the topness) [6]. The SU(4) weight diagrams for the pseudoscalar and vector mesons

are shown in Figure 1.2(a) and (b).

7 D;~

Figure 1.2: Weight diagrams for the pseudoscalar (a) and vector (b) mesons in SU(4).
The light meson multiplets exist on the central plane (C' = 0) along with the c¢ states,
the nc and J/W. Images from Reference [6].



Note that not all J©¢ combinations are allowed in this model. Exotic quantum
numbers, meaning those that cannot be created by a simple quark and antiquark,
include J*¢ combinations of 0=, 07—, 1=+, 2=, 3=+ and so on. Confirmation of
a meson state with explicitly exotic quantum numbers could indicate a meson with
contributions from an excited gluon (a gluon with angular momentum L > 0), and
confirmation of an entire exotic nonet would be a clear signal of the existence of exotic

mesons.

1.3 Exotic and Hybrid Mesons

The quark model describes the quark content and organizes into multiplets many
of the known mesons and baryons. However, it lacks dynamics, a description of how
quarks interact and why hadrons are held together. This is done through QCD,
a theory based on the extremely successful QED. In order to accommodate three
identical quarks in a baryon (the A™" (uuu) or the Q™ (sss) baryons, for example),
something the Pauli exclusion principle disallows*, an additional quantum number
is introduced called ‘colour charge.” This is analogous to electric charge in QED,
but instead of two charges (positive and negative), there are three (‘red,” ‘blue,” and
‘green’). A baryon, consisting of three quarks, then has one quark of each colour,
and a meson, consisting of a quark and an antiquark, has a quark with one colour
and an antiquark with the corresponding anticolour (antired, antiblue, or antigreen).
In analogy with the additive colours of light, a baryon with one red, one blue, and
one green quark (or a meson with one red quark and one antired quark) is ‘white’ or
‘colour-neutral.” Quark confinement is the observed phenomenon that a quark cannot

exist as a free particle, based on the lack of observation of free quarks (point-like

4The Pauli exclusion principle states that multiple spin 1/2 particles cannot simultaneously
occupy the same quantum state within a quantum system.



objects with fractional electric charge). Quarks must then exist only inside colour-

neutral objects (hadrons).

Action density

i=12/m

Lunnase Buli,
Kluus Schillicg,
Chrisioph Schlichier

Figure 1.3: Lattice gauge theory simulation in SU(2). Shown is the action den-
sity® created by two static colour sources (infinitely heavy quarks, for example) sep-
arated by 1.2 fm on a 32% point lattice (see Section 1.3.1.2). Plot from Reference [8].

As with QED, QCD features an exchange boson that describes interactions be-
tween charged particles. In QED, this is the photon. Two electrically charged par-
ticles interacting is described as the exchange of a photon between the particles. In
QCD, this exchange boson is the gluon, which is exchanged between quarks®. The
gluons, unlike photons, carry colour charge of their own. As such, quarks can interact
with quarks, and gluons can also interact with quarks and other gluons (a mecha-
nism called self-interaction). In QED, lines of force between two charged particles are
represented by virtual photons exchanged between the particles. In the same way,
QCD represents lines of force by virtual gluons. However, since these gluons interact

with one another, the lines of force are pulled together into a tight string, sometimes

5The action density is similar to the energy density [7].
SExchange of mesons provides an effective description of the longer-range force between nucleons.
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called a ‘flux tube,” as depicted in Figure 1.3, the lattice simulation snapshot from
Bali, Schilling, and Schlichter [8]. The configuration helps explain quark confinement:
as distance between two colour charges increases, the force remains constant and the

energy stored in the flux tube increases.

a) I
§ 1/r?
@]
o
Distance ——»
b) T
(]
© @
o
Distance —»

Figure 1.4: A sketch showing the field lines and force between two charge sources in
electrodynamics (a) and QCD (b).

This is in contrast to QED, where the force lines are such that increased distance
causes a decrease of force with an inverse squared law (see Figure 1.4). Then, if two
colour charges are separated a great distance, the energy stored in the flux tube is large
enough to pass the quark pair production threshold, resulting in a new pair of quarks,
each one coupling to one of the original quarks (shown graphically in Figure 1.5). The
gluon-gluon interaction allows for a much more complex system where different types
of particles are possible, including ‘normal’ colour-neutral objects with gluonic degrees

of freedom (hybrids) and pure-gluon states (glueballs).
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Figure 1.5: A sketch depicting the production of a pair of quarks. Rather than

liberating a quark from a hadron, the energy in the flux tube becomes large enough
with increasing distance to generate a new qq pair, resulting in two distinct hadrons.

1.3.1 Models and Predictions for Exotics and Hybrids

In the high-energy regime of quark interactions, the separation distance between
quarks is very small, meaning that the energy stored in the flux tube is also small
(represented graphically as a flux tube of small density), and the binding energy be-
tween quarks becomes negligible. This is ‘asymptotic freedom,” and it allows accurate
perturbative calculations of QCD processes at high energies using the known QCD
Lagrangian (Equation 1.3) [6].

- 1 }
L= Z Vg0 (i7" 0 0ap — gsy”tfbAS — M) gy — ~ o FAH (1.3)

4
q

The " are Dirac y-matrices’, the v, , are quark field spinors for quarks of flavour
q (mass m,) with colour a. ¢ can be one of six flavours, and a one of three colours
(N. = 3). AS are gluon fields, where C' runs from 1 to N7 —1 = 8. In other words,
there are 8 kinds of gluons. The t§ are the 8 generators of the SU(3) group. They
appear in the Lagrangian term that describes the coupling of quark and gluon fields

(the second term in Equation 1.3) and serves to rotate the quark’s colour in SU(3)

"Everywhere in the Lagrangian, a Greek letter index implies a four-component object (three
spatial dimensions and one temporal dimension).
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space upon interaction with the gluon. g, is the QCD coupling constant, and F) ;3/ is

the QCD field tensor, given by Equation 1.4 [6].

Fﬁ, = 8MA§‘ - &,Af} - gszBCAfAE and [tA, tB] = ifABctC (14)

Here, fapc are the structure constants of the SU(3) group. The field tensor of
QCD is similar to the electromagnetic field tensor with the addition of the third term
in Equation 1.4. This term arises from the gluon self-interaction (gluons interacting
with other gluons). The third term in Equation 1.3 simply describes free quarks at
rest. The first and third terms together form the Dirac equation that quarks, similarly
to electrons in QED, obey.

However, at lower energies, perturbative calculations become complicated or im-
possible, owing to a large strong coupling constant and a non-perturbative vacuum [9].
So, effective theories, models, or computer calculations are used to predict interac-
tions and bound states. The most commonly referred to models are briefly introduced

in this section.

1.3.1.1 Constituent Gluon Model

Many forms of this type of model exist, but in general, the model builds up J"¢

quantum numbers in the same way as the constituent quark model but allowing for
pure-gluon states and hybrids by assuming a gluon J¥ of 1=. The gluon can possess
angular momentum, [,. The parity of a hybrid meson (¢gg), for example, includes a
factor of —1 (from the intrinsic gluon parity) and a factor of (—1)%. A hybrid’s parity
is then P(qqg) = (—1)*e, where L is the orbital angular momentum between the
quark and antiquark, as before. The charge conjugation of a hybrid gains a factor of

L+5+1 [10]. In this model, most JF¢ combinations

—1 as well, giving C(qqg) = (—1)
can be realized for a hybrid meson.

Similarly, 2- or 3-gluon states can be built (glueballs). The low angular momentum
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states are those with JZ¢ of 0+, 0=, and 2** (2-gluon), or 0=+, 17=, and 37~ (3-
gluon). Along with these models, an effective potential model can be used to predict

masses of glueball and hybrid multiplets for comparison to other theories or lattice

QCD calculations [10, 11].

1.3.1.2 Lattice QCD

Lattice QCD (LQCD) is a non-perturbative approach to solving QCD: it is a
lattice gauge theory formulated on a grid or lattice of points in space and time.
It provides a tool for calculating interactions in the low energy (non-perturbative)
regime. Quark fields reside on the lattice points, separated evenly in space and time
by a distance a, and gluon fields act as links between lattice points. The continuum
theory, true QCD, is then found by taking the limit as the lattice spacing vanishes.
Because of early® limitations in computing power, compromises were required, intro-
ducing systematic errors on predictions made with LQCD. One simplification is the
removal of vacuum polarization effects, known as ‘quenching.” Larger lattice spacing
and fewer lattice sites also help with computing power, and often, unphysically large
quark masses are used to ease computation requirements. These all make extrapo-
lation down to expected quark masses and vanishing lattice spacing more difficult,
resulting in large systematic errors.

Over the last few decades, computing power has grown exponentially. Processing
speeds have increased dramatically, and the cost to operate large, fast clusters of
computers to do lattice calculations has likewise decreased. With modern computa-
tional power, calculations on the lattice can be done without quenching on massive
lattices, with ever smaller lattice spacings and quark masses, leading to theoretical
results that are in fair agreement with experimental results, where available [6, 12].

A number of input parameters are required to do LQCD calculations, including

8 Around the year 2000.
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the lattice spacing a, the quark masses, and the CP (charge conjugation parity)
violating phase 6. # allows CP violation (a difference in physics between matter and
anti-matter), but is usually set to 0 for lattice calculations. The quark masses are
set from experimental data. Heavy quark (quarks other than w, d, and s) masses
can be tuned by setting mesons with heavy quark content to their experimental
values, and light quark (u, d, and s quarks) masses are tuned by making certain
light-quark meson mass ratios match experiment [6]. The precision of the tuning is

O mass, which is generally around 400 MeV for modern

usually quoted as the lattice
lattice calculations®. Once these input parameters have been specified, the masses or
resonance properties of all other states can be predicted, including normal hadrons,
hybrids with gluonic degrees of freedom, and glueballs [13, 14, 17]. Lattice results
on some multiquark states (tetraquarks and pentaquarks) also exist [18, 19]. Modern

results are generally in agreement with experimental data, and many predictions exist

for as-yet undiscovered particles including exotics and hybrids of various types.

1.3.1.3 Flux Tube Model

A useful alternative to full lattice QCD is the flux tube model. In short, it takes the
idea of the lattice and substitutes the gluon field links with a string. For large spacing
between two colour sources, a flux tube can be thought of as a string with tension.
Excitations of the gluon field are then described by vibrations of that string. The
notion of modelling this kind of system with vibrating strings dates back to Nambu,
one of the founders of string theory [20]. Some early models of effective string theories
include those in References [21], [22], and [23]. The lattice string is approximated
as having a number of ‘mass beads’ along its length corresponding to the number
of lattice spacings the connected quarks are apart from one another. The beads’

masses are related to the tension in the string and the lattice spacing, a, the beads

9This is in comparison with the physical mass of the 7 of about 135 MeV.
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interact with a linear potential, and they are allowed to oscillate about their resting
positions. The angular momentum contribution of an excited gluon is modelled by
a string phonon'®, which contributes to the total angular momentum of a particle
system. With flux tube and flux tube decay models [24], quantities such as masses
of particles, quantum numbers, and decay rates can be calculated and simulated.
For example, such studies predict the lightest hybrid masses to be between 1.8 and
1.9 GeV [12, 25]. A good number of simplifications and approximations are applied
in such a model, but they tend to show good agreement with lattice calculations and
experimental results [12, 26]. They provide a simpler picture of states and decays in
situations where rigorous calculation or simulation is unnecessary or not possible, and
before major improvements with lattice calculations that have come along recently,
flux tube models were the most trusted calculations for decay rates and resonance
properties available.

One of the results from flux tube calculations of vibrational hybrid meson (¢gg with
gluonic excitations) decays is that the prominent decays are to excited mesons, S + P
(one L =0 and one L =1 meson), for example [27, 28]. This type of observation
provides experimenters some insight into what decay channels may be fruitful for

searching for particular JX¢ hybrids.

1.3.1.4 Exotic Hybrid Meson Predictions

All modern models predict the lightest hybrid meson to be a J©¢ = 1=F particle
in the mass range of 1.5 to 2.1 GeV [10]. In the past, much experimental attention has
been paid to this mass region and quantum number combination, and some evidence
has been seen of hybrid signals (see Section 1.4). Now, with recent LQCD results [14],
an extremely rich spectrum of mesons is predicted. The lattice QCD spectrum in

Figure 1.6 shows the light meson spectrum (u, d, and s quark contributions) for

10A phonon is a quantum of vibrational mechanical energy.
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a lattice size of 243 spatial and 128 temporal lattice points with a pion mass of
391 MeV. The low-lying hadrons (light pseudoscalars and vectors) are identifiable
with the approximately correct masses and octet/singlet mixing angles. The three
right-most columns hold exotic quantum number states. Sets of three states (two
isoscalar and one isovector) correspond to a meson nonet (the I = 1/2 states are not
shown). The lightest hybrid supermultiplet, which is a set of four JF¢ hybrid nonets
(0=*,17F, 177, and 27) corresponds to the states marked in orange. Experimental
verification of all states in the explicitly exotic 1~ nonet, along with evidence of the
other nonets in the supermultiplet, is a necessary step for claiming the existence of
mesons with gluonic degrees of freedom. Similar lattice spectra exist for mesons in

the charm quark sector [15], for baryons [16], and for glueballs [17].
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Figure 1.6: The LQCD meson spectrum, displayed as state mass versus quantum
numbers (JF¢). The height of a state indicates the error on the mass. Octet /singlet
mixing angle is indicated by black and green contributions to isoscalar mesons. Can-
didates for the lightest hybrid supermultiplet are highlighted in orange [14] (colour
online).

Table 1.3 summarizes calculations with LQCD and various models for low-mass

hybrid mesons with explicitly exotic quantum numbers. Some allowed decay modes

17



(found simply through quantum number counting arguments) for each of these par-
ticles are also listed. From this summary, a short list of final states with a small
number of stable particles can be made, which may provide the best opportunities to

search for evidence of an exotic signal.

Name JP¢ Total Width MeV Allowed Decay Modes
PSS IKP
! 1= 81-168 117 bym, mp, 7f1, ™, ', nay, 7n(1295)
T 1=t 59—158 107  mway, wag, nfi, nfa, 7w(1300), ny', KK{, KKP
ny  17F  95-216 172 KKP, KK{ KK*, ny
by 0= 247 — 429 665 7 (1300), why, pfi, nh
he 0 59-262 94 by, nhy, KK (1460)
By 0t 250490 426 KK(1460), KK, nhy
by 21— 5—11 248 way, wag, why, np, b1, pfi
ho 27~ 4—12 166 7p, why, nw, why
R, 27~  5-18 79 KK, KK, KK, nh

Table 1.3: A compilation of exotic quantum number hybrid approximate masses,
widths, and decay predictions [12]. Masses are estimated from dynamical LQCD
calculations with m, = 396 MeV [29]. The PSS (Page, Swanson and Szczepaniak) and
IKP (Isgur, Kokoski and Paton) model widths are from [30], with the IKP calculation
based on the model in [24].

1.4 Existing Evidence for Non-Quark Model Mesons

JPC quantum numbers, and

Mesons are arranged into multiplets with various
the light meson states that have been experimentally verified fit the framework of
the constituent quark model quite cleanly with one exception. There is an over-
abundance of light scalar (J¥ = 0%) states claimed in experiments. Scalar candi-
dates include the x(800), o(500)', f5(980), ao(980), fo(1370), K;(1430), ag(1450),
fo(1500), and fy(1710), along with a number of unconfirmed resonances like the

fo(1790) and fo(1810) [6]. Usually, the lightest scalar nonet is interpreted as the

HThe ¢(500) is sometimes referred to as the f5(500) and most commonly referred to as the [r7]s
(two-pion S-wave).
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K, [0(980), and a((980), and constituent quark models can accommodate up to three
more scalar nonets in this mass range [28]. It is expected, then, that if all these
candidates and unconfirmed resonances are actual meson resonances, at least some of
them should be non-conventional mesons. Lattice calculations show the lightest scalar
glueball to lie around 1.5 to 1.7 GeV [17], meaning one or more of the isoscalar f
particles may be pure glue states, or some may be superpositions of mass eigenstates
(contributions from glueball and conventional meson states). In addition, interpreta-
tions of the f;(980) and a¢(980) (as well as some other light scalars) as tetraquarks
or meson molecules are not uncommon [6, 31, 32], though solid evidence of any of
these ideas has not been presented.

JPC = 1=+ states exists. Above

As for explicitly exotic mesons, evidence for a few
1 GeV or so in mass, the spectrum of mesons becomes quite crowded, to the point
where resonances are often not visible in simple mass spectra. Here, Partial Wave
Analysis (PWA) is useful to disentangle contributions from different resonances. A
final state spectrum can be decomposed into contributions from different produced
resonances decaying through various decay channels. For example, the 37 final state
is modelled as some created resonance decaying to a pion and an isobar with angular
momentum L between them. The isobar then decays to the other two pions'? (see
Figure 1.7). The isobar can be any meson that decays to two pions such that it could
have come from the decay of the resonance with a specified J”¢. The resonance quan-
tum numbers (partial waves) corresponding to the possible 37 isobar decay channels
then forms the wave set used in the partial wave analysis. The contribution from each
partial wave to the total cross section (a measure of the probability of a particular
final state being produced by a particular initial state reaction) can be calculated

individually, then the ensemble is fit to angular distributions obtained in data. The

result is partial wave amplitudes that represent the relative contributions of each

12 A variety of corrections are made to the basic isobar model to account for problems related to
unitarity, analyticity, and crossing symmetry [33].
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partial wave to the final state system [34].

T
s
T R = [rx]
=p(770)
= £,(980)
= £,(1270)

N N

Figure 1.7: An example of the isobar model. Creation of a three-pion resonance (X,
with quantum numbers J¥¢) is modelled by creation of a pion and an isobar (R) with
the isobar subsequently decaying to two pions. The total cross section is the sum of
all possible contributions.

Small contributions from suppressed partial waves can be detected in this way,
even when peaks in the mass spectra are impossible to see. However, it is extremely
important that the wave set is comprehensive. A full partial wave analysis would
require an infinite amount of waves, but the set is often limited to partial waves
with J <7 and L <7 or so, since waves beyond this are generally negligible and
computation resources are limited [35]. Waves which are forbidden by kinematics
and structureless waves with low relative intensities are excluded. Evidence for exotic
particles comes from performing such a partial wave analysis, then re-performing
the same analysis but excluding the exotic partial wave contributions. A lower fit
probability in the latter implies a significant contribution from the exotic wave.

The m(1600) has been suggested by PWA in diffractive production'® using a
pion beam, in pp annihilation, and in ¢¢ meson (y.) decay by VES [36, 37, 38],
E852 [39, 40, 41, 42, 43], COMPASS [44, 45, 46], CLEO-c[47], and the Crystal Barrel

13Diffractive production is characterized by a reaction during which no quantum numbers are
exchanged between the beam and target particles.
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experiment [48]. Though not all observations between different collaborations are
consistent, particularly signals in 37 decay modes!® [51], the seemingly robust signals
extracted in the by, fim, and n'm decay modes from different experiments give con-
fidence to the existence of a real exotic state. Comparisons of the branching ratios
of the 71(1600) obtained from the analysis of the VES experiment are in reasonable
agreement, with decays to a P + S wave system more prominent than a system of
two spin 0 particles [12].

The second explicitly exotic meson is the m1(2015). So far proposed only by the
E852 Collaboration [42, 43], this state decays to bym and fi7, as expected of a hybrid
meson, but without further confirmation from other experiments, nothing much can
be said about this state. A third state, the 7;(1400), was also proposed by the E852
Collaboration, and while other collaborations have seen evidence of such a state, it’s
resonant nature is unclear [52, 53]. Coupled with the fact that it has only been seen
in one decay channel (which is not expected of a hybrid meson [12]), it is unlikely to
be a gqg object.

Non-exotic hybrid candidates have been reported, including the 7(1800) (0~F) [54]
and the 79(1870) (271) [55]. A study performed by Donnachie and Kalashnikova [56]
suggests the existence of 17~ hybrids as well. A number of meson molecules and
possible tetraquarks that involve heavy quarks (X, Y, and Z particles that don’t fit
predictions of quark models) have also been confirmed [6].

Sophisticated lattice calculations show a vibrant spectrum of non-conventional
mesons, and confirmation of members of the lightest hybrid supermultiplet would all
but prove the existence of mesons with contributions from gluonic degrees of freedom.
New experiments, like PANDA, FAIR, and GlueX, will be integral in searching for

conclusive evidence of these and other hybrid states.

14No evidence for the m(1600) is seen at all in the 37 channel in the E01-017 photoproduction
experiment [49] at CLAS [50].
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1.5 Exotic Production with the GlueX Experiment

Mapping the meson spectrum, particularly the hybrid multiplets, is the main goal
of the GlueX experiment. GlueX is a fixed-target, linearly-polarized photon beam
experiment that focuses on the production and detection of hybrid resonances. The
high-energy (9 GeV) photon beam and high resolution for detecting both neutral
and charged particles (see Chapter 2) allows meson spectroscopy of states up to
about 3.0-3.5 GeV in mass. Detection of the explicitly exotic hybrid multiplets is of
particular interest. Lattice and model calculations suggest that these exotic states
tend to exist as qq pairs with gluonic excitations (¢gg), where the spins of the quarks
are aligned [57], which motivates the use of a photon beam for GlueX.

