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ABSTRACT

Apart from the mesons that the constituent quark model predicts, QCD allows for additional
states beyond the ¢g system. Previous experiments have performed partial wave analysis on pion-
production data and claim observation of an exotic J©¢ = 171 state decaying via pm. The gl12
experiment took place at Jefferson Lab using the CLAS spectrometer, a liquid hydrogen target
was used and a tagged photon beam. By studying the reactions vp — na7nT7r~ and vp —
ATTrtr~ 7~ the photoproduction of mesons decaying to 37 was studied using two different but
complimentary channels. Events are selected with low four-momentum transfer to the baryon,
in order to enhance one pion exchange production. For both 37 systems the data exhibit two
intermediate decays, pr and fomr. For the yp — nataTn~ reaction over 600k events were acquired
resulting in the largest 3 photoproduction dataset to date. The exotic J©¢ = 1~ partial wave does
not show resonant behavior and more so it is strongly consistent with a non-resonant non-interfering
wave relative to a resonant m2(1670). Furthermore, the partial wave analysis shows production of
the a2(1320) and m2(1670) mesons. For the first time we report observation of a photoproduced
a1(1260) meson. For the yp — ATTxT 71~ 7~ reaction nearly 350k events were analyzed. A partial
wave analysis was performed for the first time on this channel. The a;(1260), a2(1320), and the
m2(1670) mesons were observed. Observation of the a;(1260) confirms the result first reported in

vp — n Tt wT reaction.
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CHAPTER 1

INTRODUCTION

One of the most desirable achievements in physics is the discovery of the fundamental particles,
matter is composed of. The tools physicists use to explore it, can be considered as a really intelligent
microscope. From Rutherford’s experiment where alpha particles where scattered off of a gold foil,
until the recent experiments at CERN, scattering and collision of particles is the key for such an
achievement.

The world of particle physics, it is known today, is made of three kinds of elementary particles:
leptons, quarks and mediators. There are six leptons (e, ve, {1, vy, T, v7) in total and six anti-
leptons. Leptons are classified according to their charge, electron number, muon number and tau
number. The quarks come in six flavors, and are classified according to charge, strangeness, charm,
bottomness, topness, upness and downness. The six quarks (d, u, s, ¢, b, t) come in three colors.
The particles interact with each other by exchanging bosons or mediators. Bosons have integer
spins, in units A, and they follow the Bose - Einstein statistics. The photon is the mediator for
the electromagnetic force and the two W’s and Z bosons are the mediators for the weak force. In
Yukawa’s original theory (1934) the pion was believed to be the mediator for the strong force, but
with the discovery that nucleons could exchange heavier mesons than pions, this simple picture
could not stand. In order for the strong force to be studied in a fundamental level, the interaction
between the quarks was necessary to be understood. Today we know that the exchange particle
between two quarks is the gluon. The gluon, like the quarks, carries color and therefore it should

not exists as an isolated particle.

1.1 Quantum Chromodynamics and the Quark Model

Based on our knowledge there are four fundamental forces in nature: strong, electromagnetic,
weak and gravitational. To each of these forces belongs a physical theory, for example for the
electromagnetic force there is the Quantum Electrodynamics (QED). For the strong force there is

the Quantum Chromodynamics (QCD). The color in the QCD plays a similar role of the charge



for the QED, though there are some fundamental differences between the two. There are three
kinds of colors (and their corresponding anticolors) and only two kinds of electric charges (positive
and negative). Also, gluons can carry themselves color (where photons are electrically neutral) and
so they can couple directly to other gluons. The gauge symmetry of the strong interaction is the
SU(3), which is more complex than the U(1) group of QED. The SU(3) is an exact symmetry and
so the color charges is absolutely conserved.

Another major difference between QCD and QED is the size of the coupling constant. In QED
each vertex introduces a factor of ﬁ and we would only need to consider Feynman diagrams with
a small number of vertices. On the other hand, experimentally has been found that the QCD
coupling constant ag, for example between two protons, is bigger than 1. It was also found that
the as is a running coupling constant, in a sense that it depends to the momentum transfer Q? (see

Figure 1.1).
1

~ Bo InQ2/A

where [y is a constant and A is the QCD scale which was experimentally observed to be around

as(Q?) (1.1)

220 MeV. The "Lambda-QCD” is important because it separates two energy regimes. For energy
values close or below A, the QCD coupling constant becomes large and the perturbation QCD
(pQCD) can not be applied. This is called the confinement regime. On the other hand, when
the two quarks are very close, and so the momentum transfer is large, the QCD coupling constant
becomes extremely small. In that region the quarks can be seen as quasi-free or weakly bound
particles. Due to the small values of a5 in that region the pQCD can be applied and it shows good
agreement with the experimental data.