Much of the evidence for exotic hybrid mesons (the m;(1600) and possibly the
m1(2015)) has come from experiments with pion beams. In an interaction where the
target nucleon recoils, the quantum numbers of a produced resonance is dependent
on the quantum numbers of the beam particle. For a pion (or kaon) probe, S = 0,
meaning that to get an exotic hybrid meson with aligned spins, there must be a
spin-flip transition. A photon probe, however, carries the quantum numbers of a
vector meson (S = 1), meaning that photoproduction allows exotic hybrids directly.
In addition, estimates suggest that hybrids should be produced at roughly the same
rate as conventional mesons in photoproduction [58].

The polarization of the photon beam provides the means to distinguish between
naturalities of exchanged particles. Photoproduction of a particle occurs through the
exchange of a virtual meson'® between the beam photon and the target nucleon (a
proton, in the case of GlueX). This can be done through ‘natural’ or ‘unnatural’

parity exchange!®. Natural parity exchange corresponds to exchange of a meson with

15For photoproduction of the pseudoscalar 7 and 7’ mesons, which is the subject of this thesis, a
virtual vector meson is exchanged.

16The naturality of a particle is determined by how it behaves under parity transformations.
Natural parity particles have P = (—1)”, and unnatural parity particles have P = (—1)/*1.
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quantum numbers J = 0%, 17, 2%, etc., while unnatural parity exchange corresponds
to JE =07, 17, 27, etc. The differential cross section (cross section as a function
of a particular variable, most often solid angle or interaction energy) for photons
polarized perpendicular to the reaction plane is dominated by natural parity exchange
and the differential cross section for photons polarized parallel to the reaction plane
is dominated by unnatural parity exchange, to leading order in energy [59]. Thus,
the polarized beam used for the GlueX experiment allows measurement of exchange
naturalities, which provides information about the production mechanism of measured
resonances. If the production mechanism is already known, the beam polarization

can be used to filter resonances by naturality.

1.6 Current GlueX Efforts

To carry out a PWA, GlueX must be able to reconstruct pure samples of the
final state mesons (7, 1, 7', p, w, ¢, etc.!”) and known resonances (ag, fo, b1, etc.).
In particular, the n and 1’ mesons are critical, since they feature heavily in many
expected exotic meson decay channels (see Table 1.3). Simulating the experiment
accurately is also important, since a detailed Monte Carlo (MC) simulation that
matches what is seen in data allows for the calculation of detector acceptance and
efficiency, which is required for producing cross sections and doing PWA. As such,
the first steps toward the main goals at GlueX include studying simple mesons and
known resonances while improving matching between simulation and data for simple
processes.

Before the high-luminosity, low-emittance photon beam experiments at Jefferson
Lab, existing photoproduction results came mainly from SLAC (the Stanford Linear

Accelerator Center), most of which were centered on cross section measurements.

"Low-lying mesons with simple decays can be considered final-state particles for the purposes of
PWA.
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A major focus of current GlueX analyses is to increase photoproduction statistics at
GlueX energies of about 9 GeV and to measure quantities like the > beam asymmetry
of particles. In addition, the first direct photoproduction signal of the J/¢ particle
near threshold has recently been seen by GlueX [60]. Studies of the cross section as
a function of incoming photon energy helps in studying heavy quark states, which
may be explained by either two- or three-gluon exchanges [61], so studies of this
particle at 9 GeV are of interest. Continual improvements to the GlueX simulation
software are made to enable cross section analysis and PWA, and improvements to
the reconstruction software are pursued to produce higher-purity, higher-resolution
signals. Until this work is complete, much effort is being put toward the study of the
Y. beam asymmetry for a number of particles.

The beam asymmetry is a polarization observable that gives insight into the ex-
change mechanism’s naturality. It is accessible in data through the polarized photon
beam without the need for detector acceptance correction, as discussed more thor-
oughly in Sections 1.6.1 and 3.2. The ¥ beam asymmetry of the p°, 7% and 7 (decaying
to 2 photons) at 9 GeV have been published by GlueX [62, 63], and analysis of the
7, 7, and ag are underway. Preliminary ¥ beam asymmetry results for the 7 (in
decay channels other than to two photons) and 1’ have been produced, and are the

subject of this thesis.

1.6.1 Pseudoscalar Beam Asymmetry

Along with the beam asymmetry, 3, there are fifteen other polarization observ-
ables that arise from various polarization combinations. Experiments can be done
under conditions of a polarized beam, polarized target, and a polarized recoil baryon.
Experiments with different combinations of these have access to different polarization
observables. The single-polarization observables are obtainable with one of the three

constituents polarized. A polarized beam with an unpolarized target, as in GlueX,
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can yield the beam asymmetry, Y. Polarized target experiments can yield the target
asymmetry, 7', and polarized recoil experiments can yield the recoil asymmetry, P.
Then, for each two-polarization combination (beam-target, target-recoil, or beam-
recoil), four double-polarization observables can be measured. The unpolarized cross
section, o0y, is the sixteenth observable. Each of these observables is related to an
element in the expression for the total cross section of an interaction, along with the
related beam, target, and recoil polarization vectors (P_S , ]Si, and ﬁb, respectively)

as in Equation 1.5 [64].

o =0o[(1+ P)PiP)) + P(P) + PSP)) + S(PJ + P.P)) + T(P, + P P))
+ E(P?P.+ PJPIP)) + F(P’P. — P)P.P)) + G(—P;} P! + P, P.P})
+ H(—PJ P, — P)P.P)) + Co(PY P2+ PP PLPY) + C.(PYPY — PPPIPY)  (L.5)
+ O4(=Py Py + P?PiPY) + O.(—PJ P! — PPPiPY) + T,(P.P) + PSP.P?)

+ (PP, = PYP.P)) + Lo(P.P) — Py P,PY) + L.(P.P. — Py P, P,)]

For a linearly-polarized photon beam at an angle ® with respect to the reaction
plane, the polarization vector is € = (cos(®), sin(®), 0), leading to a pure photon state
(in the circular polarization basis, |+) and |—)) |®) = \_/—%[e*iq’ |[+) — ei®|=)]. Then,

the density matrix for the photon is

lin. pol. 1 1 €
vk (@) = |9) (@] =

Y

(1.6)

At GlueX, a partially polarized beam is achieved, where P, is the degree of po-
larization. The density matrix is then a mixture of the pure state from Equation 1.6
and pure |t) states, as in Equation 1.7 [65].

1-P,

pr(8) = —5 (!+>(+\+|—><—!)+P~/I<I>><<I>|=%(I+155(<1>)-5) (1.7)
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Here, & are the Pauli spin matrices and f;s((I)) = —P,(cos(2®),sin(2®),0). Since
only the beam is polarized for the GlueX experiment, P and P? are both zero. Then,
the polarized cross section for pseudoscalar production can be written in terms of the

unpolarized cross section (from Equation 1.5) as

Tpol. = 00 (1 + ZPf) = 0o (1 — P, X cos(29)) (1.8)

In an experiment, Y can be extracted by fixing the polarization angle of the photon
beam, ¢, then measuring the angle of the reaction plane (by detecting the produced
pseudoscalar and/or recoil baryon), ¢. The difference between these two angles is
¢ = ¢ — ¢,. X is defined such that natural parity exchange (meson production plane
perpendicular to the beam polarization, as discussed in Section 1.5) will contribute
positively and unnatural parity exchange (meson production plane parallel to the

beam polarization) will contribute negatively [65], as captured in Equation 1.9.

Onat. — Ounnat.
5 = Chat: — Tunnat. (1.9)
Onat. + Ounnat.

As an example, if the polarization angle of the photon beam was set to ¢, = 0°, and
a pseudoscalar was produced with purely natural parity exchange, it is expected that
enhancements in data yield should be seen at perpendicular angles to the polarization
angle, 90° and 270°. In this case, ® = ¢, so the cos(2®) dependence in the cross section
implies that the yield will have a sinusoidal behaviour with minima at & = 0° and
180° and maxima at 90° and 270°, in agreement with the concept of natural parity
exchange.

Each polarization observable is defined by some combination of ‘reaction ampli-
tudes,” which describe spin state transitions between the beam, target, and recoil
baryon [64]. In order to do a ‘complete’ experiment, meaning one that uniquely

defines the reaction amplitudes of the interaction, a number of these polarization
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observables must be measured for a particular energy [66]. Another experiment at
Jefferson Lab, CLAS, was previously run with a polarized photon beam at lower en-
ergies than GlueX, and data from this run preiod has recently been used to measure
some single- and double-polarization observables for photoproduction of a number of
particles [67, 68, 69, 70, 71, 72]. GlueX is only sensitive to 3, but since this has not
been measured for photoproduction of most particles at GlueX energies, particularly
the n and 7/, and because X data helps theorists constrain exchange models, this is

an interesting observable to study.

1.6.2 Predictions of n and ’ Beam Asymmetries

A number of models'® have been developed over the past few decades to describe
light meson photoproduction data. With the recent availability of large data sets
from GlueX and complimentary experiments, these models can be tested to see if
they hold at higher beam energies, if they need adjustments, or if new models must
be developed. To this end, the recently published GlueX results on the ¥ beam
asymmetry of the 7 and 7 [63], shown in Figure 1.8, feature previous 7° data from
SLAC and comparisons to model predictions for energies similar to the GlueX beam
energy®. Since the beam asymmetry is generally dependent on the squared four-
momentum transfer to the target, the Mandelstam variable ¢t = (Piarget — Precoil)?,
model predictions are given as functions of ¢ and data are analyzed in bins of ¢ for
comparison.

The new 7° data from GlueX do not show the same trends as the data from SLAC,
though the SLAC data was produced over a large range of beam energies (from 4 to
18 GeV), the average of which (10 GeV) is similar to the GlueX beam’s energy, so

the differences in the results may be reasonable. The GlueX 7° results do agree,

18These models are based on calculations in Regge theory [73], which are beyond the scope of
this thesis.

9Details regarding these models can be found in the listed references in the caption of Figure 1.8
and in Reference [63].
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however, with the most recent model predictions from the Joint Physics Analysis
Center (JPAC), as do the GlueX 7 results.

JPAC has also released model predictions for the ¥ beam asymmetry of the n’ [59].
The beam-target exchange for n and 7’ photoproduction is dominated by the w, p,
¢, b, h, and h' vector mesons. In terms of naturality, exchange of the w, p, and ¢
(JP = 17) is natural parity exchange, while the exchange of the b, h, and i’ (J¥ = 17)
is unnatural parity exchange. If there is no contribution from hidden-strangeness
exchange of ¢ and A’ mesons, it is expected that the beam asymmetries for the n and
i’ should be equal [59]. The model from JPAC predicts the beam asymmetry ratio

between the 1’ and the n allowing for hidden-strangeness exchange.
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Figure 1.9: Theory curves produced by JPAC for ¥,/ /%,. The two curves derive from
two different model assumptions for the axial vector radiative decay strengths, with
the similarly coloured bands representing the 10 error on each curve. More detailed
information regarding the model can be found in the published JPAC paper [59]
(colour online).

Input parameters of the model come from data for radiative decays of the mesons

involved in the beam-target exchange, where available. Assumptions are made for the
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radiative decays of the mesons with no data (in particular, the axial vector decays,
b— n"y and h — n)7). First, it is assumed that the b and h couple identically to
the nucleon, since it is difficult to distinguish empirically between b and h exchanges.
Then, it is assumed that the axial vector exchanges follow the same pattern as the
vector exchanges. Two possibilities arise: the axial vector coupling strengths are
assumed to be equal to the p strengths, or equal to the w strengths. The two pre-
diction curves generated under these two possibilities are shown in Figure 1.9. These
assumptions are on the extreme ends of what is believed to be reasonable [59]. The
model suggests that the n’ beam asymmetry should be nearly identical to the n beam
asymmetry, with the ratio of the two beginning to increase at high —t?°. A significant
deviation from a ratio of 1 in data might imply non-negligible hidden-strangeness con-
tribution from the ¢ or h' exchange, or that the photoproduced n or 1’ is not totally
decoupled from the target.

The ¥ beam asymmetries of the n and 7’ that are presented in this thesis are

compared to these model predictions and the previous n GlueX measurements in

Chapter 4.

20Throughout this thesis, ‘high —¢’ means larger |t|. For ease of viewing, trends are plotted versus
—t in all figures, so low magnitudes are closer to the y-axis and large magnitudes are increasing to
the right of the y-axis.
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Chapter 2

The GlueX Experiment

The GlueX Experiment is conducted at JLab, home to CEBAF, the Continuous
Electron Beam Accelerator Facility, which produces high-frequency bursts of elec-
trons accelerated through superconducting electromagnetic cavities. The accelerator
can provide high energy electron beams to four different experimental halls simulta-
neously. The recently constructed and commissioned fourth hall, Hall D, houses the
GlueX detector!. A thin diamond wafer is used to convert the Hall D electron beam
into a polarized photon beam, which is transported to the hall. The GlueX detector
is a nearly-4m hermetic detector, designed to be sensitive to all final-state particles
produced from the interaction of the beam photon with a proton in the target. In
this chapter, brief overviews of each of the major components of the beam line and

detector are presented.

2.1 CEBAYF at Jefferson Lab

The electron beam at Jefferson Lab is generated through the photoelectric effect by
shining a high frequency laser onto a Gallium Arsenide photocathode. Electron bursts

that are produced are then shaped into evenly-spaced beam bunches (pulses), which

! Construction of Hall D began in May, 2009, and the first beam was delivered to Hall D in May,
2014.
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are accelerated with superconducting radiofrequency (RF) multi-cell cavities [81].
These cavities are shaped vacuum chambers, which, when supplied with RF power,
produce standing electromagnetic waves (modes). The Transverse Magnetic (TM)
mode that is used as the fundamental accelerating mode in these cavities is the
TMo1p mode [82]2. TM modes are well-suited for acceleration of charged particles
because the electric field is directed along one axis and the magnetic field is everywhere
perpendicular to that axis, so no magnetic beam deflections are possible. The three
indices in the mode assignment, TM,,,,,, indicate the distribution of the electric and
magnetic fields in the three cylindrical coordinates, ¢, r, and z. m is the number
of full-period variations of the fields in azimuth, n is the number of nodes in the
radial variation of the longitudinal field (the electric field, in the case of TM modes)
minus 1, and p is the number of half-period variations of the fields in the longitudinal
direction [83]. Thus, the TMg;p mode (along with all TMg,, modes) provides fields
that are azimuthally symmetric and constant along the longitudinal direction, with
the electric field strongest at r = 0 and no magnetic field at r = 0. Particles are thus
directed through the cavities along the r = 0 axis.

The direction of the electric field switches between parallel and anti-parallel with
the beam at a regular interval defined by the supplied RF frequency. The speed
of the electron bunches in the beam must be coupled with the frequency of the
beam and matched to the frequency of the RF cavity, such that the electromagnetic
mode provides an accelerating kick at times when the electron beam bunches pass
through the cavity, and a decelerating kick in the times when no beam bunch is in the
cavity. At CEBAF, the niobium cavities are designed with an accelerating frequency
of 1497 MHz, so the electron beam must also be produced with this frequency. Rather
than using one 1497 MHz laser, however, four lower frequency lasers are used on the

same photocathode simultaneously. This is to facilitate four-Hall operation, meaning

2The TMg19 mode is a resonance mode in a perfect pillbox cavity. In a shaped multi-cell cavity,
the field is distorted.
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delivery of four distinct electron beams to all four experimental halls at CEBAF.
The four beams are interlaced, such that all four beams together create a string of
electron beam bunches at 1497 MHz. Two lasers pulsing at 499 MHz and two lasers
pulsing at 249.5 MHz, appropriately spaced in phase, are used. Then, RF separators
throughout the accelerator, operating at the same frequencies, pick out every third
(499 MHz) or sixth (249.5 MHz) beam bunch for steering. In this way, all four beams
can be treated as one 1497 MHz beam for acceleration, then separated for delivery
to different halls.

In order to achieve variable energy and different energies for each of the four beams,
the accelerator is constructed in a racetrack-like configuration, shown in Figure 2.1.
Electrons from the injector are accelerated through the first set of 25 cryomodules,
which house the accelerating cavities, then enter arcing and focusing beam compo-
nents that bring them to the second set of 25 cryomodules. After this second set,
beams can be delivered to experimental Halls A, B, or C, or one (or more) of them
can be directed into another arcing section that leads back to the first set of cry-
omodules for additional acceleration. Additional arcing beam lines exist to circulate
the beams for up to five passes through the accelerating sections, with each pass
providing 2.2 GeV in electron energy. Beams are referred to by the number of passes
through the whole ‘racetrack,” making a 5-pass beam the maximum for Halls A, B,
and C. After five passes, one final arcing section brings the beam back to the first
set of cryomodules for a final acceleration towards Hall D, making the Hall D beam
5.5-pass. The Hall D beam line is designed to operate only in 5.5-pass mode, and
gives Hall D a maximum electron beam energy of ~ 12 GeV.

Before the construction of Hall D, each of three 499 MHz beams were delivered
to one of Halls A, B, and C. To simultaneously deliver beam to Hall D, additional
RF separators and another injector laser were added [84]. Effectively, the frequency

of one of the pre-existing three beams is lowered to 249.5 MHz so that every second

33



Arcing Magnets

Injector [l I

Figure 2.1: CEBAF at Jefferson Lab. A high-frequency electron beam is accelerated
to high energy and supplied to up to four experimental halls simultaneously.

beam bunch in that sequence can be delivered to Hall D. Since Hall D requires the
highest energy achievable in order to accomplish its physics mission of looking for
exotic states of matter up to ~ 3.5 GeV/c? in mass, it will always be operated in
5.5-pass mode, meaning that it is the highest-pass beam between Halls A, B, and C
which must suffer decreased frequency.

In terms of energy, the original 40 cryomodules were able to produce a maximum
electron beam energy of ~ 6 GeV. The recent upgrade to the facility? added ten
new higher gradient cryomodules that pushed the maximum electron beam energy
up to ~ 12 GeV. This upgrade in energy allows for higher center-of-mass energies
for production experiments, a finer resolution for probing nucleon substructure, and
represents many other significant upgrades in terms of discovery potential for exper-

iments operating out of Jefferson Lab.

3During the same time as the construction of Hall D.
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2.2 Hall D

The goal of GlueX is to search for evidence of exotic and hybrid mesons using par-
tial wave analysis, which requires accurate reconstruction of the final state particles.
Thus, the detector must be capable of detecting both charged and neutral particles
and must be able to determine the energy and momentum of each type of particle.
In addition, the experiment must be simulated accurately in order to determine the
efficiency of the detection and reconstruction, and the lightest, simplest mesons and
baryons must be well-understood so clean samples can be selected for analysis of
more complex decay topologies. The GlueX detector is composed of many subsys-
tems, each of which contribute specific information toward identifying a particle or
its properties, and all of which are important for getting an accurate representation

of what decaying resonances might be produced in an interaction.

2.2.1 Beam Line
2.2.1.1 Polarized Photon Beam

The electron beam coming into Hall D is converted into a photon beam in the
Tagger Hall. This is done through the process of coherent Bremsstrahlung on a thin
diamond wafer. The incident electron can interact with the Coulomb field surrounding
a nucleus and produce a high-energy photon, where the energy of the photon is related
to the outgoing angle of the photon with respect to the incident beam. In turn,
these are related to the momentum transferred to the struck nucleus, . A smooth
continuum of ¢ values contribute to the Bremsstrahlung process on a single nucleus
and the effects are averaged, giving an effect called ‘incoherent Bremsstrahlung.’
However, when an entire crystal recoils from the incident electron all at once, called

‘coherent Bremsstrahlung,” the ¢’ values that contribute to the resulting photon energy
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and angular spectra are constrained to be reciprocal lattice vectors*, which are nearly
perpendicular to the incident beam direction [85]. By orienting the diamond wafer in
a particular way, a small number of these reciprocal lattice vectors can be picked out.
The resulting spectra are then composed of only a few distinct angles and energies.
The orientation of the diamond can be adjusted further so that only the lowest-energy
photon peak dominates the spectra.

In addition, the photon created by the Bremsstrahlung process is partially lin-
early polarized® depending on the energies involved and the outgoing photon an-
gle [86]. Coherent Bremsstrahlung from an oriented diamond wafer thus generates
a monochromatic, partially polarized photon beam from an incident electron beam.
The outgoing electrons are swept away from the beam line by a magnetic field into
the Tagger Hodoscope (TAGH) and Tagger Microscope (TAGM). These subsystems
are used to measure the energy of the outgoing electron (see Section 2.2.1.2), which
allows the calculation of the Bremsstrahlung photon energy. However, the electron
beam emittance (divergence at the target), mosaic spread of the crystal (imperfec-
tions in lattice sites), and multiple scattering of electrons in the crystal smear the
outgoing angles and energies of the Bremsstrahlung photons [87].

In order to minimize the effects of mosaic spread and multiple scattering, and to
preserve the beam polarization, the GlueX Experiment requires a thin, flat diamond
radiator with as little mosaic spread as possible. The diamond radiator used by
GlueX during the spring of 2017 to collect the data presented in this thesis was cut
and polished from a 257.5 pum crystal to a mean thickness of 58 pwm in the beam
spot region. The surface of the crystal was imaged to test for consistent thickness

(see Figure 2.2 (a)), and the mosaic spread of the crystal was tested with a ‘rocking

4Reciprocal lattice vectors are momentum-space counterparts (Fourier transforms) of regular
lattice vectors, which are position translation vectors between a reference lattice point (nucleus) and
any other lattice point within a unit cell of a crystal.