By 1960s the number of strong interacting particles had grown large and those particles were
divided into two great families, the baryons and the mesons. The members of each family were
distinguished by charge, strangeness and mass, but beyond that there was no reason to it at all. In
1964, G. Zweig at CERN and M. Gell-Mann in the USA independently proposed that the hadrons
are made up by quarks [5]. Quarks are strongly interacting fermions with spin 1/2 and positive
parity (antiquarks have negative parity). They are related to the charge Q through the generalized
Gell-Mann-Nishijima formula

Y
Q:Iz+

5 (1.2)
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Figure 1.1: World average of a5 from [1]
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Figure 1.2: Isospin multiplets, where in parenthesis is the approximately value of mass.
The left plot shows the isospin multiplets for J¥ = 1/2% baryons. The right plot shows
the isospin multiplet for J© = 0~ mesons. (Image source [2]).

where Y is the hypercharge which is defined as Y=B+S+C+B+T and I, is the z-component of
the isospin. B is the baryon number, S is the strangeness, C is the charm, B is the bottomness
and T is the topness. The convention that has been used here is that the flavor of a quark has the
same sign as its charge Q. A well known symmetry property of the nuclear forces is that they are
charge independent, i.e. two nuclear states with the same spin and parity have approximately the
same energy (for example a proton and a neutron). In 1932 W. Heisenberg introduced the concept
of isospin to describe that property. For example proton and neutron are considered two states of
the same particle, with isospin I=1/2, and they differ only by the z-component of the isospin. The
number of different particles, that can be thought as different charge states of the same particle is
21+1 and the group is called isotropic multiplet.

The isotropic symmetry is broken, since the masses are not identical for particles in the same
state (for example m,, — m, ~ 1.3 MeV). The same effect is in the quark level, were the mass of
the d quark is a few MeV larger than that of the u. Furthermore the electromagnetic interaction
does not conserve isospin, only its third component. The isospin invariance can be described by the
SU(2) group and so quarks and hadrons can be described as SU(2) multiplets. Figure 1.2 shows
the isospin multiplets for the J* =1 /2" baryons and JP = 0~ mesons. All the members of the

multiplet have the same hypercharge.
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Figure 1.3: The 3 and 3 representations. (Image source [2]).

With the quark representation in place, the scheme extends from the isospin internal symmetry,
SU(2), to SU(3). The two quarks present in the normal matter, u and d, form an isospin doublet.
The z-component of the isospin, I, can be considered as the flavor of each of the two. The flavor
of the s is the strangeness and it is negative, i.e. S=-1. The flavor of ¢ quark is C=+1, of the
b quark is B=-1 and of the t quark T=+1. Instead of the one-dimensional representation of the
SU(2), the SU(3) has to be represented in two dimensions, by having the hypercharge in the Y-axis.
Figure 1.3 shows the two fundamental representations, 3 and 3, for the quarks and the antiquarks
respectively. Both representations contain an SU(2) doublet and an SU(2) singlet.

Mesons and baryons, as described by the constituent quark model, are composed from a quark
and an antiquark for the former and three quarks for the latter. Even though the constituent quark
model provides with a natural handle for structure, decays and an easy way to classify mesons, it
is not perfect. It does not provide explanation for the confinement and the role of gluons is not
obvious. Also, it does not make any absolute mass predictions and no absolute rate predictions for
decays. An obvious way for someone to see its limitations, is the AT (1232) baryon. It consists
of three u quarks with parallel spins, all in an S-wave. Since quarks are fermions and in order
for the Pauli principle not to be violated, these quarks can not be identical. The solution was
an additional quark property, the color, to ensure antisymmetry of the baryon wave function.
In quantum chromodynamics the color became a source of gluonic fields and resumed a decisive

dynamical role. QCD allows for a much richer spectrum, where the three quarks determining the



spectroscopy are called 'valence’ quarks. There is the 'sea’ of quarks and antiquarks, which contains
qq pairs of all flavors, with decreasing probability for increasing quark masses. Also, QCD allows

for valence gluons, where the gluon field contributes to the observed quantum numbers, such as

hybrids.