5In the SM, photons have helicity of +1. These two helicities represent photons that have left-
or right-handed circular polarization. Thus, a ‘linearly polarized’ photon is a coherent state of two
superimposed photons with opposite helicity and appropriate phase difference and amplitude.
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curve.” A rocking curve is performed with the use of a monochromatic X-ray beam.
The diamond is placed in the beamline with a photodetector placed at the angle of
perfect Bragg reflection. Bragg’s Law for a crystal with lattice spacing d and an X-ray
wavelength of A describes the angle at which the incident X-ray must be with respect

to the crystal’s surface for constructive interference of scattered photons, as shown in

Figure 2.3.
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Figure 2.2: Thickness scan (a) and rocking curve (b) from GlueX diamond JD70-100,
the radiator used during data taking in the spring of 2017. Tmages from Reference [88].
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Figure 2.3: Bragg reflection of a plane wave on a crystal lattice. An incident plane
wave generates a coherent reflected plane wave when Bragg’s Law (described in the
Figure) is satisfied.
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By tilting (rocking) the diamond over the range of Bragg reflection and measuring
the intensity of the scattered photon beam in the photodetector, a rocking curve can
be measured. This curve features a sharp peak at the diamond tilt that satisfies the
Bragg condition. The width of the peak is an indicator of the uniformity of the dia-
mond lattice. Non-uniformities cause reflections at varying angles, and so the mosaic
spread of the crystal is measured as the width of the rocking curve. Several tests of
the GlueX diamond show a rocking curve width of 20 to 50 ur (see Figure 2.2 (b)
for one such test). Initial diamond scans were carried out at the CHESS facility®
When that facility switched its focus to protein scans, the GlueX tests migrated to
the Canadian Light Source’.

Collimation of the photon beam helps clean up the beam to provide a high
degree of polarization and a tighter energy spectrum by restricting the outgoing
Bremsstrahlung angle. For the GlueX Experiment, the photon beam produced in
the Tagger Hall is collimated through two collimators situated 75 m downstream
of the radiator®. The first defines the angles of photons that will reach the target.
Secondary photons and charged particles can be produced in this collimator by the
parts of the beam that strike it, so a sweeping magnet placed after this collimator
pulls charged particles out of the beam line. The second collimator is slightly larger
and catches the secondary photons created by interactions in the first collimator [89)].
The end result is a photon beam with a coherent peak centered at around 9 GeV
and a partial linear polarization on the order of 40%, with the polarization angle of
the beam controllable by rotating the diamond wafer accordingly (see Figure 2.4).
For the purposes of finding the beam asymmetry for mesons (see Section 3.2) and

checking for systematic effects, data for four beam polarization angles are collected:

Shttps://lightsources.org/lightsources-of-the-world /americas/cornell-high-energy-synchrotron-
source-chess/

Thttps://www.lightsource.ca

8The distance from the radiator to the collimator, along with the beam spot size, affect greatly
the polarization percentage of the beam, as discussed in Reference [87].
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Figure 2.4: (Left) Theoretically calculated beam rate of the GlueX photon beam
as a function of energy. (Right) Polarization of that photon beam as a function of
energy. Simulated using a radiator thickness of 1074 radiation lengths and a 3 pA
beam current. In both figures, the dashed line is the result with no beam collimation
while the solid line includes a collimator 3.4 mm in diameter placed 80 m from the
radiator. Figure from Reference [90].

2.2.1.2 Tagger Hodoscope and Microscope

Electrons that radiate Bremsstrahlung photons lose varying amounts of energy. A
pair of dipole magnets placed just downstream of the radiator sweep the electrons out
of the beam line towards a beam dump. The dipoles will disperse the electrons based
on the energy they have. Electrons that radiated a ‘harder’ higher energy photon will
bend more than an electron that radiated a ‘softer’ photon. The TAGH and TAGM
are position-sensitive scintillation detectors placed near the dipole that measure the
position of a bent electron, which is used to calculate the energy of that electron.
This energy, along with the initial beam energy, can be used to determine the energy
of the Bremsstrahlung photon. A photon that has a corresponding electron hit in one

of the tagger detectors is referred to as a ‘tagged’ photon.
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The Tagger Microscope is placed to detect electrons with energies between 3.0
and 3.6 GeV, corresponding to Bremsstrahlung photon energies between 8.4 and
9.0 GeV, which is the energy range surrounding the coherent Bremsstrahlung peak.
Each individual scintillator in the TAGM has a width corresponding to about 10 MeV
in photon energy. The Tagger Hodoscope scintillators cover higher and lower energies,
down to 0.22 GeV and up to 9.0 GeV (3.0 to 11.8 GeV photon energy), with wider
scintillators of about 30 MeV width in photon energy [89]. Figure 2.5 shows the dipole

magnets and the tagger’s focal plane, where the TAGH and TAGM scintillators lie.
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Figure 2.5: Rendering of the tagger dipoles and the focal plane of the TAGH and
TAGM. Bent lines incident on the focal plan show electron trajectories for electrons
of varying energies. Figure from Reference [89].

2.2.1.3 Triplet Polarimeter

After collimation, the beam’s polarization is measured by the Triplet Polarimeter
(TPOL). The polarized photon beam passes through a thin beryllium foil converter,
which induces electron-positron pair production upon interaction of a photon with an
atomic electron. The recoil (triplet) electron has a low energy, nearly independent of
the incident photon energy, and its azimuthal recoil angle, ¢, is measured. The cross

section for this process is given by
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og=o0y (14+ PX cos(29)) (2.1)

Here, o is the unpolarized cross section (known from previous experiments), P
is the photon beam’s polarization, and > is the beam asymmetry. This is a similar
situation as measuring the beam asymmetry of a meson, discussed in Section 3.2.
However, the recoil electron passing through the beryllium foil can also produce 6-
rays’, which alter the angular spectrum. What is measured experimentally, rather
than 3, is called the ‘analyzing power,” ¥ 4. Since this process is entirely electromag-
netic, the analyzing power for the process at various photon energies is predictable
and can be found from simulation [91]. As such, a fit of the angular distribution
of the recoil electron gives the beam’s polarization. Then, the polarization can be
measured for each of the four diamond orientations used and in bins of beam energy.
The results of these measurements are shown in Figure 2.6 (with vertical error bars
representing statistical errors), where it can be seen that the beam’s polarization is

highest in the coherent peak around 8.8 GeV, averaging around 35% for all diamond

orientations.
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Figure 2.6: Polarization of the photon beam as measured by the TPOL as a function
of energy for the four diamond orientation data sets. Statistical errors on each point
are represented by vertical error bars.

9Secondary electrons created when charged particles traversing a medium kick orbital electrons
out of atoms.

41



2.2.1.4 Pair Spectrometer

The electron-positron pair produced in the beryllium converter before the TPOL
proceeds to the Pair Spectrometer (PS). The electron and positron are diverted by
a dipole magnet into a pair of hodoscopes, one on either side of the beamline, as in
Figure 2.7. Course counting hodoscopes behind the high-resolution ones provide a
coincidence trigger used to eliminate background and noise.

PS-A PSC-A

Dipole Magnet

Vacuum Chamber

Converter

Photon
beam

PS-B PSC-B
0.5m 1.0m 1.5m 1.0m IO.4rTL
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I€ 21€ 1€ 1€ 1€ 21

Figure 2.7: Schematic of the Pair Spectrometer. The electron-positron pair is sep-
arated by a dipole and the momenta of both particles is measured with a pair of
hodoscopes. Figure from Reference [92].

Like the TAGH and TAGM, the electrons are deflected based on their energies,
and so the energies of both the electron and positron can be measured. Each arm
is sensitive to a momentum range of 3.0 GeV/c to 6.2 GeV/c for the leptons, which
corresponds to photon energies between 6 and 12.4 GeV. This allows a measurement
of the energy spectrum of the beam in and around the coherent peak region post-
collimation and provides photon flux measurements for different diamond radiator
orientations, the latter of which is shown in Figure 2.8 [92]. Measurements from the
PS are also used to calibrate the TAGH and TAGM, and coincidence between a PS

hit and TAGH/TAGM hit specifies the electron beam bunch responsible for the event.
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Figure 2.8: Photon beam energy distribution for PS events in coincidence with a
TAGH or TAGM hit for the four photon polarization angles used.

2.2.1.5 Liquid Hydrogen Target

The spot size of the photon beam incident on the the GlueX nuclear target is a
few mm in diameter [89] with a flux of around 107 tagged photons per second. The
target is a cryogenic liquid hydrogen (LH2) cell, 30 cm long with a ~ 2 cm diameter
(ensuring no beam scraping on the sides of the entrance beam pipe or target walls),
held at a temperature of ~ 20 K [93]. Figure 2.9 shows a schematic of the GlueX
target. The 30 cm long target provides ~ 0.03X (radiation lengths) of material for

the photon beam.

2.2.2 Charged Particle Tracking

Surrounding the target is the nearly-47 hermetic detector consisting of two elec-
tromagnetic calorimeters, multiple charged tracking chambers, and scintillator arrays

for timing measurements. Figure 2.10 depicts the detector and subsystems.
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Figure 2.9: Schematic of the liquid hydrogen target used for the GlueX Experiment.
The liquid hydrogen is contained in the orange-coloured cone. Figure from Refer-
ence [93] (colour online).

The GlueX detector sits inside of a large solenoid magnet capable of producing a
2.24 T magnetic field. Tracking of charged particles as they curve in the magnetic
field, which is typically handled by drift chambers, provides momentum information
about those charged particles. This information can be combined with other detected
quantities to help determine the species of the charged particle. Furthermore, track
and momentum information are useful for reconstructing the event vertex, the point

from which the detected final state particles originated in the LH2 target.
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Figure 2.10: Overview of detector subsystems in the GlueX detector. Figure from
Reference [94].
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Charged particle tracking for GlueX is handled by the Central Drift Chamber
(CDC) and Forward Drift Chamber (FDC), discussed further in this section.

2.2.2.1 Central Drift Chamber

The CDC is a straw tube drift chamber that incorporates 3,500 1.5 m long,
~ 15.6 mm diameter straw tubes in a cylinder around the hydrogen target, cover-
ing a range in polar angle from the center of the target of 6° to 165°. The straw
tube walls are made of thin layers of kapton with one layer of aluminum on the inner
wall, which serves as a cathode. In the center of a tube, a gold-plated tungsten wire
with a diameter of 20 um acts as an anode. A mixture of argon and CO, gases flows
through the straws. When a charged particle passes through a straw, ionization of the
gas occurs, with electrons drifting toward the cathode and ions drifting toward the
anode. The drift time, which is the time between initial ionization and the first elec-
tron reaching the electrode, is measured with a high-resolution flash Analog-to-Digital
Converter (fADC). The drift time is converted to a distance, and such information
from many adjacent straw tubes allows reconstruction of charged particle tracks. In
order to cut down on ambiguities in reconstruction, the straws are arranged in ra-
dial layers with three distinct orientations: axial (parallel with the beam line) and
two stereo offsets (+6° from axial), as shown in Figure 2.11. The stereo straws help
with measuring the position of a straw hit in z, along the beam direction. The CDC
achieves a spatial resolution in z of 2 mm and in the r¢ plane of 150 um.

Another major contribution of this subsystem is particle identification (PID). To
this end, the fADC is also used to estimate the amount of energy deposited in a straw.
This energy loss, combined with the timing information which gives drift distance,
allows a calculation of dE/dx, the amount of energy lost by the charged particle per
unit distance in the gas. This quantity is helpful for distinguishing between protons

and lighter charged particles at low momenta [95, 96]. An example dE/dx plot from
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Figure 2.11: View from upstream of the CDC straw configuration. Depicted are the
radial layers of axial straws (black dots) and stereo straws (red and blue dots, £6°
respectively). Figure from Reference [95] (colour online).

data is given in Figure 2.12. This is crucial for the identification of a recoil proton from
the beam-target interaction, since usually such a proton has low momentum and will
not be detected by other PID subsystems like the Time-of-Flight (see Section 2.2.4.2)

or Barrel Calorimeter (see Section 2.2.3.1).

2.2.2.2 Forward Drift Chamber

The FDC is a set of four cathode strip detector packages placed downstream of
the CDC. They detect forward-going charged particles in polar angles between 1° and
20°. This style of drift chamber uses a plane of spaced anode wires and one or more

planes of cathode strips at some angle with respect to the wires. Ionization of a gas
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Figure 2.12: CDC dE/dx versus charged track momentum. The horizontal band be-
low momenta of 1 GeV is a result of lighter charged particles like electrons, pions,
and kaons. The curved band is a result of protons. Above 1 GeV or so, the two bands
become indistinguishable. The red curve shows an extremely loose cut meant to ex-
clude obvious light particles while preserving all proton candidates at low momentum
in the early stages of an analysis (colour online).

(a mixture of argon and COs for the GlueX FDC) causes a current in the same way
as other drift chambers. Data readout from the wires gives positional information in
that direction while data read out from the strips gives the same in another direction,
allowing a localization of the charged particle’s passage through the face of the planes.

The GlueX FDC uses two cathode strip planes, rotated £75° from the wire di-
rection (depicted in Figure 2.13 (a)). One cathode plane sits downstream of the wire
plane and one sits upstream (‘U strips’ and ‘V strips’ in the figure, respectively).
The use of multiple planes at varying angles allows hit localization in the event of
multiple simultaneous hits, not an uncommon occurrence at forward angles for high-

energy production interactions. Furthermore, each of the four FDC packages contains
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six sets of wires and planes, with each set in a package rotated 60° from its neigh-
bours. A side view of an FDC package is shown in Figure 2.13 (b). The many layers
of cathode strip detectors allows for spatial resolution on the order of 200 um [97],
helpful for matching tracks from the CDC to hits in the two downstream detectors,
the Forward Calorimeter and the Time-of-Flight.

(b)

beamline

120.0 cm

Figure 2.13: (a) Front view of an FDC package. Wires are shown as vertical lines.
Two cathode strip planes lie at + 75° with respect to the wires, one on either side of
the wires (U and V strips). (b) Side view of an FDC package. Wire planes are shown
as dashed lines, while cathode planes are shown as solid lines. A package contains six
sets of cathode strip detectors, each rotated 60° from the previous one. Figure from
Reference [97].

2.2.3 Calorimetry

Calorimetry is done with two electromagnetic calorimeters, the Barrel Calorimeter
(BCAL) and the Forward Calorimeter (FCAL), discussed in this section. The former
is a cylinder that surrounds the CDC and FDC, and the latter is a plane downstream
of the solenoid. The geometry is such that any neutral particle produced near the
hydrogen target at any angle other than steeply backwards can be detected by one
of these calorimeters. During data analysis, positional information from calorimeter

hits can be compared to charged track information to match tracks to calorimeter
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hits. Hits that are not matched are then likely from neutral particles (photons or

neutrons).

2.2.3.1 Barrel Calorimeter

The BCAL is a cylindrical electromagnetic calorimeter, which sits radially between
the solenoid and the drift chambers. The purpose of this calorimeter is to detect the
energy and position of charged and neutral particles between polar angles of 11° and
126°. The subsystem is composed of 48 trapezoidal modules 3.9 m long and 25 cm
tall (15.3 radiation lengths, and up to 67 radiation lengths for particles incident
at 14° polar angle). Each module is composed of lead (to induce electromagnetic or
hadronic showers) and scintillating fibers (to convert a shower’s deposited energy into
measurable photons). Stacked radially outward are 185 layers of alternating 0.5 mm
thick lead sheets with grooves along their lengths and double-clad 1 mm diameter
scintillating fibers'® glued into those grooves [98]. Particle showers, induced in or
before the BCAL, deposit energy in the scintillating fibers that re-emit light, which
travels down the fibers to both the upstream and downstream end of the BCAL to
be measured by photodetectors. The amount of light produced by the scintillating
fibers is directly proportional to the energy deposited in the fibers, and the amount
of energy deposited in the entire calorimeter is predictable based on the amount of
energy deposited in the fibers by comparison with simulations!!. The upstream and
downstream ends of each BCAL module are covered with 40 light guides, for a total
of 3840 SiPMs. Each of these capture light from a ~ 2 cm? area worth of fibers and

delivers it to a silicon photomultiplier (SiPM)!2. A SiPM’s ‘dark count rate,” which is

0Kuraray Plastic Scintillating Fibers (http://www.kuraray.com/products/plastic/psf.html).

1A scaling factor between the energy deposited in the fibers and the total energy deposited
in the calorimeter can be found through simulation of single-photon events. This scaling factor is
refined through calibration of the subsystem, which for the BCAL involves matching the 7° peak in
a diphoton invariant mass spectrum from data to the true value of the 7% mass.

12Standard photomultiplier tubes (PMTSs) are not usable inside the intense magnetic field of the
solenoid. SiPMs offer a light collection system that is effectively immune to magnetic fields.

49



the rate of false photon signals in the absence of incident light, decreases dramatically
with lower operating temperatures [99], so the SiPMs are placed in thermal contact
with metal plates that are held at a low temperature (on the order of 7°C) with a
liquid cooling system. In order to prevent condensation on the faces of the SiPMs,
which would interfere with the detection of light from the light guides, nitrogen gas
is flushed through the upstream and downstream ends of the BCAL. The 40 SiPMs
from a BCAL module are summed into four ‘layers’ (radial regions) and four ‘sectors’
(azimuthal regions), giving 16 readout channels (‘cells’) per BCAL module per side
(see Figure 2.14).

Each of these readouts provides energy and timing information for energy depo-
sitions in those cells. By grouping nearby (in time and space) depositions, measure-
ments of an electromagnetic or hadronic shower’s energy and position as it entered
the BCAL can be found. Primarily, this information is useful for reconstructing in-
variant masses of decaying neutral particles. For example, if two neutral showers
are detected in the BCAL, the energy and position of the two showers measured by
the calorimeter can be used to reconstruct their four-momenta (either through mea-
surement of the vertex position using charged tracks, or by an assumption about the
vertex position). Adding the four-momenta together yields the four-momentum of
a particle that might have decayed to produce the two photons. By calculating the
invariant mass of this new four-momentum and comparing to well-known mesons that
decay to two photons, one can test if the two photons are likely to have come from a
well-known particle (see Chapter 3 for more detailed discussion).

In addition to position and energy information, the BCAL can also be used for
particle identification. For charged particles with large enough momenta'® (and the
correct polar angle) to reach the BCAL, the flight times of the particles (accessed by

the time difference between the BCAL hit and a hit in the Start Counter, for instance)

13Since the flight time between the target and the BCAL is short, there is an upper limit on the
momentum of a charged particle based on the timing resolution of the subsystem.
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Figure 2.14: (a) Macro dimensions of the BCAL. (b) cross sectional (top-half only)
view of the BCAL showing it’s position with respect to the hydrogen target. (c¢) End
view of the BCAL showing the 48 trapezoidal modules together forming the cylinder.
(d) End view of one BCAL module showing the 40 light guide footprints and the
layer-wise summing scheme used to produce the final 16 readout channels. Figure

from Reference [98].

can be used to distinguish between different species of particle. Figure 2.15 shows
the speed of charged particles calculated from BCAL showers that were matched
to charged tracks versus the momentum of those particles. Two distinct bands are
seen below a particle momentum of 2 GeV showing clear separation between elec-
trons/pions (8 ~ 1) and protons (lower speed band).

The SiPMs are monitored by periodically flashing LEDs (Light Emitting Diodes)
in the light guides. The timing and energy data collected from these LED pulses

are used to ensure the photodetectors have approximately correct timing and energy
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Figure 2.15: Measured speed (3, the particle speed divided by the speed of light) of
positively charged particles found using BCAL shower time information versus par-
ticle momentum. The three curves, from top to bottom, correspond to the expected
distributions of pions, kaons, and protons.

characteristics. The latter is used for relative monitoring of gains. A similar LED

system is used for gain monitoring in the FCAL [100].

2.2.3.2 Forward Calorimeter

The FCAL lies downstream of the rest of the detector and fulfills the same role as
the BCAL, but for polar angles below 12°. This subsystem is constructed by stacking
2800 4 x 4 x 45 cm? lead-glass blocks into a roughly circular shape of about 1 m
radius [101]. A square of 9 blocks is omitted at the center of the FCAL, termed the
‘beam hole,” so the photon beam can pass through to the beam dump at the end of

the hall (see Figure 2.16).
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Figure 2.16: Rendering of the GlueX FCAL, showing the partially-stacked lead-glass
blocks, the beam hole, and the acrylic planes used for gain monitoring!#. Figure from
Reference [100].

Particles traversing a lead-glass block cause particle showers, and the high-speed
charged particles from those showers produce Cherenkov light!® that is read out by
photomultiplier tubes at the back of each lead-glass block. Since the amount of
Cherenkov light produced is again dependent on the amount of energy deposited by
the initial particle, the total energy of the shower can be found by grouping together
signals from adjacent lead-glass blocks. As with the BCAL, hits can be matched to
charged tracks to differentiate charged and neutral showers in the FCAL.

The placement of the FCAL, 5 m downstream of the hydrogen target, is to help

14Light from LEDs located on the edges of these acrylic planes illuminates the lead-glass blocks
for monitoring the photodetectors’ timing and energy characteristics. The opaque covering on the
outside of the acrylic planes protects the acrylic from ambient light.

15Cherenkov light is produced by a charged particle travelling through a dielectric (electrically
polarizable) medium faster than the speed of light in that medium.
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with resolving power [89]. Multiple high-energy photons produced from the decay of
a meson may travel close together at very forward angles, and having the photons
travel a longer distance increases the chance that they will strike the FCAL in two
distinct places that can be cleanly separated for energy and timing measurements
rather than striking the same or adjacent lead-glass blocks, making it impossible to
tell how many photons exist in the final state.