1.2 Light Meson Spectroscopy

The area of light-quark meson spectroscopy deals with mesons made up from u, d and s quarks.
Usually, these systems have masses below 2.5 GeV/c?. We want to express the meson system in
JPC quantum numbers and along with the amplitude analysis formalism that will be used, these
quantum numbers can be identified experimentally. Mesons are built up from a fermion-antifermion
pair and so the two intrinsic parities are opposite, i.e. P = (—1)”1, where 1 is the orbital angular
momentum. On the other hand, for two mesons with the same intrinsic parity, P = (—1)!. If
the two mesons are spinless, such as pions, the orbital angular momentum is equal to the total
momentum J. The next quantum number is the charge conjugation, C, where it does change the
particle into its antiparticle. As one can imagine, only neutral particles are eigenstates of C. The

5 since C exchanges position and

charge conjugation for fermion-antifermion states is C' = (—1)
spin. S is the total spin of the system. On the other hand, the charge conjugation of a meson
and antimeson with zero spin (for example two pions) is going to be, C' = (—1)". Another useful
quantity that is usually defined is the G-parity. Even though it is not a fundamental quantum
number, it is useful for pion systems. G is defined as C followed by a 180° rotation around the y-
axis in isotropic space, i.e. G = exp(—iml,)C. All charge pion states are eigenstates with negative
eigenvalue, G|m) = —|m). Also for a system of n pions we have G = (—1)".

Furthermore, since mesons, in the constituent quark model, are described as a ¢¢ system they

must be a product of 3 by 3, i.e.
33=108 (1.3)

which describes exactly the meson nonet. Figure 1.4 shows an octet and a singlet in the isospin
and hypercharge representation. At the “center” of the octet there are two states, one with I=1
and one with I=0, but both with I, =Y = 0.

Considering now the spin-parity of the mesons, an S-wave will be the ground state, i.e. a

JPC¢ = 0=F (pseudoscalar mesons) and JF¢ = 17~ (vector mesons). The SU(3) representation
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Figure 1.4: The octet and the singlet (Image source [2]).

of both are shown in Figure 1.5. One thing to notice here, is the isotopic singlet and the iso-
singlet of the octet. The former is a complete symmetric state ;) = |1,1) = %|uﬂ + dd + s3)
and the latter is given by |ng) = [8,1) = %WU + dd — 25s). Since SU(3) flavor symmetry is
already broken (the particles in the mutliplets do not have the same mass) the |n;) and |ns) are not
necessarily the physical states n and r’. For a correct description of these complicated mixtures of
quarks-antiquarks pairs and gluons, can only be given by the QCD theory. Using the mentioned
relationships, there are many other spin-parity states that can be constructed from ¢gq mesons (apart
from the pseudoscalar and vector mesons), such as J©¢ = 177, 0%+, 1+ 27+ 27 etc. By looking

carefully at those states we can see that there is a sequence of JFC states that is not allowed, i.e.
JPC =070t 17F 2 L (1.4)

The latter states are called exotics and by measuring one of these would mean that there must be a
non — qq meson. As it was discussed before the quark model has no confinement and the gluons are
not even needed in the picture. On the other hand, QCD-inspired models or lattice QCD say that
glue has an extremely important role in Quantum Chromodynamics. When any model with glue
makes predictions, gluonic excitation emerges and apart from the gg spectrum, additional states
are predicted which directly involves the gluons. One state with only gluons is called glueball, while

others involve gluonic excitations and are known as hybrids. Not all hybrids have exotic quantum
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numbers and in fact one can write mesons as,
Imeson) = |qq) + |qq9) + 199) + - (1.5)

Since gluonic excitations can contribute to non-exotic mesons, such as p meson for example, the
easiest way to find a gluonic excitation would be with quantum numbers that do not contain the
qq component. These are the exotic hybrid mesons and the one that potentially could have access
to, with the 37 final state and for CLAS energies, is the J¢ =17+,

New models and concepts had to be invented in order to include some of the QCD properties,
such as the bag and the flux tube model. The M.I.T. bag model [6] describes the hadrons in a
compound system, consisting of quarks and gluonic field variables within a fixed volume. The
model considers the states as linear combination of quark-gluon and gluon self interactions, with
the lowest one to be a color singlet. It gives more precise predictions from the quark model for the

non-exotic spectrum [7]. The lowest quark mode has J© = 1/2% and the lowest gluon mode has



JPC = 1%~ and so it predicts four gluonic hybrids,
JFC =0 1)1t =1"",00F, 17+, 27 (1.6)

The mass for the exotic J¢ = 17 hybrid was predicted to be from 1.4 to 1.6 GeV [8], [9]. Another
useful model is the flux-tube model [10]. In this model fixed endpoints are connected by a linear
potential on which point like masses are stringed. The system can be treated as a quantum oscillator
with transverse excitation modes. The flux-tube is permitted to vibrate, and its vibration modes
give the measured quantum numbers. When the flux-tube is left in its ground state the ordinary
meson spectrum, as predicted by the quark model, can be reproduced. In its first excited state,
coupling one unit of orbital angular momentum of the excited string with the spin and orbital
angular momentum of the ¢g system results to eight hybrid nonets (72 new mesons). The hybrids
in this model are just ¢g excitations by considering the orbital radial and the gluonic excitations as
natural degrees of freedom. From those new states, three do have exotic JP¢ quantum numbers,
07,27 and 1= . The flux tube model predicts that the eight hybrid nonets are degenerate in
mass at 1.9 GeV, though lattice QCD calculations show that the exotic 1~ nonet is likely to be
the lightest.

Undoubtedly the most famous tool for QCD predictions is lattice QCD (LQCD) calculations. In
most recent medium energy experimental proposals LQCD predictions play a major role, especially
for the non-pertrubative regime of QCD. Instead of a continuous space-time, QCD is formulated
on a discrete space-time using increasingly large lattices, while also decreases lattice spacing, a.
Discretization in the LQCD is obtained by defining quark field variables on the sides of a hypercubic
space-time lattice. In the limit of @ — 0, it transforms to a continuum field theory. Quarks and
antiquarks do exist on the points of the lattice and the gluons represent the links between the lattice
points. Even with modern developed clusters lattice calculations are computationally expensive and
for results in a manageable amount of time unphysical large values of the quark masses and lattice
spacing are being used. Since the results need to be extrapolated into the real world and the
behavior of QCD with physical quark masses in unknown, usually the relative position of states
is more reliable to be considered. Figure 1.6 shows recent lattice calculations [3] for isoscalar and
isovector spectrum. Most of the known resonances can be identified, and in addition to the ¢q states,

a hybrid super multiplet has been identified with JF¢ = 0=+, 17+ ,27% 17~ quantum numbers.
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Figure 1.6: Spectrum of isoscalar and isovector mesons obtained by LQCD. The candidate
states for the lightest hybrid meson supermultiplet are indicated by the blue boxes and
stars.(Image source [3])

Remarkably, those states have been predicted before by the bag and flux-tube model which makes
those models still competitive with lattice calculations, thirty years after their first introduction.

Experimentally the reactions that are under study in this analysis are yp — 7~ 7 7 TAT" and
yp — nrtrTr~. Both processes are considered to be diffractive dissociation (certain selection
criteria enhance this), i.e. a peripheral high-energetic reaction via the strong interaction. The
incoming high energetic photon, interacts with the cloud of virtual mesons of the proton, and forms
an intermediate state X that decays into three pions. Since this is a strong interaction, parity and
isospin is conserved and by performing partial wave analysis the contribution from different JZ¢
states can be studied. As it was discussed before, of particular importance is the JF¢ = 1= state,
since LQCD calculations [3] predict it to be the lightest exotic hybrid meson. Several experiments
have made observations of this exotic state, but the results are not without controversy.

There are three experimental candidates for the 1~ exotic hybrid, the m1(1400), the 7 (1600)
and the 7;(2000). The m(1400) was observed by E852 [11], VES [12] and by Crystal Barrel

[13]. The best experimental candidate of the three is the m1(1600), where it has been observed

10



decaying into prm [14, 15, 16], n'=m [17, 18], f1(1285)7 [12, 19] and by(1235)7 [12, 20]. The third
17" exotic candidate, the m1(2000), decaying into f1(1285)7 and b1(1235)7 has been observed by
only one collaboration [19, 20]. For the current analysis, the three pion final state will potentially
give us access to study the pm mode of the 1~ spin-parity exotic state. Though the m(1600) is
studied before by different experiments, the results are puzzled and there is controversy about the
experimental findings. Even though the E852 [14] collaboration showed a clear peak of the 1~
state at 1.6 GeV, recent results from some members of E852 collaboration, mostly from Indiana
University, [21], including a higher number of waves on an extended data-set, decided not to claim
the 17" as a resonance. Furthermore, the VES collaboration observed a spin-parity exotic state
at 1.6 GeV [15] (it is worth mentioning that the 1z is the cleanest and strongest evidence of the
1~ state) it shows a much broader structure than the one found in the E852 analysis. Finally, the
COMPASS collaboration claimed to see a resonant structure at 1.66 GeV for the 1~ exotic state
[16].