The FCAL can also be used to identify electron hits from hadronic ones. Fig-
ure 2.17 shows an example data plot of the ratio of FCAL shower energy to matched
charged track momentum versus the track’s polar angle. Charged particles with an en-
ergy to momentum ratio of around 1 correspond to low mass electrons and positrons,

which are distinctly separable from the horizontal band of hadrons.
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Figure 2.17: Ratio of energy, as measured by the FCAL, to charged particle track

momentum versus track polar angle. Using energy information from the FCAL,

identification of hits as being from electrons or positrons as opposed to hadrons is
possible. Figure from Reference [102].
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2.2.4 Particle Identification

Particle identification (PID) is carried out in a variety of ways using most of the
detector subsystems. Energy deposition information from the CDC and calorimeters
can differentiate between light and heavy charged particles at low momentum, for
instance, but for high-momentum, forward-angle particles, the Time-of-Flight (TOF)
provides timing information for distinguishing particle species. The Start Counter
(ST), located just outside the hydrogen target, is a crucial subsystem for measuring
flight times to any detector. These two subsystems are discussed in this section.
The recent PID upgrade to the GlueX detector, the DIRC (Detection of Internally

Reflected Cherenkov light) detector, is also discussed.

2.2.4.1 Start Counter

The Start Counter is an array of 12 scintillator bars surrounding the hydrogen
target and covering polar angles between 7.5° and 149° (see Figure 2.18). Each bar is
bent by applying localized infrared heating and forming the bend around an aluminum
drum to match the shape of the target chamber. Particles produced in the target pass
through the bars, producing scintillation light that is detected by SiPMs.
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Figure 2.18: Schematic view of the Start Counter. Figure from Reference [103].
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The main purpose of the ST is to identify the RF beam bunch that corresponds
to a production event. Timing information from the SiPMs is used to measure the
time of an interaction between a beam photon and the target, which can then be
compared to the RF beam bunch timing. Because the beam bunches arrive at ~ 4 ns
intervals (249.5 MHz frequency), the timing resolution of this subsystem must be on
the order of 1 ns to resolve the correct RF beam bunch responsible for the interaction.
The design reolution of the ST is a few hundred ps, which satisfies the requirements
for resolving RF beam bunches and also facilitates PID with other detectors through
comparison of hit times in those subsystems with the well-known ST time. The ST
itself can also be used for PID by measuring the energies of hits along with the times.
For hits matched to charged tracks, the energy loss (dE/dx) can be plotted versus the
momentum of the particle in much the same way as for the CDC. Two bands, one for
the proton and one for the lighter charged particles (electrons, pions, and kaons) are
clearly distinguishable up to about 0.9 GeV/c [103]. This can be useful for identifying
low momentum recoil protons that do not make a distinguishable track in the CDC,

for instance.

2.2.4.2 Time-of-Flight

For higher-momentum, forward-angle particles, use of the TOF is essential for
separation of protons, kaons, and pions. Because of the long flight distance from
the target to the TOF wall, distinguishing particles based on timing is possible up
to higher momenta than other subsystems like the BCAL. In addition, the timing
resolution of the TOF is also good, on the order of 100 ps. The subsystem features
two layers of 252 cm long, 6 cm wide scintillator bar arrays aligned perpendicularly
to one another. Each bar features two photomultiplier tubes to read out energy and

2

timing information from hits. A 12 x 12 ¢m~ square hole in the center matches the

beam hole in the FCAL to allow traversal of the photon beam through to the beam
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dump. Here, half-length bars are used on either side of the beam hole attached to
only one PMT. Additionally, two half-width bars flank either side of the beam hole
in both layers [104] (see Figure 2.19). This helps with the high event rate expected

just outside the beam hole and with distinguishing tightly-packed high momentum

particles.
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Figure 2.19: Early conceptual rendering of the TOF wall. Note that the half-width
scintillator bars on either side of the beam hole are not represented in this rendering.
Figure from Reference [105]

An example data plot of positively charged particles’ speed as measured by the
TOF versus their momenta is shown in Figure 2.20. Bands of data for positrons,
pions, kaons, and protons can be seen and separated in various momentum ranges.
Most prominently, the proton band can be separated from the rest of the lighter
charged particles up to around 3 GeV/c. Pion-kaon separation is possible with the

TOF, but only up to 2 GeV/c or so where the kaon band merges with the pion and
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electron bands.
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Figure 2.20: Speed, as measured by the TOF, of positively charged particles versus
momentum showing separation of the positron, pion, kaon, and proton bands in
various momentum ranges. The faint, horizontal band around = 0.8 is caused by
‘accidentally-tagged’ (see Figure 3.1 and associated text) positron and pion tracks.
Figure from Reference [105].

2.2.4.3 Recent Upgrade: DIRC

Several hybrid meson decay modes involve charged kaons, and in order to fully
study potential hybrids with strange quark content, kaon identification up to higher
momentum is required. To this end, a DIRC detector has been installed in the gap
between the TOF and the rest of the GlueX detector!®. It is a Cherenkov detector
that uses fused-silica bars from the BaBar Experiment’s DIRC detector [106]. Four

BaBar bar boxes are used for the GlueX DIRC, two above the beam hole and two

16Installation and commissioning of half of the DIRC took place in January and February, 2019.
Installation of the remaining half of the detector is planned to take place after the current run period
is complete (late April).
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below, each horizontally oriented, with the whole setup covering polar angles between
2° and 11°.

Each bar box contains 12 fused-silica bars, each 17 mm x 35 mm x 4.9 m in size.
As a charged particle passes through a bar, if the speed of the particle is larger than
the speed of light in the bar (¢/n, n being the index of refraction of the bar), the
particle will radiate Cherenkov light at a characteristic angle based on the speed of
the particle. In a large-volume Cherenkov detector, the cone of light from this process
might be picked up by an array of PMTs or other sensors, and the size of the ring
would define the angle and thus the speed of the particle. Coupled with momentum
information, this can uniquely identify the particle species. At BaBar or GlueX, this
is not possible because of space limitations caused by the placement of other detector
subsystems. So, in the fused-silica bars, the Cherenkov light is totally internally
reflected to one end of the long bar (a mirror lies at the other end) where the light
enters an expansion chamber. The light is directed by mirrors in this chamber onto a
plane of photosensors, and since the Cherenkov angle of the emitted light is preserved
through reflections, the pattern on the plane of photosensors can be analyzed to yield
the same speed information as in a standard large-volume Cherenkov.

The expansion chamber (or ‘optical box’) used for GlueX is shown schematically
in Figure 2.21 and simulations of the optical pattern of Cherenkov light from the
photosensors in the expansion chamber are shown in Figure 2.22 for an optical box of
arbitrary length and for the GlueX design length. Two expansion chambers are used,
one for the two BaBar boxes above the beam hole and one for the two boxes below
the beam hole [107]. The design goal of the DIRC upgrade is to push the limits of

pion-kaon separation up to momenta of 4 GeV/ec.
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Figure 2.21: (Left) Schematic of the expansion volume and optical box mirrors.
Cherenkov light from the BaBar boxes enter from the bottom left and is directed
by the mirrors to the photosensor array at the top right. (Right) Three-dimensional
rendering of the optical box coupled to two bar boxes. Figure from Reference [107].
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Figure 2.22: Simulated PMT photosensor patterns for normally incident charged
particles and an optical box mirror setup similar to that in Figure 2.21. (Left) Optical
box of arbitrary length: the entire pattern is available without reflection. (Right)
1.4 m long optical box, as designed for GlueX, provides the same pattern with some
folding due to reflection. Figure from Reference [107].
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2.3 GlueX Summary

The GlueX detector reconstructs both charged and neutral final state particles and
has nearly-47m hermetic coverage. Precision tracking chambers allow accurate recon-
struction of charged particle trajectories and interaction vertices, while calorimeters
provide total energy and positional information for charged and neutral particles.
Energy deposition and timing information from various subsystems provide PID ca-
pabilities, and the inclusion of the newly-installed DIRC in future run periods will

enhance the detector’s capability to separate charged pions and kaons.
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Chapter 3

Data Analysis

The accelerator at JLab typically runs from September through December (called
‘fall’) and from January through April (called ‘spring’). From the spring running of
2016 until the spring running of 2018, the GlueX detector has collected 2.15 x 10!
‘triggers.” The trigger conditions vary between and within run periods, but generally
a trigger occurs and data is read out when there is a photon hit in the TAGH or
TAGM (indicating a generated Bremsstrahlung beam photon) in coincidence with an
energy deposition in some combination of subsystems (ST, BCAL, FCAL, etc.). The
physics data set from spring of 2016 was opportunistic: detector commissioning and
testing proceeded faster than expected, allowing time to take some physics data. This
opportunistic data set was used for the analysis of the 2v final state (7° and 7) beam
asymmetries [63]. For this, two different beam polarizations were used (0° and 90°) in
addition to an amorphous (aluminum, no photon beam polarization) radiator. Spring
2017 was the first full production run, focussed entirely on taking physics data. This
data set features a factor of 2.5 more triggers than the spring 2016 run and four beam
polarizations (0°, 45°, 90°, and 135°) along with a smaller percentage of amorphous
data. Spring 2018 boasts another factor of 2 more triggers than spring 2017 with the

same four beam polarizations!. During the fall of 2018, another data set about the

No physics triggers were collected during the fall of 2016 or the fall of 2017 due mainly to
problems with the accelerator.
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size of the spring 2017 data set was collected that included a block of low-energy data.
The low-energy data were produced using a photon beam with the coherent peak at
7 GeV rather than the nominal 9 GeV. These data allow for studies of low-energy
cross sections that would overlap with past CLAS measurements at 6 GeV in Hall B
and provide a check for systematic effects.

Before being useful for physics, data from each run period must be calibrated.
The calibration process involves comparing data signals to known observables and
adjusting the data or reconstruction to match those observables. For example, cali-
bration of the BCAL SiPM photodetector gains involves reconstructing 7° particles.
Since the 7° decays to 2 photons, the 7% peak can be observed by constructing the
invariant mass of two photons detected in the BCAL. Calibration constants (multi-
plicative factors) are then applied to the SiPM output to bring the data peak closer

% mass. The process is iterated until the agreement is satisfactory. Other

to the true 7
calibrations must be done, including calibrations on the timing of hits in the BCAL
and on the attenuation of photons travelling through the scintillating fibers. Similar
calibrations must be carried out for each subsystem in the GlueX detector, a process
that can take several months. As such, fall 2018 data will not be available for physics
analysis for a number of months, and spring 2018 calibrations are only just maturing.

Since the spring 2016 data set has comparatively low statistics (particularly for
the 1’ decay channel), and because the 2018 data has yet to be fully calibrated, the
data presented in this thesis includes only the spring 2017 data set, which includes
about 1 x 10'° polarized triggers split evenly over the four polarization orientations
plus 8 x 10° amorphous triggers. In this chapter, the selection of n and 7’ events is

described, the methodology for extracting the > beam asymmetry from fits to the

data is detailed, and the inputs to the beam asymmetry fits are discussed.
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3.1 Event Selection

Event selection is done in multiple stages to ease computational requirements.
Events that are unlikely to contain 7 or " events are removed as soon as possible to
avoid large file sizes and the computationally intense processes such as the kinematic
fit (see Section 3.1.2). The goal of the event selection process is to generate as
clean (separated from contributions from other particles) and as pure (high signal-to-
background ratio) as possible samples of 77 mesons in the decay channels of interest.
These samples can then be used to investigate physics observables like cross sections
or the beam asymmetries. This work focusses on the three decay channels of the
n with the highest branching fractions and the n’ decay channel with the highest

branching fraction [6]. These channels are

n— 2y BR ~ 39.4% (Referred to as ‘2g’)
n— rra BR ~ 22.9% (Referred to as ‘3piq’)
n — 37 BR ~ 32.7% (Referred to as ‘3pi0’)

n —atnn, n— 2y BR ~ 43.4% - 39.4% (Referred to as ‘etaprime’)

3.1.1 Phase I Selection

The first step in the event selection is to pick out combinations of particles in
an event that match the desired topology, which in this context refers to the final
state particles in the studied decay channels. For example, the topology of the 3piq
channel is prt 7~~~ (the recoil proton, the charged pions, and the two photons from
the 7 decay). The tracking chambers may detect many charged particle tracks
and the calorimeters may detect many neutral particle showers in an event, but
since the topology of interest is known, events are filtered to those that contain the

correct number of tracks and showers. In this analysis, ‘exclusive’ events are selected.
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This means that the event should contain only the recoil proton and the final state
particles from the decay of the 1 or n/2. For the analyses presented in this thesis, all
particles are detected. Although selecting exclusive events can reduce the number of
signal events, it reduces file size (and processing time) and increases signal purity.
Multiple photons could be grouped together in one calorimeter shower if they are
spatially near one another, and spurious showers could form due to photodetector
noise or electromagnetic split-offs (one photon or charged particle generating multiple
charged particles that are grouped into multiple showers). As such, events cannot be
eliminated exclusively based on the number of charged tracks and calorimeter showers,
but those with more than two or three extra of either are extremely unlikely to have
been caused by an exclusive event and are cut. For the remaining events, particle
combinations (referred to as ‘combos’) are formed. For example, for the n — 77— 7°
channel, particle combos include two positively-charged tracks (the 77 and the recoil
proton), one negatively-charged track (7~), and two neutral showers (7% — 27).

Standard GlueX cuts are applied in Phase 1. The first are PID cuts. The CDC is
used to evaluate the energy loss of a charged track per unit length, dE/dx, which is
used to separate charged particle species up to 1 GeV/c in momentum. Figure 2.12
shows an example plot from data of the CDC dE/dx versus charged track momentum
for proton candidates. The loose cuts used in this phase are meant only to exclude
misidentified particles. Proton candidates that lie above the red curve shown in the
figure are retained by the cut. Similar cut curves are applied to electron, pion, and
kaon candidates [108] if applicable.

Next, a loose cut on the invariant mass of decaying particles is applied. Those
include the candidate initial particles (the photoproduced n or 7/, here) and inter-
mediate decays (the 7° or 7 decaying to 27y in the considered decay modes). The

invariant mass of the combo particles—which is meant to reconstruct to the decaying

2An ‘inclusive’ event, on the other hand, would contain all these particles, plus it would be
allowed to contain any number of extra tracks or showers.

65



particle’s mass—is constructed, and if it is far from the true mass of the decaying
particle, the event is discarded. This cuts down on very high- or low-mass events that
will enlarge file sizes and will be cut in the later phases anyway. Equation 3.1 shows

this cut for decaying 7°, 1, and 7’ particles.

Decaying 7 : 0.08 GeV < m, o < 0.19 GeV
Decaying n : 0.35 GeV < m, < 0.75 GeV (3.1)
Decaying 7’ : 0.60 GeV < m,; < 1.30 GeV

Next, a loose missing mass cut is applied that helps select exclusive events. The
missing mass (MM) is the difference in invariant mass between initial and final
state particles, as defined in Equation 3.2 for the 3piq decay channel. For an ex-
clusive event with no extra particles produced, MM should be 0. A cut requiring
IMM?| < 0.05 GeV? is applied. This loose cut allows for the possibility of excess
showers due to electronic noise or split-offs, but cuts events that are unlikely to be

exclusive events.

2 m T T 1 2
MM3 = (0 — pp)” = (P27 + pprcton — (Dhecins + Prt + Do + Dyt +p02)) (3.2)

The final Phase I cut is on particle timing. This is used to determine the RF beam
bunch to which a particle belongs. Since the accelerator provides bunches of beam at
intervals of 4 ns, hits in the subsystems must be matched with one another and the
correct RF beam bunch. The subsystem with the best timing information is used to
apply the timing cut on a particle. For example, if a charged track is matched to a hit
in the TOF, no timing cut on the matched hits in the FCAL or ST is applied. The
timing cuts used to identify the RF bunch corresponding to various particle species

are given in Table 3.1 [108].
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Particle Type ST cut TOF cut FCAL cut BCAL cut
Proton |AtRp‘ < 2.5 |AtRF| < 0.6 |AtRF| < 2.0 |AtRF’ < 1.0
7wt ’AtRF‘ <25 |AtRF| < 0.5 |AtRp| < 2.0 ‘AtRF’ < 1.0

m |AtRF‘ <25 |AtRF| < 0.5 |AtRF| < 2.0 |AtRF’ < 1.0

Table 3.1: Selection cuts on Atgrg for various particles in the ST, TOF, BCAL, and
FCAL. All times are in ns.
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Figure 3.1: RF At distribution. The central peak between the green delimiting lines
contains the real photoproduction events and some contribution from accidentals.
The smaller peaks are from accidental events. The six small peaks between the two
sets of red delimiting lines are the peaks used for accidental subtraction, as described
in Section 3.2.1 (colour online).

Figure 3.1 shows a sample Atgp distribution obtained in data. The large central
peak contains the real photoproduction events, while the smaller peaks at intervals
of 4 ns contain accidentally-tagged events (‘accidentals’), those with subsystem hits
matched to other RF beam bunches. However, the central peak also contains con-
tributions from accidentals. In the analyses herein, five accidental RF bunches on

either side of the central peak are kept. The effects of the accidentals under the
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central peak can be subtracted by constructing distributions with only events in the

accidental peaks, as detailed in Section 3.2.1.

3.1.2 Phase II Selection

Phase II selection consists of a kinematic fit (KinFit). The KinFit is a tool that
combines measured and unmeasured quantities (particle positions, momenta, and
energies) with a set of constraints to produce event/decay vertices and more accurate
estimations of the measured quantities. For a kinematic fit to an exclusive event, all
final state particle momenta and energies are measured. The fit is a x? minimization,
which tests fit quantities (variations on each measured quantity) to obtain the best

x? possible. The x? is defined as in Equation 3.3 [109].

fit meas 2
2 (v — y™)
=) (33)
k Tk
Here, the y; are the measured and fit quantities (z, y, and z positions and mo-
menta) and the o, are the Gaussian measurement errors on ;3. Trivially, the mini-

mum of this x? equation is when yfit = gmeas

, so that constraints must be considered.
The main constraints are conservation of energy and momentum. In the assumed
exclusive event, measured values may not conserve these quantities because of mea-
surement resolutions, missing or misidentified particles, etc., but the fit values are
required to conserve energy and momentum. In addition, certain particles in the
combo must come from the same vertices. The initially produced particles, plus the
recoil proton, must come from the interaction vertex and any final state particles that
come from an intermediate particle decay must come from a decay vertex. Another

common constraint is on the decay mass of intermediate particles. For example, the

two photons in the 3piq final state are meant to come from the decay of a 7°, so the

3These errors are encoded in the ‘covariance matrix,” which includes information about the
uncertainties on all measured quantities and their correlations with one another.
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fit puts a constraint on the fit that the 2v invariant mass must be exactly the true
7 mass. Then, the y? minimization becomes a problem of minimizing Equation 3.3
by varying the yi* whilst simultaneously satisfying all constraints®.

If the kinematic fit does not converge, the particle combo is discarded. If the
kinematic fit does converge, the minimized Y2 is converted to a ‘confidence level’
(CL), the integral of a probability density function. It is a number between 0 and
1, representing the probability that the fit’s x? is less than a real-valued random
variable. In the absence of background, the CL distribution should be flat, such that
a cut requiring the CL to be greater than 5% will remove 5% of the signal events.
In reality, background events and those with poorly measured input quantities tend
to collect near a CL of 0. As such, a cut on low confidence levels is an extremely
powerful way to eliminate background and other unwanted events while losing very
few signal events.

The best CL cut to use is not an obvious choice. A very loose cut—CL > 1078,
for instance—may not eliminate enough background events to allow for a consistent
physics extraction. A relatively tight cut—CL > 107!, say—will provide a very pure
signal peak, but will also remove about 10% of the signal. The best cut to use is
based on a balance between statistics and purity. For the analyses in this thesis, a
study was conducted (which is detailed in Section 5.1) to identify reasonable CL cuts
to use for each analysis. Based on these studies, CL > 107° is the cut used in all four

decay channels.

3.1.3 Phase III Selection

An event vertex is defined by the charged tracks in an event with assistance
from the kinematic fit. For exclusive events, all charged tracks are required to come

from a common vertex inside the target volume. The center of the target lies at a

4This is done using the Lagrange multiplier method, as detailed in Reference [109].
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global z-position (along the beam line) of 65 cm and the target vessel is 30 cm long.
To eliminate edge effects®, a cut in the z-position of the kinematically-fit vertex is
placed between 52 cm and 78 cm. The target is on average 2 cm in diameter (see
Section 2.2.1.5), so the vertex radial position is required to be less than 1.0 cm from

the z-axis. These cuts are shown in Figure 3.2.
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Figure 3.2: The z-position of the kinematically-fit vertex (left) and the x-position
versus y-position of the kinematically-fit vertex (right). The red delimiting lines
indicate the cut limits (colour online).

Detector edge effects must be understood well in order to accurately reconstruct
photons. Neutral showers in the FCAL around the beam hole and near the FCAL-
BCAL gap are often partial showers due to escaping or undetected energy, which can
render calibration or reconstruction in these regions difficult or unreliable. Fiducial
cuts® are implemented that remove particle combos with reconstructed photons in
either region, as shown in Figure 3.3. For the BCAL, this effectively corresponds to a
z-position cut. The BCAL occupies the region between z = 17 cm and z = 407 cm in
the global coordinate frame, and the fiducial cut removes events with BCAL showers

reconstructed at z > 380 cm. For the FCAL, a radial position cut is used. There,

5The walls of the target vessel consist of materials other than hydrogen, and interactions of beam
photons with these materials can result in more complicated reactions and final states.

6Typically obtained from simulation studies, some spatial parts of a detector (especially areas
near the edges) offer decreased sensitivity, excess background, poor reconstruction, etc. The ‘fiducial
volume’ of a detector is the rest of the detector, where sensitivity and reconstruction are understood
and reliable.
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fiducial cuts are placed to remove events with photons reconstructed in the inner-
most few layers and outermost few layers of lead-glass scintillator blocks, as showers
reconstructed in these regions are likely to be missing energy and are thus likely to
be reconstructed incorrectly. This corresponds to removing events with radial FCAL
shower positions of r < 25 ¢cm and r > 100 cm. Similarly, recoil proton reconstruction
suffers at low momentum because of a lack of tracking information from the CDC. A

fiducial cut on the proton momentum requires that Precon > 0.25 GeV.

| BCAL ||

== Target

FCAL

| BCcAL B
ST I

Figure 3.3: A side-view of the GlueX detector showing only the BCAL and FCAL.
Fiducial cuts (shown as red regions) are placed around the beam hole in the FCAL
and around the FCAL-BCAL gap where reconstruction or calibration can be difficult
or unreliable (colour online).

As mentioned, the kinematic fit constrains the intermediate decay particle’s mass.
If the measured decay particle’s mass is rather far away from the actual meson mass,
the fit’s confidence level should be small, or the reconstructed combo invariant mass
may be pulled outside of the n or 1’ peak region. However, it is useful to remove
obvious background with a cut where feasible rather than relying on the kinematic
fit to perfectly identify all background. Figure 3.4 shows plots of the reconstructed
combo invariant mass versus the measured diphoton mass for the 3piq and etaprime
decay channels. There are some clear outliers in the 27 mass spectrum in both
plots that produce the desired combo invariant mass after the kinematic fit, but that

are not convincingly close to the desired 2y mass. Tighter cuts are placed on the
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intermediate decaying n mass (between 0.46 and 0.62 GeV) and 7° mass (between

0.105 and 0.165 GeV) as depicted in the figure’.

n*nn® Mass vsn® Mass n*nn Mass vsn Mass
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Figure 3.4: KinFit 777~ 7" mass vs. measured 7° — 2y mass (left) and KinFit
w1 mass vs. measured 7 — 2y mass (right). The red delimiting lines indicate the
cut limits on the 2y masses (colour online).

Lastly, for the X beam asymmetry analyses, a high beam polarization is necessary.
The beam energy is restricted to be between 8.2 GeV and 8.8 GeV, the coherent
Bremsstrahlung peak, where the degree of polarization is highest. Figure 3.5 shows
the combo invariant mass spectra for the three n decay channels and the 7’ decay
channel after various cuts in the event selection.

A list of all event selection cuts discussed in this chapter can be found in Ap-
pendix A.

The black spectra in Figure 3.5 show the invariant mass after all Phase I cuts
and with a converging kinematic fit (CL > 0). The fiducial cuts (neutral showers
near the edges of the calorimeters and low-momentum protons) and the beam energy
cut (which selects the coherent peak) remove approximately 90% of the events. The
remaining cuts on the vertex position inside the target, the CL, and the intermediate
decay particle mass remove around 32% of the remaining events (on average, over the
four channels). As seen in the figure, these cuts do not remove a significant amount of

combos in the peak region (the corresponding histograms are nearly indistinguishable

"This decaying 7° mass cut is also used for the 3pi0 decay channel.
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Figure 3.5: Invariant mass spectra of the 7 for the 3piq (top left), 3pi0 (top right),
and 2g (bottom left) decay modes, and of the 1’ (bottom right). The effects on the
mass spectra of various cuts are shown (colour online).

in the peak region), but the reduction in background is noticeable. Lastly, the RF
cut selects the central RF peak.

The n or i’ events can be filtered for further analysis by selecting events in the
‘peak region’ of these spectra. The peak region is chosen to encompass the majority of
the events in the particle peak and as few as possible background events. Generally,
the peak region is defined in some mathematical way so there is consistency between
analyses. Here, the peak region is defined by the width of a Gaussian fit. The Gaus-
sian (Normal) distribution, shown in Figure 3.6, has three parameters: the amplitude
(A), the mean (u), and the width (o). It is widely used to fit statistical data as a
method of finding the mean or resolution of a data set. The Gaussian distribution

has the property that 95% of the area under the Gaussian curve is contained in a
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range of 420 from the mean. In terms of a fit to a mass spectrum, then, p should
be the true mass of the particle, and a 20 range around g will include about 95% of
the particle signal events. The peak region for each decay channel, then, is defined

as £ 20.

- (x- )’
26?2
e ..

pt+to

p+3c

99.73 %

& \|
71

Figure 3.6: The Gaussian distribution is a symmetric function around some mean, p,
with variance o? and amplitude A. The integral under the curve in the range p + o,
i+ 20, and p =+ 30 are displayed, along with the functional form.

Fits to the mass distributions are comprised of two Gaussian distributions to
describe the peak plus an exponential function to describe the background. The 3pi0
decay channel has very little background in the 7 mass region after event selection,
so the exponential is not included in mass fits to the 3pi0 channel. However, two
Gaussians alone do not adequately fit the data because of the very small background
contribution. The fit to the 3pi0 mass spectrum thus features a small constant term
(on the order of 30 counts) in place of the background exponential. The double
Gaussian is used to describe the peak because events will see some number of showers
in the BCAL and the rest in the FCAL, but these two subsystems have different energy
resolutions. The mass distributions are thus best described by a sum of two Gaussians
with the same mean (u) but different widths (o1, 03) and amplitudes (A;, As). The

peak region is then defined as pu =+ 20y, where oy, is the larger of the two Gaussian
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Figure 3.7: Fits to the invariant mass spectra of the 1 for the 3piq (top left), 3pi0
(top right), and 2g (bottom left) decay modes, and of the 1’ (bottom right), to
Equation 3.4. The exponential component of the fit function is replaced by a small
constant term for the 3pi0 decay mode (omitted from the fit statistics). The peak
region used to select signal events for further analysis is displayed in each plot. These
spectra are integrated over the entire range of ¢ studied, referred to as ‘t-averaged.’

widths. Figure 3.7 shows fits to the four decay channels’ t-averaged® mass spectra
along with the peak regions, and the fit function used is expressed in Equation 3.4.
Generally, a fit that accurately describes the data (with reasonable statistical errors)
should have a x? per number of degrees of freedom (x?/ndf) of 1. In each of the three
n fits, the x?/ndf is much larger than 1, implying that the fit function used may not
describe the data perfectly. However, these fits are only used to estimate the width of
the distribution (to define the peak region) and the amount of background under the

peak (to calculate f, the ‘dilution factor’ (see Section 3.2.2)). Since the fits shown

8¢t-averaged’ throughout this thesis refers to a result obtained using data from all bins in ¢ used,
0.1 GeV? < —t < 1.2 GeV?2. The choice of binning will be discussed in Section 3.2.
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in the figure allow these estimations to be done, no major effort was made toward

improving the fit metrics.

_(a—p)? _(z—p)?

flz)=Are *1 +Aye 3 457 (3.4)

3.2 Beam Asymmetry Analysis Methodology

After all event selection cuts, the ¥ beam asymmetry can be extracted from the
data. This is done through the use of Equation 1.8, which gives the polarized cross
section as a function of the unpolarized cross section, the polarization of the beam, P,
and the azimuthal angle between the reaction plane and the polarization direction of
the beam (¢ = ¢ — ¢,). In principle, fitting the experimentally measured polarized
cross section to this equation, where the unpolarized cross section and the beam
polarization are known, will immediately give the > beam asymmetry. However, the
simple distributions that are created are not cross sections, but yields?. These are
simply the number of 1 or ' mesons as functions of ¢, the azimuthal angle of the
reaction plane, and ¢, the four-momentum transfer to the proton squared, obtained by
selecting combos in the n or 1’ peak region of the mass spectra after event selection for
each decay channel and plotting ¢ of the combo proton versus ¢. Transition between
a yield and a cross section involves the acceptance of the detector, which is a measure
of how sensitive a detector is to detection of an event dependent on angles, energies,

etc. Equation 1.8 becomes Equation 3.5, in terms of yield.

Yy () ~ Ny[o0 A(¢) (1 + Py X cos(2(4 — ¢y — ¢o)))] (3.5)

Here, Y, (¢) is the ¢-dependent yield from a photon beam polarized at an angle

9As mentioned in Section 1.6, cross section measurements require detailed, accurate MC simu-
lation acceptance studies. Work on these acceptance studies for GlueX is underway, but has not yet
reached a mature state.
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¢, with polarization P,, N, is the number of photons with polarization angle ¢,
incident on the target, and A(¢) is the ¢-dependent acceptance of the detector. Since
the GlueX detector is azimuthally symmetric, the acceptance is not expected to have a
dependence on ¢, but problems with calibration or extra material (cables, electronics
boards, etc.) in certain ¢ regions may result in altered acceptance. ¢ is a small phase
offset (on the order of a few degrees) to account for misalignments of the diamond
radiator and detector. In order to eliminate both the unpolarized cross section and
the acceptance from the expression, two data sets with polarizations perpendicular to
each other can be used. The first, called ‘PARA,’ is with a beam polarized at ¢, = 0°
(historically so-called because the beam polarization is parallel to the lab floor). The
second, called ‘PERP,” is with a beam polarized at ¢, = 90°. Then, the PARA and

PERP yields are as in Equation 3.6.

Yoo = Y|(¢) ~ Ny o0 A(9) (1 — P X cos(2(¢ — ¢0)))]

Yooo = Y1 () ~ Ny [0 A(®) (1 + PLE cos(2(¢ — ¢o)))]

(3.6)

The yield asymmetry is then formed between the PARA and PERP yields to
eliminate oy and A(¢). This is the difference between the two yields normalized to the

. _ Yi(¢)—FrY)(8) : : _ N, . s
sum: f(¢) = V@) T FrY| (@) shown in Equation 3.7. Here, Fr = N‘Ll is a normalization

factor determined by integrating the photon flux for PARA and PERP orientations

in the beam energy region of interest (see Section 3.3.1).

(PL+ P)) X cos(2(¢ — ¢o))

f(¢) = ” (3.7)
2+ (PL— Py) % cos(2(¢ — ¢o))
In order to extract the beam asymmetry, ¥, from a fit of this function to data,
values for Py, P, ¢o, and Fr must be known. Measurements of these parameters are

discussed in Section 3.3.

A measurement of the fit parameter, X, along with an error on the fit parameter,
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Jdx, is done in this way using the 0° (PARA) and 90° (PERP) polarization data.
This set of perpendicularly-polarized data is referred to as ‘0/90." Similarly, the
135° (PARA) and 45° (PERP) data forms a second set of perpendicularly-polarized
data, referred to as ‘45/135.” The decision to collect two sets of perpendicularly-
polarized data was made to study possible systematic effects of the diamond radiator
orientation. As such, these two data sets are analyzed independently, then an error-
weighted average is performed to obtain final results. Furthermore, the yields are
split up into bins of £ and the asymmetry analysis is carried out over the data in each
bin. The number of ¢ bins used is limited by statistics, particularly at higher ¢, and
the bins are defined such that each bin contains roughly the same number of events.
Thus, for the analyses in this thesis, four bins of ¢ are used (given in Table 3.2), and
the binning is the same for each of the decay channels. The results are then X as
functions of ¢ for the four decay channels, which can then be compared to theory

predictions and past measurements.

| Bin [ ¢ Range (GeV?) |

t-averaged || 0.1 < —t < 1.2
1 0.1 <—-t<03
2 0.3 < —-t<0.5
3 0.5 < —-t<0.7
4 0.7< -t <12

Table 3.2: The ranges in ¢ used to define each ¢ bin. The t-averaged results are those
obtained using the entire range in ¢ spanned by the four bins.

3.2.1 Accidental Subtraction

As mentioned in Section 3.1.1, events in the central RF peak contain contributions
from accidentally-tagged events. To correct for this, each distribution made from data
(mass spectra, yields as functions of ¢ and t, etc.) for events in the central RF peak

(JAt| < 2.004 ns), shown by green delimiting lines in Figure 3.1, is also made for
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events in some number of accidental peaks (6.012 ns < |At] < 18.036 ns'?), shown by
red delimiting lines in the same figure. The distributions made using events in the
accidental peaks are scaled by a factor of % (since they represent the contributions from
6 accidental RF peaks) and subtracted from the central peak distributions. In this
way, the effect of the accidentals under the central RF peak is properly accounted for.
All mass spectra and yield distributions presented in this thesis are to be understood

as being accidentals-subtracted in this way unless otherwise stated.

3.2.2 Side-Band Asymmetry Correction

For some decay channels, there is substantial background under the n or n’ peak.
The beam asymmetries for the particle and the background may be different, so by
only measuring the asymmetry for events under the particle peak, the result can be
diluted. To account for the possibility of a different background asymmetry, a mass
side-band correction is performed.

For this, the asymmetry with all events in the peak region (+2¢ from the peak
mass value) is measured as Ypeax £ 0z, . Then, the asymmetry using events in a
mass side-band (SB) region of the distribution is measured as Ysp + dxg,. The SB
region chosen in each case is a mass window just above the particle peak in mass that
contains enough statistics to perform an asymmetry analysis in bins of ¢. It is assumed

that the asymmetry in the SB region is the same as the asymmetry of the background

Background
Signal+Background ’

events under the peak!!. Finally, the ‘dilution factor,” f = in the peak
region is measured. The double Gaussian plus background fits to the mass spectra
(Figure 3.7) can be used to estimate the dilution factor with an error, é;, by taking

the integral of the background part of the fitted function over the peak region divided

by the integral of the mass histogram over the same region. The errors on these two

10Gince the central RF peak leaks into the two adjacent accidental peaks, these two peaks are
omitted from the accidental distributions.
"This assumption is tested for all relevant decay channels in Section 5.2.1.

79



integrals are just the square roots of the number of counts, and the statistical error
on f can be calculated in the usual way. Then, the corrected asymmetry, Ycor, and

the error on the corrected asymmetry are given in Equation 3.8.

» o Epeak - fESB
COR — ?

_ 5zpeak ’ 52513 / ? 5f (Epeak - Z]SB> 2
5ZCOR_\/(1_f) +<—1—f) +( (1_f)2 )

The side-band region chosen depends on the decay channel. For example, the

(3.8)

dominant background in the 3piq channel for the n is from the similar decay of the
w(782) meson. As such, the w peak is included in the side-band region to extract
Ysp since almost all the background events under the 7 peak will be w events. Again,
this assumes the asymmetry of this w background is not mass-dependent. Similarly,
the primary background in the 2g channel for the 7 is from the w decaying to 7%~
with a missing photon [63], and the w peak is again included in the side-band region.
In contrast, the nature of the background contributions in the n’ decay channel is
not known. The side-band region in this channel is selected to encompass enough
events for a reasonable asymmetry fit while staying low enough in mass to exclude
the f1(1270) particle peak, since the f; event distribution is not likely to extend under
the 1’ peak.

Mass spectra with extracted dilution factors and choices of side-band regions will

be shown in the relevant sections of Chapter 4.

3.3 Asymmetry Fit Parameters

To extract X from a fit to data with the function in Equation 3.7, ¥ should be

the only free parameter in the equation. The remaining parameters, P, P, ¢o, and
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Fg, are fixed'? by the results of various studies described in this section.

3.3.1 Flux Ratio

The integrated photon flux for a given set of runs is determined using the PS
hits in coincidence with a hit in the photon tagger. Accidentally tagged photons are
subtracted in the same way as described in Section 3.2.1, where At in this case is
the time difference between the PS pair and the tagger hit. The accidental-corrected
integrated flux with this tagger coincidence is referred to as the tagged flux, which
is shown in Fig 2.8, integrated over all spring 2017 runs used in the analyses herein.
The ratio of yields in the coherent peak energy range, 8.2 < £, < 8.8 GeV, between
PERP and PARA data provides a measure of the flux ratio (Fg) for the 0/90 and
45/135 data sets. Table 3.3 shows the PARA and PERP integrated flux and the
resulting flux ratio for both the 0/90 and 45/135 data sets. The Fg values have
negligible statistical uncertainties due to the high PS counting rate and coinciding
large statistics. The systematic error on the determination of the flux ratio, estimated

at +5%, is considered in Section 5.2.5.

] Data Set H PARA Integrated Flux \ PERP Integrated Flux \ Fgr ‘

0/90 4.188001 x 10* 4.346818 x 10! 1.037922
45/135 4.095013 x 10'2 4.076065 x 102 0.995373

Table 3.3: Integrated PS Flux and Flux Ratios for the two data sets.

3.3.2 Beam Polarization

As discussed in Section 2.2.1.3, the polarization of the photon beam is measured
by the TPOL. Figure 2.6 shows the polarization of the photon beam in all four
polarization orientations in bins of beam energy. The polarizations used in the yield

asymmetry fit function, P, and P} for both the 0/90 and 45/135 data sets, are best

12A ‘fixed’ parameter means one that is assigned a numerical value based on some study and
treated as a constant in the fit.
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calculated as weighted averages of the TPOL results in the coherent peak energy
range (8.2 GeV to 8.8 GeV), with the weights being the number of events in the
peak mass region in each of the three beam energy bins which cover this energy
range. Since the distribution of events versus beam energy may not be the same in
each decay mode—because of differences in acceptance and detection efficiency for
different topologies (6 photon versus 2 photon decay, neutral particles versus charged
particles, etc.)—the weighted averages for the four polarizations must be computed
for each decay channel separately, giving 16 different polarizations.

Although the weighted averages for each decay channel have slightly differing
values, the errors on these quantities are all nearly identical. The absolute error on
the weighted average of polarizations for a given decay channel, where the weights
used are the number of events in the mass peak region in each beam energy bin for

that decay channel, is given by Equation 3.9.

\/Nfé% + N282, + N262,
5P _ 1 2 3

3.9
a N1 +N2 +N3 ( )

Here, N,, (n =1, 2, 3) are the number of events in the peak mass region in the
three beam energy bins, P! are the TPOL polarization measurements in those beam
energy bins for a particular diamond orientation, a, and dp. are the statistical errors
of those polarization measurements.

For each of the 16 weighted averages calculated, the absolute error is dp, ~ 0.01.

Since each weighted average is around 35%, the relative error on each polarization

dp,

5=~ 0.03. Since a change in the magnitude of the polarizations will directly ef-

is
fect the resulting > beam asymmetry by shifting all measured asymmetries to higher
or lower values uniformly, the errors on the polarizations contribute to the ‘normal-

ization uncertainty’ on beam asymmetry results, an uncertainty on the overall scale

of ¥ measurements. In addition to the statistical errors, systematic errors on the
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TPOL measurements also contribute to the normalization uncertainty. The relative
systematic uncertainty on the measurement of the analyzing power with the TPOL
is estimated to be 1.5% [91]. Finally, because the polarizations from all four orienta-
tions are used to generate the final asymmetry (the weighted average of the 0/90 and
45/135 asymmetry results), the statistical contribution to the normalization uncer-
tainty is the statistical error of one polarization measurement scaled by the number

of polarization measurements used. The normalization uncertainty on the average of

the 0/90 and 45/135 results is then 1/0.032/4 + 0.0152 = 2.1%.
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Figure 3.8: Fits to the high-statistics t-averaged n — 2+ SB yield asymmetry for
0/90 (left) and 45/135 (right) data sets allowing the phase offset, ¢g, to float. The
extracted phase offsets are then fixed in fits to all other yield asymmetries.

3.3.3 Phase Offset

The phase offset, ¢g, can be fixed with an asymmetry fit to a high-statistics data
set. Such a data set can be fit using Equation 3.7 while allowing the ¢, term to float.
This is done for both the 0/90 and 45/135 data sets, then these phase offsets are
fixed in the asymmetry fits for the  and n’. Since the systematics of the detector

should be identical across all data from this run period, the phase shifts, which allow
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for small azimuthal misalignments between the diamond radiator and the detector,
should be the same for any asymmetry analysis.

For these analyses, the phase offset is found using the n — 27 t-averaged data.
0/90 and 45/135 data are fit, allowing ¢q to float. The results of these fits are
shown in Figure 3.8. The extracted values, ¢ ~ 3.73° £ 0.61° for the 0/90 set and
¢o ~ 2.01° £ 0.65° for the 45/135 set, are then fixed in Equation 3.7 for all other yield

asymmetries.

3.4 Beam Asymmetry Analysis Workflow

Combining the steps presented in this chapter, the overall workflow of the asym-
metry analysis begins to take shape. After event selection, plots of the invariant mass
versus ¢ and of proton ¢ versus ¢ (for the peak region and side-band region, if applica-
ble) are formed, then accidental subtraction is carried out on all plots. The ¢ versus
t plots for the PARA orientation in a data set (0/90 and 45/135) are separated into
bins of ¢ and scaled by Fg, the flux ratio obtained from the PS data for the associated
data set. The PERP orientation ¢ versus ¢ plots for the data sets are separated into
the same t bins and the yield asymmetry is formed between PARA and PERP. The
resulting plots are then fit to Equation 3.7, using the fixed values of Py, P, and ¢q
as described in Section 3.3, to extract X e for 0/90 and 45/135 separately.

If a side-band correction must be performed, the particle invariant mass versus ¢
plot is binned in ¢ and fit to two Gaussians plus an exponential to extract f for each
bin. The same scaling, binning, and fits are performed on the side-band ¢ versus ¢
plots to extract Xgp for both the 0/90 and 45/135 data sets. The side-band correction
is applied with Equation 3.8, giving Xcor for both data sets.

Finally, the final result is obtained by taking the weighted average of the 0/90 and
45/135 results in each bin of ¢, where the weights used are the inverse-squares of the

errors on the averaged values.
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Chapter 4

Beam Asymmetry Results

With the event selection and general workflow of the > beam asymmetry analysis
outlined in Chapter 3, the final results for the n and 1’ can be extracted. In this
chapter, specific differences between the decay channels are detailed and the invariant
mass and yield distributions that are used to extract the beam asymmetries are
presented. In addition, the final beam asymmetry results for the n and 1’ obtained
from this work are compared against existing results and model predictions at GlueX

energies.

4.1 1 Beam Asymmetry

The 1 beam asymmetry published by GlueX in 2017 [63] was measured using the
highest statistics decay mode of the 7, the decay to 2 photons. This result utilized
only spring 2016 opportunistic data. With access now to the spring 2017 data, there
are enough statistics to measure the beam asymmetry in the three major decay modes
of the n. This allows a direct comparison to the published result using the same decay
channel, plus a check on the consistency of the beam asymmetry with different decay
channels to check for any systematic differences due to different particles in the final

state.
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In addition, measurement of the n channels helps with validation of the measure-
ment of the 1’ channel. In the published GlueX ¥ result for the 7, the contribution
from the w background was estimated using MC simulation of w — 7%y events. Those
events that pass the event selection for the n — 2+ channel were used to predict the
line shape of the w background under the n peak. In this way, the dilution factor,
f, was obtained, and a systematic error on the  beam asymmetry was assigned due
to the determination of the contribution of the w background. In this thesis, the
method for extracting this contribution is different. The motivation for using a side-
band region to estimate the background asymmetry is that the background of the n’
channel is not dominantly from a single source like the n background. Thus, a more
encompassing method was necessary. Comparing results in all 1 decay channels to
one another and to past results helps validate the side-band asymmetry correction
method used for the 7’ asymmetry analysis.

Note also that no systematic uncertainty studies are conducted for the three 7

analyses. The reasons behind this decision are discussed briefly in Section 5.2.

411 n—antan°

Y mass spectra for four regions of . The majority

Figure 4.1 shows the n#tn ™7
of the events are in the two bins with | —¢| < 0.5, and the fractional background
under the peak is less than 1% in the highest —t bin. Even so, the background is
non-negligible, so a side-band correction must be performed. Each plot features a fit
to Equation 3.4. An exponential can be used to model the background because it is
almost entirely caused by the exponentially decaying tail of the w with little to no
other contribution. The larger of the two Gaussian widths from the t-averaged fit
(shown previously in Figure 3.7) defines the £20 mass window for the peak region,

shown with blue delimiting lines in each plot. Since the background distribution is

almost entirely composed of w events, the asymmetry for events in the mass side-band
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is expected to be mass-independent (a notion that is tested further in Section 5.2.1.1)
and equal to the asymmetry of the background under the peak. As such, the side-
band mass range is chosen from 0.63 GeV to 0.80 GeV to maximize the statistics
available for the side-band asymmetry correction. The dilution factor, f, is displayed
on each spectrum, along with the side-band region used, shown with purple delimiting
lines.

n+7n-t0 mass (0.1 < |-t| < 0.3) m+7n-t0 mass (0.3 < | -t <0.5)

Counts / 2.5 MeV

04 045 0.5 0.55 0.6 0.65 0.7 075 0.8 085 0.9 04 045 05 055 06 065 0.7 075 0.8 085 0.9

'’ Mass (GeV) ' Mass (GeV)
n+7-0 mass (0.5 < |-1| < 0.7) n+7-n0 mass (0.7 < |-t} < 1.2)
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n*nn’ Mass (GeV) n*nn’ Mass (GeV)

Figure 4.1: 77 7% mass spectra and dilution factors for four ranges of ¢ (all po-
larization orientations). The blue delimiting lines denote the peak region, and the
purple delimiting lines denote the side-band region (colour online).

Figure 4.2 shows the accidental-subtracted yield asymmetry ¢ distributions for
the 1 peak region (0/90 data set). Similar to the mass spectra, the panels are for four
ranges of ¢t. The distributions are fit to Equation 3.7 and the resulting >,..; values
are displayed on the plots. In all ¢ bins, the asymmetry is highly positive at around
0.8 or 0.9, implying dominantly natural parity exchange during n photoproduction.

Figure 4.3 shows the accidental-subtracted yield asymmetry ¢ distributions for
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Figure 4.2: n — 777~ 7° 0/90 yield asymmetry distributions in the 1 peak region for
four ranges of t.

0/90 SBn Asymmetry (0.1 < || < 0.3) 0/90 SBm Asymmetry (0.3 < || < 0.5)

-0.311£0.025

L. i
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Figure 4.3: n — ntr~ 7% 0/90 yield asymmetry distributions in the side-band region
for four ranges of ¢.
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the side-band region in the same ¢ ranges (0/90 data set). Here, the asymmetries
are negative, between —0.1 and —0.4. Because the asymmetry as found in the peak
region and the side-band region are rather different in magnitude, large amounts of
background under the n peak could strongly affect the extracted beam asymmetry.
Since the SB asymmetries are less positive than the peak asymmetries, the corrected
asymmetries, found with Equation 3.8, are more positive than the peak asymmetries.
However, since the dilution factors in this channel are small (no more than 2.5%), the

corrections are also small.

45/135n Asymmetry (0.1 < || < 0.3) 45/135n Asymmetry (0.3 < |-t| < 0.5)

proton proton
45/135n Asymmetry (0.5 < |-f| < 0.7) 45/135n Asymmetry (0.7 < |-f| < 1.2)
AR A ] L[ A7 naf T723.04 12 o ARRRRARRS L] AZ ndt "740.22 1 231
: : : 3 o : : © |[Prob  : 0.014514
£ =0.865+0.092 , : : P [ iX=0.915+0.089 : : P
R 0% SESSRRNN NS SN S 0.5 i

g

-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
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Figure 4.4: n — 7wrn~7° 45/135 yield asymmetry distributions in the n peak region
for four ranges of t.

The similar plots for the 45/135 data set are shown in Figures 4.4 and 4.5, and
Figure 4.6 summarizes X,cqr, Xsp, and Xcog versus t for both the 0/90 and 45/135
data sets. The vertical error bars here are statistical only. Throughout this thesis,
a horizontal error bar on an asymmetry data point represents only the size of the

associated ¢ bin.
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Figure 4.5: 1 — 7tn 70 45/135 yield asymmetry distributions in the side-band
region for four ranges of ¢.
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Figure 4.6: 7 beam asymmetries versus t for the n — 77~ 7% decay channel, from
left to right: X cax, 2sp, and Xcor. 0/90 data are in blue (circles), 45/135 data are
in red (squares). Errors are statistical only (colour online).

In order to quantify the similarity of the 0/90 and 45/135 results before averaging
them, a x? test is performed. The y? test metric for comparison of two weighted data

sets, in terms of the asymmetries and statistical errors on the asymmetries in each
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bin of ¢, is given by Equation 4.1 [110].

¢ =3 WasnssB = Wy 7y
i=1 W(JZ/906;45/135 + Wi

52
45/135%5,0/90
1

with Wo/go = Z E?/QO and W45/135 = Z 2?5/135
=1 i=1

Here, n is the number of bins in the distributions (for comparison of asymmetry

0/90 @45/135

y ; ) is the beam asymmetry

results, n = 4, the number of bins of ¢ used), ¥
(SB-corrected, if applicable) in the ith bin of ¢ for the 0/90 (45/135) data set, and
5;? /00 (5;?5 135 1s the error on that asymmetry. In essence, this test statistic quantifies
the difference between the 0/90 and 45/135 data sets by comparing their asymmetries
in each bin of ¢.

Generally, such test metrics follow the ‘y? distribution’ when dealing with indepen-
dent, standard normal, random variables. The y? distribution’s probability density

function (PDF) is given by Equation 4.2 and is shown graphically for a variety of

degrees of freedom, ndf =n — 1, in Figure 4.7.

_z
2

andf_le
Fogp(t) = ———— >0 (4.2)
T o ()

As a test of whether the 0/90 and 45/135 asymmetries are significantly different,
this x? test statistic is calculated, and the p-value of the test statistic is computed as
p = f;;o frar(x). Since 4 bins of ¢ are used in the asymmetry analyses, ndf = 3. The
p-value corresponds to the probability of observing a y? at least as large as the test
statistic in a y? distribution. If the test statistic is large, the p-value will be small,
meaning that the two distributions are more likely to be quantitatively different. A p-
value smaller than a chosen significance level is sufficient to reject the null hypothesis
of the test, which in this case is the hypothesis that the 0/90 and 45/135 asymmetries

represent identical distributions, at that significance level. The chosen significance
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Figure 4.7: x? PDF for various degrees of freedom, ndf.

level is commonly taken to be 0.05, meaning the test statistic must be extreme enough
that there is less than a 5% chance to pull a more extreme test statistic from a x?
distribution to claim that the two tested distributions are significantly different from
each other.

For the n — 7F7~7% 0/90 and 45/135 asymmetry results, the p-value is 0.611.
Because this is much larger than 0.05, the hypothesis that the 0/90 and 45/135
results represent an identical distribution can be accepted, and the results of the two
data sets can be averaged. Thus, the final result is calculated as the weighted average

between the 0/90 and 45/135 corrected asymmetries, as in Equation 4.3.

>0/90 (520/90)_2 + X45/135 (5245/135)_2

(520/90)72 + (5245/135)72
X (4.3)

\/(520/9())72 + ((5245/135)72

Yave =

6EAVG =
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The result is shown in Figure 4.8, and is tabulated in Table 4.1. Again, the vertical
error bars are statistical only. This figure (and subsequent similar results plots) also
features the normalization uncertainty, discussed in Section 3.3.2, which represents
the uncertainty in the overall scale of the averaged beam asymmetry results due to
statistical and systematic errors on the polarization measurements from the TPOL.

Y. as found in this decay channel appears flat versus .

1 4:_ .................. e SHOPPRHIEN SP—— S— S— _

12__ .................. ...................... ...................... O PP AT

:2.1% Normalization Uncertainty =

Figure 4.8: Weighted average of the 0/90 and 45/135 side-band corrected beam
asymmetries for the n — 77~ 7% decay channel. Vertical error bars are statistical
only, and the height of the marked box represents the 2.1% normalization uncertainty.

| t Range (GeV?) || Save | Osa0 |
0.1 < —-t<03 || 0.944 | 0.046
0.3 <—t<0.5 || 0977 | 0.048
0.5 < —-t<0.7 || 0.891 | 0.063
0.7< —-t<1.2 | 0.929 | 0.063

Table 4.1: Average asymmetries and statistical errors for the n — 777~ 7% decay
channel.
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Figure 4.9: n — 37° 0/90 yield asymmetry distributions in the 7 peak region for four

ranges of t.
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Figure 4.10: n — 37° 45/135 yield asymmetry distributions in the 1 peak region for

four ranges of t.
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4.1.2 1 — 3x°

The t-averaged 37° mass spectrum was shown previously in Figure 3.7. The
background in this channel is practically non-existent, so the fit consists only of
a double Gaussian, and no side-band correction is necessary. The 20 peak region
shown in the plot as blue delimiting lines is based on the larger of the two Gaussian
widths from the fit.

Figures 4.9 and 4.10 show the 0/90 and 45/135 accidental-subtracted yield asym-
metry ¢ distributions (binned in t) for n peak region events respectively, and Fig-
ure 4.11 shows X,cax versus ¢ for both the 0/90 and 45/135 data sets. The p-value for
the n — 37° 0/90 and 45/135 asymmetries is 0.066. For a 0.05 significance level, the
null hypothesis is accepted and the results are averaged. This relatively small p-value
likely stems from the fact that some data in the highest —t bins of the 45/135 data

set (see Figure 4.10) are not well-described by the corresponding fits.

Peakn X vs -

1.5 | L L T T
a - |—— 0/90 : : :
- | —=— 45/135

Figure 4.11: 7 beam asymmetries (Xpeax) versus ¢ for the n — 37° decay channel.
0/90 data are in blue (circles), 45/135 data are in red (squares). Errors are statistical
only (colour online).
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Figure 4.12 shows the weighted average of the 0/90 and 45/135 results, and the
same results are tabulated in Table 4.2. The vertical error bars are statistical only.
The asymmetry in this decay channel shows more structure than in the 3piq channel,

though the error bars on each point are still quite large due to relatively low statistics.

nXvs -t

1.4
1.2

~2.1% Normalization Uncertainty

o o o o
N b OO

04 06 08 T e T4
-1 (GeV?)

Figure 4.12: Weighted average of the 0/90 and 45/135 beam asymmetries for the
n — 37" decay channel. Vertical error bars are statistical only, and the height of the
marked box represents the 2.1% normalization uncertainty.

OO
ol
l\)_

| t Range (GeV?) || Save | Osa0 |
0.1 < —t<0.3 || 0902 | 0.047
03 < —t<0.5 || 1.019 | 0.047
0.5 < —t<0.7 | 0.981 | 0.059
0.7 < —t<1.2 || 0.879 | 0.064

Table 4.2: Average asymmetries and statistical errors for the 7 — 37° decay channel.

4.1.3 1 — 2v

Figure 4.13 shows the 2y mass spectra (binned in t). This channel features ap-
proximately a factor of 6 times more statistics than the 3piq decay channel, but this

channel also has significant background (12.1% at low —¢, and still 4% in the highest
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Figure 4.13: 2v mass spectra, from the decay of the n, and dilution factors for four
ranges of ¢ (all polarization orientations). The blue delimiting lines denote the peak
region, and the purple delimiting lines denote the side-band region (colour online).

—t bin). The spectra are fit to Equation 3.4 and side-band corrections are done.
The background is modelled by an exponential since it is almost entirely due to w
‘leakage’ (w — w7y events with a missing photon). For the same reasons as the 3piq
decay channel, the side-band region is chosen to maximize statistics by including the
majority of the w leakage spectrum (masses between 0.65 GeV and 0.85 GeV), under
the assumption that the side-band asymmetry is mass-independent and equal to the
asymmetry of background events under the peak. As previously mentioned, this as-
sumption is tested in Section 5.2.1.1. Extracted dilution factors are displayed on the
plots, along with the peak region (defined by the larger of the Gaussian widths from
the t-averaged fit, shown previously in Figure 3.7) and the side-band region.

Figures 4.14 and 4.15 show the accidental-subtracted yield asymmetry ¢ distribu-

tions for n peak region and side-band region events (0/90 data set).
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Figure 4.14: n — 27 0/90 yield asymmetry distributions in the n peak region for four
ranges of t.
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Figure 4.15: 1 — 2y 0/90 yield asymmetry distributions in the side-band region for
four ranges of ¢.
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Figure 4.16: 7 — 2v 45/135 yield asymmetry distributions in the n peak region for
four ranges of t.
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Figure 4.17: n — 2v 45/135 yield asymmetry distributions in the side-band region
for four ranges of t.
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The similar plots for the 45/135 data set are shown in Figures 4.16 and 4.17.

Figure 4.18 shows Yeak, Lsp, and Xcor versus ¢ for the 0/90 and 45/135 data sets.

Peakn X vs -t SBnXvs-t SB-Corrected n X vs -t
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Figure 4.18: 1 beam asymmetries versus t for the n — 2y decay channel, from left
to right: peax, 2sp, and Xcor. 0/90 data are in blue (circles), 45/135 data are in
red (squares). Errors are statistical only (colour online).

Once more, the side-band asymmetries are negative, meaning that the corrected
asymmetries are again larger than the peak asymmetries. Since the dilution factors
are sizeable, the corrections in this channel are much more noticeable in the lower —t
bins, bringing the asymmetry in the lowest —t bin up from ~ 0.842 to ~ 0.990. The
corrections in the higher —t bins are not as noticeable.

The p-value for the n — 2 0/90 and 45/135 asymmetries is 0.304, which is much
larger than 0.05, so the average is calculated. The weighted average between the 0/90
and 45/135 corrected asymmetries is shown in Figure 4.19 and tabulated in Table 4.3.
The vertical error bars are statistical only. Here, there is a pronounced ¢-dependence
of the n beam asymmetry. At low —¢, the asymmetry is near unity, dropping down
close to 0.8 at t ~ 1 GeVZ2. The errors on these asymmetries are rather small, owing
to the large statistics in this channel. Though the asymmetry results from the 3piq
and 3pi0 channels do not clearly show the same trend versus ¢, they are statistically

consistent with the results from this high-statistics decay channel.
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Figure 4.19: Weighted average of 0/90 and 45/135 side-band corrected beam asym-
metries for the n — 2v decay channel. Vertical error bars are statistical only, and the
height of the marked box represents the 2.1% normalization uncertainty.

| t Range (GeV?) | Save | 0z, |

0.1 <—-t<03 | 1.008 | 0.023
0.3 < —=t<0.5 | 0990 | 0.027
0.5 < —=t<0.7 | 0.934 | 0.034
0.7< -t <12 | 0.854 | 0.031

Table 4.3: Average asymmetries and statistical errors for the  — 2v decay channel.

4.1.4 Past Results and Models

The ¥ beam asymmetry results from the three decay channels of the n are plot-

ted together in Figure 4.20 (with vertical error bars representing statistical errors),

overlayed with the GlueX results published in 2017 on the n — 27 beam asymmetry

(with vertical error bars representing total errors, and grey boxes representing the

systematic error contribution) and the theoretical models from Figure 1.8 (b). The

past GlueX results and the new results from the analyses in this thesis suggest that

the beam asymmetry of the n is highly positive over the entire tested ¢ range, contrary
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Figure 4.20: 7 beam asymmetries versus t for all three n decay channels studied
in this thesis (with vertical error bars representing statistical errors and the height
of the marked box representing the 2.1% normalization uncertainty) overlayed with
past (published 2017) GlueX results (with vertical error bars representing total errors
and grey boxes representing contributions from systematic errors) and the theoretical
models from Figure 1.8 (colour online).
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0.7

to the model prediction from Goldstein, which features a dip around ¢t = —0.5 GeV?.
Around t =1 GeV?, the theoretical predictions from the JPAC theory group are
consistent with the 2017 GlueX results, but some discrepancy is seen with the new
results. In particular, the n — 2+ asymmetry presented in this thesis lies at around
0.8 at high —t, with a much smaller statistical error than the GlueX results published
in 2017 achieved.

Following the x? test used for combining 0/90 and 45/135 results in each decay
channel, the x? test statistic (Equation 4.1) and p-value are used to quantify the
difference between the final asymmetry results from the three 1 decay channels. The

two lower-statistics channels (3piq and 3pi0) are compared to the high-statistics 2g
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Figure 4.21: 7 beam asymmetries versus ¢ for the weighted average of the three 7
decay channels studied in this thesis (with vertical error bars representing statistical
errors and the height of the marked box representing the 2.1% normalization uncer-
tainty) overlayed with past (published 2017) GlueX results (with vertical error bars
representing total errors and grey boxes representing contributions from systematic
errors) and the theoretical models from Figure 1.8 (colour online).

channel. The p-value found by comparing the 3piq (3pi0) results to the 2g results is
0.438 (0.182). Since both p-values are much larger than 0.05, the distributions are
averaged. Figure 4.21 shows the theoretical predictions, the GlueX results published
in 2017, and the weighted average (calculated following the structure of Equation 4.3)

of the results for the three n decay channels. These averages are tabulated in Table 4.4.

|t Range (GeV?) | %, | by, |
0.1<—-t<03 | 0.980 | 0.019
03 <—t<0.5 || 0.994 | 0.021
0.0 < —-t<0.7 || 0936 | 0.027
0.7< -t <12 | 0.870 | 0.026

Table 4.4: Weighted averages and statistical errors of the three n decay channels
studied in this thesis.

103



4.2 1’ Beam Asymmetry

In addition to the charged n' decay channel, analysis of the ¥ beam asymmetry
through two other decay channels of the 7’ was attempted. These were the two similar
final states as the neutral n channels analyzed: 1’ — 7%7%, n — 2+ and 0’ — 2.
Event selection and analysis was done as prescribed in Chapter 3, but it proved
impossible to obtain clean, pure event signals with high enough statistics to perform
the asymmetry analysis. As such, analysis of these channels using spring 2017 data
was abandoned, but will be pursued by others in the collaboration once more data

have been calibrated and are available for physics analyses.
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Figure 4.22: 7%7% mass spectrum (all ¢, all polarization orientations).

Figure 4.22 shows the invariant mass spectrum obtained for the / — 7% decay.
The primary problem experienced with this channel was the lack of statistics. The
reason for the lack of statistics is unknown, however. Based on a collaborator’s work
on this channel using spring 2016 data, in which nearly 2,000 1’ events were seen in

this channel [111], the higher-statistics spring 2017 data set should have yielded many
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more events. After investigation of the event selection process revealed no obvious

errors, it was decided to cease analysis of this channel for the time being!.
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Figure 4.23: 27 mass spectrum, from the decay of the 7/, (all ¢, all polarization
orientations).

Figure 4.23 shows the invariant mass spectrum obtained for the " — 2v decay.
The problem with this channel, from the perspective of asymmetry analysis, is the
contribution to the background coming from both the low- and high-mass side-bands.
The large peak at lower mass is mostly due to the w — 7%y decay with a missing
photon (the same background as seen in the 27 channel of the 7), but there is also
a continuum background above the ' mass. Attempts were made to eliminate more
of the background to improve the clarity of the signal, but these efforts were not
able to adequately isolate the signal peak. Applying multiple side-band corrections,
one for the w peak and one for the higher-mass continuum, was considered, but the

difficulties involved in fitting two separate backgrounds for two corrections coupled

!Discrepancies between all-neutral channels and those with both charged and neutral particles
have been seen elsewhere. The GlueX Calorimetry Working Group has produced a plan to resolve
this in 2019.
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with relatively low statistics again led to the decision to abandon the asymmetry
analysis of this channel for the time being.

In contrast, the ’ — 77~y channel provides a clean signal with very little back-
ground under the peak. In addition, the background seems to come from a continuum
that extends to higher masses and has sizeable statistics above 1.05 GeV, which makes

doing a side-band asymmetry correction possible.
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n+m-n mass (0.1 < |-f| < 0.3)

Counts /2.5 MeV
Counts / 2.5 MeV

106 14 145 1.2 1.25 1.3 085 09 095 1 105 14 145 12 125 13
n'nn Mass (GeV) n*ntm Mass (GeV)

0.85 09 095

n+n-n mass (0.5 < |-t| < 0.

7) n+n-n mass (0.7 < |-t < 1.2)

T Ay

10°

Counts / 2.5 MeV
3
Counts / 2.5 MeV

1 : I
085 09

105 1.1 115 12 125 13 0.85”0.9 0.95 1 105 11 115 12 125 1.3
' Mass (GeV) n*tm Mass (GeV)

0.95

Figure 4.24: 771 mass spectra and dilution factors for four ranges of ¢ (all po-
larization orientations). The blue delimiting lines denote the peak region, and the
purple delimiting lines denote the side-band region (colour online).

421 n' -t T, n— 2y

Figure 4.24 shows the 777 1 mass spectra (binned in ¢). The statistics in this
channel are comparable to the 3piq channel, and the amount of background under
the signal peak (between 3.8% and 10.3%) is similarly small, though not necessarily

insignificant, so side-band corrections are carried out. Though the background is not
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perfectly described by an exponential up to high mass, because of contributions from
multiple unknown sources and the f;(1285) peak, the exponential function adequately
describes the background in the immediate vicinity of the 1’ peak. The side-band re-
gion is chosen as the region in mass between the ' and f;(1285) peaks, from 1.0 GeV
to 1.2 GeV. The f1(1285) peak is omitted from the side-band because it is unlikely
that any true f;(1285) events contribute to the background under the signal peak.
The assumption that the side-band asymmetry is mass-independent is tested in Sec-
tion 5.2.1. The dilution factors obtained for each fit are displayed on the plots, along
with the peak region (defined by the width of the larger of the two Gaussian widths
from the t-averaged fit, shown previously in Figure 3.7) and side-band region.

0/90n' Asymmetry (0.1 < |-t| < 0.3) 0/90n' Asymmetry (0.3 < |-t| < 0.5)

proton proton

Figure 4.25: n' — 7771 0/90 yield asymmetry distributions in the 1’ peak region
for four ranges of t.

Figures 4.25 and 4.26 show the accidental-subtracted yield asymmetry ¢ distribu-

tions for the 1 peak region and side-band region (0/90 data set).
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Figure 4.26: ' — 777 1 0/90 yield asymmetry distributions in the side-band region
for four ranges of t.

45/135 ' Asymmetry (0.1 < |-t| < 0.3) 45/135 ' Asymmetry (0.3 < |-t| < 0.5)

proton proton

45/135 ' Asymmetry (0.5 < |-t| < 0.7) 45/135 ' Asymmetry (0.7 < |-t < 1.2)
: : : : o ARARR AR L] AZ7 ndt 74823 F 29
o : : © [ Prob . 0.01391
I i£=0835+0.133 ] ] .
0.5__.“5 .......... [ I B A P R, ~+__

0.
_0_5:_ ..................................................... _:
,1:_4..,: .......... S SCISTLTPT TIPRPRE PSPPI SO _:
AP PR AP S| [ i
-150 -100 50 0 50 100 150
proton proton

Figure 4.27: 7' — w7 n 45/135 yield asymmetry distributions in the 1’ peak region
for four ranges of ¢ .
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Figure 4.28: 1’ — ntn~n 45/135 yield asymmetry distributions in the side-band
region for four ranges of ¢.

The similar plots for the 45/135 data set are shown in Figures 4.27 and 4.28.
Figure 4.29 shows Yjeax, s, and Xcor versus ¢ for both the 0/90 and 45/135 data
sets.
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Figure 4.29: 1’ beam asymmetries versus ¢ for the 7 — 7777 decay, from left to
right: Ypeak, Lsp, and Xcor. 0/90 data are in blue (circles), 45/135 data are in red
(squares). Errors are statistical only (colour online).
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Contrary to the n channels, the side-band asymmetry in the 1’ channel is positive.
Because the side-band and peak asymmetries are relatively close in magnitude, and
because the dilution factors are small, the side-band corrections in this channel are
practically unnoticeable at high —¢ and rather small at low —¢. Again in contrast
to the n channels, wherein the side-band consisted of the peaking structure of the
w, the side-band here is a continuum background with contributions from different
decay channels. Since inclusion of the f; peak in the side-band region is avoided, the

side-band in higher —¢ bins carry low statistics?.
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Figure 4.30: Weighted average of 0/90 and 45/135 side-band corrected beam asym-
metries for the 7’ — 777~ 7 decay channel. Vertical error bars are statistical only,
and the height of the marked box represents the 2.1% normalization uncertainty. The
purple boxes on each point indicate the systematic error assigned to that point (colour
online).
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The p-value for the ' — 7t77n 0/90 and 45/135 asymmetries is 0.397. Since this
is much larger than the significance level of 0.05, the distributions are not found to

be statistically different and the results are averaged. The weighted average between

2This is the driving factor in the choice of the number of ¢ bins for the 1 channels. With the high-
statistics 7 — 2+ channel, finer binning could be used, but in order to smoothly compare between
all four studied decay channels, it was decided to use the same binning for each analysis.
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’ tRange (Ge\/g) H ZAVG ‘ 52A\/G ‘ 5SYS ‘
0.1 <—-t<03 || 0.873 | 0.066 | 0.030
03<—-t<0.5 || 0904 | 0.076 | 0.022
0.5 < —t<0.7 | 0.882 | 0.097 | 0.036
0.7< -t <12 | 0911 | 0.096 | 0.024

Table 4.5: Average asymmetries, statistical errors, and systematic errors for the
n — wTw~n decay channel. The sources of the systematic errors are discussed in
Section 5.2.

the 0/90 and 45/135 corrected asymmetries is shown in Figure 4.30 and tabulated in
Table 4.5. The vertical error bars are statistical only. An estimate of the systematic
error on the average asymmetries is shown as purple boxes on each data point in
Figure 4.30. The sources and analysis of this systematic error is discussed in Sec-
tion 5.2. The beam asymmetry in this 7’ decay channel appears to be flat versus ¢

with a similar magnitude as the n asymmetry.

4.3 Beam Asymmetry Ratio

In order to compare to the JPAC theory curves, which were discussed briefly in
Section 1.6.2, the ratio of n meson beam asymmetries is formed using the 7’ decay
channel and each of the n decay channels. The ratios of the data set averages are
shown in Figure 4.31 along with the JPAC theory curves. The same results are

tabulated in Table 4.6.

n' /n—3piq | 1 /n— 3pi0 n/n—2g

’ t range (GeV?) ‘ Y/, ‘ Is,,/5, | X /By ‘ O, /5, | S /2n ‘ Os,,/5,
0.1 < —-t<0.3 0.925 0.083 0.967 0.085 0.866 0.073
03 < —-t<0.5 0.925 0.090 0.887 0.089 0.912 0.082
05 < —t<0.7 0.990 0.130 0.900 0.124 0.945 0.115
0.7< —-t<12 0.980 0.123 1.036 0.125 1.067 0.109

Table 4.6: Asymmetry ratios (of the 1’ results to the three 1 results) and associated
statistical errors.
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Figure 4.31: X,/ /¥, versus t, found as the ratios of data from the " decay channel
and the three n decay channels analyzed. The two theoretical curves from JPAC
(from Figure 1.9) are overlayed for direct comparison of data to theory. Errors are
statistical only (colour online).
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Figure 4.32: X,/ /%, versus t, found as the ratios of data from the 1’ decay channel
and the weighted average of the three n decay channels analyzed. The two theoretical
curves from JPAC (from Figure 1.9) are overlayed for direct comparison of data to
theory. Errors are statistical only (colour online).
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Finally, the ratio of the 1’ decay channel results with the weighted average of the
three n decay channel results (from Section 4.1.4, Table 4.4) is constructed. This,
along with the same JPAC theory curves, is shown in Figure 4.32 and tabulated in
Table 4.72. With the current analyses, a slight upward trend of the asymmetry ratio
with ¢ is observed, and no statistically significant deviation from unity is seen in any

bin of ¢ (the largest deviation is 1.5¢ in the lowest —t bin).

t Range (GeV?) | %,/%, | 05 /s, |
0.1<—-t<0.3 0.891 0.070
0.3 < —-t<0.5 0.909 | 0.079
0.5 < —-t<0.7 0.943 | 0.107
0.7< -t <12 1.047 0.114

Table 4.7:  Asymmetry ratios (of the 1’ results to the weighted average of the three
n results) and associated statistical errors.

Given how close to each other the two theory curves from the JPAC group are,
it will not likely be possible to say with certainty if one of the two curves more
accurately describes data that will be collected with the GlueX Experiment, but if
analysis of more data (from 2018 and 2019 run periods) shows a deviation from both
theory curves (an asymmetry ratio in some ¢ bin that shows a statistically significant

deviation from unity, for instance), corrections to the theory models may be made.

3In the ratio of two asymmetry results, any effects due to shifts in the polarizations will cancel,
since such shifts will alter both asymmetry results in the same way. As such, no normalization
uncertainty is applied to the asymmetry ratios.
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Chapter 5

Systematic Studies

With the event selection and analysis methods set, a result and statistical error
can be extracted. However, it is also necessary to check the systematics of the anal-
ysis. This usually involves altering some facet of the analysis or event selection in a
controlled way and observing the changes in the results. These studies help to choose
the most optimal selection cuts or provide an estimate of the systematic error on the
final results.

Often, a selection cut is made based on a two-dimensional plot of data that clearly
rejects some background (invariant masses that are far from a true particle mass, for
instance), but in some cases, the effects of a cut on a variable are not so obvious.
Placing a loose cut to keep the highest number of signal events may also keep a lot
of background events, such that the signal-to-background ratio may be too small to
extract the physics observable accurately. Placing a tight cut to get the highest signal
purity may cut out too many signal events, causing large statistical errors. In these
cases, the cut can be varied and the final result calculated for each cut variation to
look for an optimal cut.

In a similar vein, assigning a systematic uncertainty on the final result indicates
the possible variation of the result as a consequence of the choice of event selection

or analysis methods. For example, a cut may be varied from its nominal value to a
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slightly tighter (cutting out more events) or looser (cutting out fewer events) cut to
check how much the final result changes. If the changes are small, some confidence is
given to the choice of nominal cut.

In this chapter, the study of the kinematic fit CL selection cut is presented and

the contributions to the assigned systematic errors on the 7’ asymmetry are detailed.

5.1 Kinematic Fit Confidence Level Cut Study

As discussed in Section 3.1.2, the kinematic fit produces a CL between 0 and 1
that indicates how likely the particle combo is to be from the specified decay. A lower
CL means the event is less likely to be a true signal event. In order to find the optimal
CL cut to use, a range of cuts is scanned to investigate the effect on statistics, errors,
and fit stability.

For each CL cut, accidental-corrected asymmetries and statistical errors are ex-
tracted for both the 0/90 and 45/135 data sets in bins of ¢. For channels needing
side-band corrections, the side-band asymmetries are also extracted and the corrected
asymmetries calculated. Finally, the averages between the two data sets are formed.
Plotting these values versus CL cut provides a look at how the fits vary with statistics
and purity. At higher CL cuts, lower statistics affect the fits, but high purity reduces
the effects of background contributions. The best choice of CL cut is one where the
trend versus CL cut of the corrected asymmetry is relatively flat and the statistical
error on the fit is still small.

Results of the CL scans for the n — 7 7~ 7 channel are shown in Figure 5.1 for
the dilution factor, f, and Figure 5.2 for the SB-corrected average > asymmetry.
Separate results for the 0/90 and 45/135 SB-corrected asymmetries are shown in
Appendix B, Figures B.1 and B.2. Each colour and marker shape corresponds to a ¢

bin, so trends versus CL in each bin can be inspected (see legends in each figure).
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Figure 5.1: n — 777 dilution factor, f, for the studied bins of ¢ versus kinematic
fit confidence level cut (colour online).
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Figure 5.4: n — 2v dilution factor, f, for the studied bins of ¢ versus kinematic fit
confidence level cut (colour online).
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The average SB-corrected ¥ asymmetry results for the n — 37° are shown in Fig-
ure 5.3', with the 0/90 and 45/135 SB-corrected asymmetries shown in Figures B.3
and B.4. The n — 2v results are shown in Figure 5.4 for f and Figure 5.5 for the
SB-corrected average ¥ asymmetry, with the 0/90 and 45/135 results shown in Fig-
ures B.5 and B.6.
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Figure 5.5: n — 2+ average SB-corrected ¥ asymmetries for the studied bins of ¢ ver-
sus kinematic fit confidence level cut (left) and statistical errors on those asymmetries
(right) (colour online).

Results for the ' — 777 n channel also feature the systematic error on Xgp
versus CL cut. This value is the chosen systematic error (0.19, see Section 5.2.1)
propagated through the statistical error formula (Equation 3.8), which depends on
f, the dilution factor. As the CL cut increases, the fraction of background under the
signal peak decreases, meaning the calculated systematic on the side-band asymmetry
also decreases. The 7’ results for f are shown in Figure 5.6, and the results for the SB-

corrected average Y asymmetry (along with the systematic error on Ygg) are shown

Since there is no fitted background in this decay channel, there is no measure of f.
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in Figure 5.7. The lower-right plot in this figure shows the total error, the statistical
and side-band systematic errors added in quadrature. The 0/90 and 45/135 results

are shown in Figures B.7 and B.8.

Fractional Background
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Figure 5.6: ' — 77~ n dilution factor, f, for the studied bins of ¢ versus kinematic
fit confidence level cut (colour online).

For channels with background, the dilution factor decreases monotonically with
tighter CL cuts as events with higher kinematic fit x? are filtered out. At the tightest
tested confidence level cuts, the amount of background under the peak is only a
few percent, leaving a very pure signal and small background corrections. However,
tight cuts also eliminate good signal events. Indeed, for all decay channels, the
average asymmetries as a function of CL cut become less ‘stable’ at the tightest
tested confidence level cuts (meaning the trends of average asymmetries versus CL
cut become less flat with tighter cuts) and tend to be flat for a CL cut between 1073
and 107°. The statistical errors of the fits are very slowly rising with CL cut, growing
more noticeably at the highest tested CL cuts. This is expected, since the number of

signal events in the peak region steadily decreases with increasing CL cut.
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Figure 5.7: 7’ — w7~ n average SB-corrected Y asymmetries for the studied bins of
t versus kinematic fit confidence level cut (top left), the statistical errors on those
asymmetries (top right), the systematic uncertainties on those asymmetries to do
with the choice of Ygg (bottom left), and the total error (quadratic sum of statistical
and systematic, bottom right) (colour online).
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In essence, the results of this study are showing that the choice of CL cut does
not significantly affect the final results or the errors on the final results so long as the
chosen cut is not extremely tight or loose so as to cut out too many events or invite
in too much background. As such, a cut in the stable range, 10~°, which keeps as

much signal as possible is chosen for all decay channels.

5.2 mn Asymmetry Systematic Studies

In order to estimate the systematic effects of the event selection and analysis
methods on the asymmetry results, a number of systematic studies are done on each
stage of the analysis. Each major selection cut is varied, the fit function parameters
(o, Fr) are varied, the functional form is tested, the n SB asymmetry is investigated,
and the instrumental asymmetry is checked. In each case, the full analysis is done
with the altered parameter, cut value, fit function, etc. and the resulting asymmetries
are compared to the nominal parameter, value, fit function, etc. The systematic
uncertainties assigned to the 7’ asymmetry as a result of each of these variations is
discussed in the corresponding sections to follow.

The analysis of systematic uncertainties is carried out only for the " decay channel.
The focus of this thesis is on the new physics results of the 7’ beam asymmetry at
GlueX energies, and the analyses of the three 1 channels are maintained primarily
to validate the n’ analysis methodology. Results from the three n decay channels
that agree with one another, and that agree with past results, lend confidence to
the analysis methodology used for the 7’ analysis. A similar systematic uncertainty
study is being carried out for these three n decay channels by another graduate student
within the GlueX Collaboration. For these reasons, the decision was made to focus

on analysis of systematic uncertainties only for the 1’ result.
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5.2.1 Side-Band Asymmetry

Since the nature of the contents of the 7’ side-band region (depicted in Figure 4.24)
are not entirely known, it is likely that the side-band asymmetry for this channel is
mass-dependent. The asymmetry analysis is carried out multiple times using different
ranges in mass for the side-band region. The extracted side-band asymmetry is then
plotted versus the central values of the mass ranges used. The idea is to fit these
few data points and extrapolate down to the 1’ mass to estimate Xgg underneath the
signal peak in the case that the asymmetry varies with mass.

Because there are generally low statistics in this channel, and because the mass
side-band region is being split up into multiple bins, the fits to the asymmetry are
not perfect. As such, multiple binnings are investigated along with multiple fit forms
(constant, linear, and exponential). The goal is to find a reasonable systematic error
in lieu of an accurate estimation of Xgg under the signal peak. For each form, a
fit is performed and extrapolated down to the 7' mass (0.958 GeV). The range in
extrapolated asymmetries from the three fits gives some evaluation of the possible
values of the side-band asymmetry under the peak and is used as an estimate of
the systematic uncertainty on Ygg. With the limited statistics, only the t-averaged
results are investigated, and the systematic uncertainty extracted is applied evenly
to all ¢ bins.

Figure 5.8 shows the ' — 77771 side-band asymmetries (using the 45/135 data
set) as found using various mass regions (depicted as horizontal error bars) along
with the constant, linear, and exponential fits. The range of extrapolated Ygg values
under the signal peak based on the three fits is displayed on the plot.

The data shows a sloping trend, implying that the side-band asymmetry is mass-
dependent and that the background asymmetry under the peak is not necessarily
equal to the asymmetry in the nominal side-band region. The three fits to the data,

extrapolated down to the 1’ mass, give a spread of 0.19, which is the systematic
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Figure 5.8: Resultant 45/135 Ygp for various mass bins with a constant (red), linear
(magenta), and exponential (cyan) fit. A range of values from extrapolations of the
fits down to 0.958 GeV is displayed (colour online).

error assigned to Ygg. This error is propagated through the second error term in

Equation 3.8 (in place of dxg,) to give dgpsys, as in Equation 5.1. Table 5.1 shows

the systematic error on each ¢ bin on the average > asymmetry calculated using this

equation.

5SBSYS = <

0.19% f\?
=

| t Range (GeV?) || Systematic Uncertainty (dspsys) |

0.1<—-t<0.3 0.0219
0.3<—-t<0.5 0.0113
05 < —-t<0.7 0.0076
0.7< -t <12 0.0089

(5.1)

Table 5.1: Systematic uncertainties for each bin of ¢ as found by Equation 5.1 on the

average asymmetry.
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5.2.1.1 n Side-Band Asymmetry

A similar study was carried out for the two n decay channels with background
contributions to check for any mass dependency in the side-band asymmetry. Since
the background in both these channels are predominantly from the w meson, the
assumption is that the asymmetry is not mass dependent since each mass bin should
contain almost exclusively the same type of particle. Figures 5.9 and 5.10 show the
side-band asymmetries (using the 0/90 data set) as found using various mass regions
(depicted as horizontal error bars) for three ranges in t. There are significantly more
statistics in these channels’ side-band regions than for the 7’ decay channel, so the
fits to the yield asymmetries are more stable with smaller errors in the 1 channels.
For both decay channels, in all ¢ ranges, there is no clear side-band asymmetry trends

Versus 1mass.
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Figure 5.9: Resultant 0/90 n — 777~ 7% Xgp for various mass bins in three ranges
of ¢ (see legend in plot) (colour online).

The lowest-tested mass range in the 3piq decay channel may show some deviation
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2g SB X vs. SB Mass Range Median
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Figure 5.10: Resultant 0/90 n — 27 Xgp for various mass bins in three ranges of ¢
(see legend in plot) (colour online).

in some ¢ ranges, but because of the lower statistics (and larger errors) for these data
points, the trend is not statistically significant. For this reason, the assumptions that
the side-band asymmetries in the nominal side-band regions for each analysis are
equal to the asymmetries of the background under the signal peaks are maintained,
and no corrections or errors are assigned in the n channels to do with the side-band

asymmetry corrections.

5.2.2 Cut Variations

For each major event selection cut, the asymmetry analysis is performed while
varying the nominal cut to a looser and tighter version to test the systematic effects
of the cuts on the final extracted results. Asymmetries are extracted in each ¢ bin
for each variation. The nominal, looser, and tighter cut values used are given in

Table 5.2.
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’ Cut Variable H Looser Cut ‘ Nominal Cut ‘ Tighter Cut ‘

Vertex Z (cm) 50 <z < 80 92 <z < T8 04 <z <76
Vertex R (cm) r<1.5 r<1.0 r<0.5
Fiducial BCAL (cm) zy < 390 z, < 380 7, < 370
Fiducial FCAL (cm) 20 > 1, > 105 25 > ry > 100 30 >r, > 95
Particle At (ns) |At] < 6 |At] < 4 |At] < 2
Proton P (GeV) P, > 0.30 P, >0.25 P, > 0.20
n — 27 Mass (GeV) || 0.44 < may < 0.64 | 0.46 < mgy < 0.62 | 0.48 < ma, < 0.60
1’ Mass Range +2.20 +20 +1.80
KinFit CL CL > 10°° CL>10"° CL>10""*

Table 5.2: Nominal, tighter, and looser cut variations for the study of systematic
sensitivity of the ¥ asymmetry to event selection cuts.

Average X - Nominal (Black) with Variations (Colours)
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Figure 5.11: Average 1’ SB-corrected asymmetries for nominal (black open circles
with error bars) and varied (coloured filled circles) cuts. Colours are as in the legend
shown in Figure 5.12 (colour online).

Figure 5.11 shows the average SB-corrected asymmetry binned in ¢ for the nominal
cuts (black open circles with error bars) and for the cut variations (various coloured
circles with no error bars). Each colour in the plot represents a different cut variation,

with each colour’s corresponding variation given in Figure 5.12. Figures B.9 and B.10
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in Appendix B show the nominal and variational asymmetries for the 0/90 and 45/135

data sets respectively.

—— Nominal Cuts
Vertex Z (Looser) Vertex Z (Tighter)
Vertex R (Looser) Vertex R (Tighter)
Fiducial BCAL (Looser) Fiducial BCAL (Tighter)
Fiducial FCAL (Looser) Fiducial FCAL (Tighter)
Proton P (Looser) ° Proton P (Tighter)
° Eta -> 2g Mass (Looser) ) Eta -> 2g Mass (Tighter)
) EtaPrime Mass Range (Looser) ° EtaPrime Mass Range (Tighter)
° KinFit FOM (Looser) ° KinFit FOM (Tighter)

Figure 5.12: Legend for cut systematics plots (Figures 5.11, B.9, and B.10) and
instrumental asymmetry plots (Figures 5.13, B.11, B.12, and B.13) (colour online).

Each cut variation falls within the statistical error bar of the nominal cuts, mean-
ing that the analysis is fairly stable with changes in event selection cuts. A systematic
error, dcuTrsys, is evaluated for each bin by finding a squared sum of the differences
between the cut-varied average asymmetries and nominal average asymmetries in a

manner similar to a standard deviation, as in Equation 5.2.

Nvar
Z (EVAR,n - ENOM)Z
) =\ 2= 5.2
CUTSYS Noan — 1 (5.2)

Here, YXxowm is the nominal asymmetry for a particular bin, ¥yag ,, is the cut-varied
asymmetry for the same bin with cut variation n, and Nyag is the number of total
variations. Table 5.3 gives the calculated systematic uncertainties on the nominal

average asymmetries using this equation.
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| t Range (GeV?) | Systematic Uncertainty (dcursys) |

0.1<—-t<0.3 0.0161
03<—-t<0.5 0.0149
05 <—-t<0.7 0.0328
0.7<—-t<12 0.0186

Table 5.3: Systematic uncertainties for each bin of ¢ as found by Equation 5.2 on the
average asymmetry.

5.2.3 Instrumental Asymmetry

As detailed in Section 3.2, forming the yield asymmetry between PARA and PERP
diamond orientations cancels out the ¢-dependent acceptance, A(¢). However, if some
other instrumental asymmetry exists, it can be seen in the direct sum of the two
orientations’ ¢-dependent yields. Fits to the sum of the perpendicular orientations
are done for peak region and side-band region data for both the 0/90 and 45/135 data
sets in every t bin and for every cut variation to extract the instrumental asymmetry.

The fit is done with the function shown in Equation 5.3.

finst(¢) = C (1 + Zinst COS<2(¢ - ¢O))) (53)

Here, ¢ is held constant at the same value as for the asymmetry fits, C'is an overall
normalization factor, and Y, is the instrumental asymmetry. If all instrumental
asymmetries and acceptance effects are cancelled by forming the asymmetry between
PARA and PERP orientation data, the fits here should give a value of zero for Y;,,;.
Figure 5.13 shows ¥4 in bins of ¢ for the 0/90 data set (peak region), again with black
open circles denoting the nominal cuts and coloured circles denoting cut variations
(colours are the same as given in Figure 5.12). The plot also features a fit to the
nominal data points to check the consistency of the instrumental asymmetries with 0.
Figure B.11 shows the same for the 0/90 side-band region, and Figures B.12 and B.13

show the peak region and side-band region for the 45/135 data set, respectively.
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0/90 Instrumental Asymmetry - Nominal (Black) with Variations (Colours)
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Figure 5.13: 0/90 7' peak region asymmetries for nominal (black open circles with
error bars) and varied (coloured filled circles) cuts. Colours are as in the legend shown
in Figure 5.12 (colour online).

The instrumental asymmetries are relatively stable with varied cuts and are clus-
tered about 0 for each orientation and mass region. The results of the constant func-
tion fits to the nominal instrumental asymmetries are given in Table 5.4. There is no
strong indication of a residual instrumental asymmetry, and no additional systematic

uncertainty on the 7’ beam asymmetry is assigned.

’ Data Set: Mass Region H Constant Fit Parameter ‘

0/90: Peak Region —0.0.187 £ 0.0193
0/90: Side-Band Region 0.0104 £ 0.0118

45/135: Peak Region —0.0082 £ 0.0199

45/135: Side-Band Region —0.0131 £ 0.0123

Table 5.4: Results of constant function fits to the nominal instrumental asymmetries
for each data set and mass region. The fit parameter is consistent with 0 in each case.
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Figure 5.14: Average SB-corrected i’ asymmetries for nominal fit parameters (black
open circles with error bars) and floating ¢, fit (red filled circles).

5.2.4 Phase Offset

The phase offset, ¢, in the asymmetry fit function (Equation 3.7) is fixed from a
study of the high-statistics (t-averaged) n — 27 channel for the 0/90 and 45/135 data
sets separately, as discussed in Section 3.2.2. These should be universal constants in
the analyses, since the offset cannot depend physically on the four-momentum transfer
squared or decay channel. However, to test the sensitivity to differences in this fit
parameter, the asymmetry analyses are performed again using the nominal cuts and
fit parameters but allowing ¢g to be a free parameter. The final average asymmetry
results for this case (red filled circles) and the nominal case (black open circles) are
shown in Figure 5.14. A histogram of the difference between the free-parameter
asymmetries and the nominal asymmetries over all bins is shown in Figure 5.15. This

provides a measurement of the spread of asymmetries induced by letting the phase
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offset vary. Based on the standard deviation of this distribution, a systematic error
of 0.6% is assigned to account for any sensitivities to the choice of phase offset in the

fitted asymmetries.
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Figure 5.15: Histogram of differences between floating ¢, fit asymmetries and nominal
fit asymmetries presented in Figure 5.14. The width of this distribution guides a
selection of systematic uncertainty applied to the average asymmetry due to the
choice of ¢y.

5.2.5 Flux Ratio

The flux ratio, Fg, is the ratio of PARA to PERP PS triggers for a given data set.
It is used to scale the PARA data so that the proper asymmetry can be formed to
cancel out ¢-dependant acceptance effects. The sensitivity of the asymmetry analysis
to the flux ratio is evaluated by repeating the analysis with slightly higher and lower
values for the flux ratio in the same way as the cut variation systematic study. An

estimate of the systematic deviation of the PS yields, coming from the efficiency of
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Fit Systematics: FR (Average)

m 1.2_ T T T | T T T | T T T | T T T | T T T | T T T [ T I_
8 " | 45~ Nominal Fit Function ]
N 1.1__ ..... e OQSXFR ........ —
| e 1.05xFg ‘ ‘ ‘ ‘ ]

Figure 5.16: Average SB-corrected 7' asymmetries for nominal fit parameters (black
open circles with error bars), a 5% increase in both 0/90 and 45/135 flux ratios (red
filled circles), and a 5% decrease in those flux ratios (blue squares) (colour online).

the PS, is £5% [112]. As such, Figure 5.16 shows the average asymmetry in bins of
t using 0/90 and 45/135 flux ratio values that are 5% higher (red filled circles), 5%
lower (blue squares), and nominal (black open circles). A histogram of the difference
between the Fz-varied asymmetries and the nominal asymmetries over all bins is
shown in Figure 5.17. The standard deviation of this distribution suggests a system-
atic uncertainty on the average asymmetries to do with the flux ratio determination

of 0.4%.

5.2.6 Fit Function Variations

The fit function used to extract 3, Equation 3.7, assumes that the yield asymmetry
constructed from PERP and PARA ¢-dependent yields is a sinusoidal function about

3> = 0. However, if the flux ratio, Fpg, is systematically incorrect, the PERP and
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Figure 5.17: Histogram of differences between varied Fg fit asymmetries and nominal
fit asymmetries presented in Figure 5.16. The width of this distribution guides a
selection of systematic uncertainty applied to the average asymmetry due to the PS
determination of Fg for both data sets (colour online).

PARA yield distributions would not be scaled properly, and when the yield asymmetry
is constructed, it would be shifted from 0. As a check on the flux ratio, the analysis

is repeated with an additional constant term in the fit function, as in Equation 5.4.

_(PL+ P ¥ cos(2(6 — ¢0))
10=5 (PL = By) X cos(2(¢ — o))

+ A (5.4)

Figure 5.18 shows the average asymmetry in bins of ¢ for the nominal fit function
(black open circles) and the altered fit function (red filled circles). No significant
differences are seen. Figure 5.19 shows the fitted additional parameter, A, in each
bin of ¢ for the 0/90 and 45/135 data sets and for the peak and side-band regions.
Fits to constant functions in the latter plot indicate no systematic deviation from 0,

implying that the flux ratios determined by the PS measurements are reasonable.
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The fit parameter A of the altered fit function in each t bin for the
0/90 peak region (blue circles) and side-band region (magenta squares), and for the
45/135 peak region (red crosses) and side-band region (green diagonal crosses). Fits
to a constant function over each set of points show no systematic deviation of A from



5.2.7 Finite ¢-Dependent Yield Bin Size

Statistics in each channel dictate how many bins in ¢ the yields can be separated
into in order to fit the yield asymmetry. With infinite statistics?, an arbitrarily large
number of bins can be used, and a fit should capture the true ¥ asymmetry of the
distribution, but with finite statistics, a finite number of bins must be used. With
few bins, it is expected that the fit asymmetry may be biased. The effects on the
extracted ¥ of varying the number of ¢ bins used for the yield asymmetry histograms
was studied with Monte Carlo simulations [113]. 500 MC samples were generated
with a known beam polarization and ¥ = 1, then an asymmetry analysis was carried
out with a varying number of ¢ bins for the yield distributions on each of them. For
each number of ¢ bins studied, a distribution containing each of the 500 extracted X
fit parameters was made. Figure 5.20 shows the means (points) and widths (vertical
error bars) of those distributions versus the number of ¢ bins used.

The effects of using 50 bins is on the order of a few tenths of a percent, seen as
a deviation from unity in Figure 5.20, and the conservative estimate for a systematic
uncertainty due to the finite number of bins quoted in Reference [113] was 0.5%. For
the n analysis presented in this thesis, only 30 bins are being used. The MC study
conducted did not probe a lower number of bins than 50, but based on the results
presented in that study, a conservative systematic uncertainty of 1% is chosen for this

1’ asymmetry analysis.

5.2.8 n’ Systematics Summary

The systematic error contributions discussed in this chapter to the average n’ X

beam asymmetry are summarized in Table 5.5. These contributions to the systematic

2‘Infinite statistics’ in a physics context means an amount of statistics such that the statistical
error associated with an observable (the yield in each bin of ¢, in this case) is negligible.
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Figure 5.20: Means (points) and widths (vertical error bars) of the ¥ fit parameter
distributions from fitting 500 MC samples versus the number of bins used for the yield
asymmetry histograms. For some points, the small vertical error bars are contained
within the points. Figure from Reference [113].

uncertainty for the beam asymmetry of the 1’ are assumed to be uncorrelated?, so, for
each ¢ bin, the systematic uncertainties are added in quadrature (given in Table 4.5)

and are represented by the purple boxes on each point in Figure 4.30.

’ Study H n’ Systematic Error ‘
Ysp Determination dspsys (Table 5.1)
Event Selection Variations || dcutsys (Table 5.3)
Phase Offset Dependence 0.006
Flux Ratio Dependence 0.004
Finite ¢ Bin Size 0.01

Table 5.5: Summary of systematic uncertainties assigned to the average 1’ ¥ beam
asymmetry.

3No studies were conducted to validate this assumption. Because the statistical error in the
analysis dominates over any systematic errors, the possible effects of correlated errors should be
relatively small.
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Chapter 6

Conclusions and Future Direction

With data from the GlueX Experiment, the first measurements of the 1’ beam
asymmetry at photon beam energies above 6 GeV have been made, including eval-
uation of systematic uncertainties to do with detector measurements and analysis
methods. These results are summarized in Appendix C. The measured asymmetry
is statistically consistent with theoretical predictions from the JPAC theory group,
and with more statistics from currently uncalibrated and future data, this model
can be tested further. These statistics will also allow measurements of the beam
asymmetry in the other major channels of the 1’ to check for consistency in results
between analyses and topologies. The asymmetry of the n has also been measured
in the three major decay channels, giving results consistent with one another and
consistent with past measurements by GlueX. However, these results show hints of
deviation from theoretical models of the ¥ beam asymmetry for the  and may help
guide modifications to these models in future.

The next steps for the 7 meson program at GlueX is to shift attentions towards
Monte Carlo studies. Extraction of cross sections at high energy are the next major
milestones for the n and 1’ mesons, which becomes possible when accurate MC simu-

lation of the detector is achieved. Studies into the acceptance of the GlueX detector
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for various decay topologies and careful matching of simulation to measured detec-
tor response bring constant improvements to cross section studies, and work within
the collaboration is already underway towards extraction of the 1’ cross section in
multiple decay channels [114].

Finally, once accurate MC simulations are available that faithfully recreate mea-
sured distributions and event selection techniques are developed to cleanly identify
the simplest decay products of potential exotic and hybrid mesons!, partial wave anal-
ysis can be done. With the large body of statistics collected from the high-luminosity
photon beam at GlueX, and because of the relatively high rate of production for
hybrid mesons expected from a photoproduction experiment, comprehensive searches
for evidence of the hybrid mesons claimed by other collaborations (and searches for
other expected exotics and hybrids) using PWA should be possible. Mapping the
entire light meson spectrum, including full multiplets of exotic and hybrid mesons,
is the ultimate goal of GlueX, and simple studies, like measuring polarization ob-
servables or cross sections of known particles, are the necessary first steps towards
this goal. In addition, measurements of cross sections and polarization observables
provide valuable input to theorists for modelling production and exchange processes,

and these theoretical models can help guide searches for exotic physics.

'In addition, problems that may be related to the shortcomings of the attempted asymmetry
analyses using alternate decay channels of the 1’ (possible reconstruction issues with multi-photon
final states, for instance) must be understood and corrected.
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Appendix A

Nominal Event Selection Cuts

Number of Extra Charged Tracks < 3

Standard CDC dE/dx Cuts (low-momentum 7 /proton separation)
Particle Timing Cuts (see Table 3.1)

Missing Mass: |MM|? < 0.05 GeV?

Reconstructed Vertex: 52 cm <z < 78 cm

Reconstructed Vertex: r < 1.0 cm

FCAL Fiducial Cut: 25 cm > r{"“*Y > 100 cm

BCAL Fiducial Cut: z{"“*" < 380 cm

Recoil Proton Momentum: Peoq > 0.25 GeV/c

0.60 GeV < Decaying i Mass < 1.30 GeV

0.46 GeV < Decaying n Mass < 0.62 GeV

0.105 GeV < Decaying 7° Mass < 0.165 GeV

RF Matching, ‘Peak’ events: |Atgp| < 2.004 ns

RF Matching, ‘Accidental’ events: 6.012 ns < |Atgp| < 18.036 ns
Kinematic Fit CL Cut: CL > 107°

Beam Energy for Asymmetry Analyses: 8.2 GeV < E, < 8.8 GeV
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Appendix B

Additional Analysis Plots
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Figure B.1: n — 77~ 7% 0/90 SB-corrected ¥ asymmetries for the studied bins of ¢
versus kinematic fit confidence level cut (left) and statistical errors on those asym-
metries (right) (colour online).
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Figure B.2: n — 777" 45/135 SB-corrected Y asymmetries for the studied bins
of t versus kinematic fit confidence level cut (left) and statistical errors on those
asymmetries (right) (colour online).
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Figure B.3: n — 37% 0/90 SB-corrected ¥ asymmetries for the studied bins of ¢ versus
kinematic fit confidence level cut (left) and statistical errors on those asymmetries
(right) (colour online).
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Figure B.4: n — 3% 45/135 SB-corrected Y asymmetries for the studied bins of ¢ ver-

sus kinematic fit confidence level cut (left) and statistical errors on those asymmetries
(right) (colour online).
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Figure B.5: n — 27 0/90 SB-corrected ¥ asymmetries for the studied bins of ¢ versus
kinematic fit confidence level cut (left) and statistical errors on those asymmetries
(right) (colour online).
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Figure B.6: n — 2v 45/135 SB-corrected ¥ asymmetries for the studied bins of ¢ ver-
sus kinematic fit confidence level cut (left) and statistical errors on those asymmetries
(right) (colour online).
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Figure B.7: ' — 7771 0/90 SB-corrected ¥ asymmetries for the studied bins of ¢
versus kinematic fit confidence level cut (left) and statistical errors on those asym-
metries (right) (colour online).

151



45/135 SB-Corrected X 45/135 SB-Corrected X Error

- x10°
m 1,‘-IIIIII T IIIIIIII T IIIIIIII T IIIIIII. T IIIIIII. T Ill
8 e t-averaged : : . t-averaged
W [ m (0.1<]|1<0.3) | : ] (0.1 <|t<0.3
1.1 (0.3< |-t <0.5) [ ] < (0.3<|-t<0.5
|+ (05<]|t<0.7) | :
x (0.7<|-t<1.2)

3

10° 10° 10* 10° 102 10° 10° 10* 10° 102
KinFit CL Cut KinFit CL Cut

Figure B.8: 1’ — ntn~n 45/135 SB-corrected ¥ asymmetries for the studied bins
of t versus kinematic fit confidence level cut (left) and statistical errors on those
asymmetries (right) (colour online).
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Figure B.9: 0/90 i’ SB-corrected asymmetries for nominal (black open circles with
error bars) and varied (coloured filled circles) cuts. Colours are as in the legend shown
in Figure 5.12 (colour online).
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45/135 X - Nominal (Black) with Variations (Colours)
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Figure B.10:

45/135 1’ SB-corrected asymmetrie
with error bars) and varied (coloured filled circles)
shown in Figure 5.12 (colour online).
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Figure B.11: 0/90 7’ side-band region asymmetries for nominal (black open circles
with error bars) and varied (coloured filled circles)
shown in Figure 5.12 (colour online).
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Figure B.12: 45/135 7 peak region asymmetries for nominal (black open circles with
error bars) and varied (coloured filled circles) cuts. Colours are as in the legend shown
in Figure 5.12 (colour online).
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Figure B.13: 45/135 7/’ side-band region asymmetries for nominal (black open circles
with error bars) and varied (coloured filled circles) cuts. Colours are as in the legend
shown in Figure 5.12 (colour online).
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Appendix C

Summary of Beam Asymmetry Results

n — 3piq n — 3pi0 n— 2g Combined 7
[trange (GeV?) [ B, [0y, [ 35 [0y, | 5y [ 0, [ 5 [ Oy,
0.1 < —t<0.3 | 0.944 | 0.046 || 0.902 | 0.047 || 1.008 | 0.023 || 0.980 | 0.019
0.3<—t<05 | 0977 | 0.048 || 1.019 | 0.047 || 0.990 | 0.027 || 0.994 | 0.021
0.5 < —t<0.7 | 0.891 | 0.063 || 0.981 | 0.059 || 0.934 | 0.034 || 0.936 | 0.027
0.7< —t<1.2 | 0.929 | 0.063 || 0.879 | 0.064 || 0.854 | 0.031 || 0.870 | 0.026
Table C.1: Asymmetries and statistical errors for the three 1 decay channels sepa-

rately and for the weighted average of the three 7 results.

t Range (GeV?) H Xy ‘ 527], ‘ dsys ‘

0.1<—-t<0.3 | 0.873 | 0.066 | 0.030
0.3<—t<05 | 0.904 | 0.076 | 0.022
0.5 < —t<0.7 || 0.882 ] 0.097 | 0.036
0.7<—t<12 | 0.911 | 0.096 | 0.024
Table C.2: Asymmetries, statistical errors, and systematic errors for the n’ decay
channel.
n' /n—3piq | ' /n— 3pi0 n /n—2g n' / Combined n
’ t range (GeV?) ‘ [y ‘ S /8y || Zn /B0 | s, || Bar/En ‘ S /8, || Zw/En | Os /3,
0.1<—t<0.3 | 0.925 | 0.083 || 0.967 | 0.085 || 0.866 | 0.073 || 0.891 | 0.070
0.3<—t<0.5 | 0925 | 0.090 || 0.887 | 0.089 || 0.912 | 0.082 || 0.909 | 0.079
0.5 <—t<0.7 | 0.990 | 0.130 || 0.900 | 0.124 || 0.945 | 0.115 || 0.943 | 0.107
0.7<—t<1.2 | 0.980 | 0.123 || 1.036 | 0.125 || 1.067 | 0.109 || 1.047 | 0.114

Table C.3: Asymmetry ratios (of the 1’ results to the three 7 results separately and
to the weighted average of the three n results) and associated statistical errors.
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