Most of the experiments that have searched for exotic hybrids, so far, have used pseudoscalar
probes such as pion beams. Theoretical work by Close and Page [22] has shown that photo-
production can strengthen the production of gluonic hybrids. Furthermore, Szczepaniak and Swat
concluded [23] that in protoproduction the 71 (1600) exotic meson can be produced in equal amounts
as the ao meson, where in pion production it will be suppressed by a factor of 10. Also in flux-tube
model, excited flux-tubes can have ﬂux_tubeJPC = 17"0or1~" [24]. Using then a pion beam and
coupling the quark degrees of freedom with an excited flux-tube will result to JX¢ = 177,11+,
On the other hand, using a real photon beam, and by considering the photon as vector meson, an
analogous coupling will result JP¢ = 0=+, 17F 2=+ 0%t~ 17~ 27~ Consequently with a vector
probe, the flux-tube model predicts exotic quantum numbers. Photoproduction area is considered
unexplored until today, since there is very little photoproduced data world wide and even fewer
with enough statistics for a partial wave analysis to be performed.

Based on those arguments the HyCLAS experiment was proposed in 2004 and the CLAS-g12
experiment took data in June 2008 at Jefferson Lab. The present analysis is using these data. In
2001 a large photoproduced 37 data sample was analyzed to search for the 71(1600) exotic. The
experiment was completed in 2001 as part of the CLAS g6c run group at Jefferson Lab and a partial

wave analysis was performed on 83K vp — natrT7~ events [25]. No clear resonant structure
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was observed in the partial wave intensity of the 17T exotic partial wave but the production of
71(1600) could not be ruled out as the partial wave phases were not observed. It is interesting to
note here that the 71 (1600) exotic meson has been observed in pion beam experiments in neutral
exchange t-channel reactions. The two channels under study as well as the CLAS-g6c analysis are
photoproduced charge 37 states.

Apart from the 71(1600) exotic meson, which is the major motivation for analyzing the two
channels, other states do show particular interest as well. As it was said before, photoproduction
is basically an unexplored area and mesons that have been observed with pion produced 37 system
have not been observed in charge-exchange photoproduction. The a1(1260) and a;(1700) mesons
are such examples. The former is constantly present in diffractive processes with pion beams, but
its strength and decay width show some variations (I' = 250 — 600 MeV /c? [26]). Also due to its
large decay width, new models needed to explain it, such as a production process by a non-resonant
37 final state. This model was introduced by Deck [27], and further studies showed [28, 29] that
the Deck effect is not a negligible effect for this resonance. Until now the mass, the width and the
underlying process of the a;(1260) meson is not well understood [30]. Finally, the m2(1670) meson
was discovered [31] in a partial wave intensity J©¢ = 27, A few years later a second resonance
was observed [32, 33] with the same quantum numbers at 1.88 GeV. Various models try to explain

this variation in mass of the m2(1670) either as a Deck-like resonance [34], or as a hybrid [35, 3].

1.3 The Rest of This Document

In order to further investigate this very interesting area of the 3w final state topology, an
analysis of a 37 photoproduced data-set was performed. The data were obtained in 2008 using
the CEBAF Large Acceptance Spectrometer (CLAS) at Jefferson Lab (JLab). The specifics of the
CLAS spectrometer are described in Chapter 2 as well as the specific conditions for the CLAS-g12
run. 25B events were reconstructed for various topologies from this run. Initial selection criteria
applied to both reaction channels are described in Chapter 3. For the yp — 7~7~ 7T ATT reaction
100M events were collected and certain selection criteria were applied (discussed in Chapter 4). In
Chapter 5 the selection criteria for the yp — na ™77~ reaction are described for the 700M events

collected. Partial wave analysis is applied to both data samples and the formalism of it is described
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in Chapter 6. The PWA results for the yp — 7~ 7 7" A*T reaction are described in Chapter 8,

and in Chapter 9 the results for the yp — na ™77~ reaction are discussed.
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CHAPTER 2

THE CLAS DETECTOR AT JLAB AND THE G12
EXPERIMENT

The data analyzed in this work were collected during the g12 run period from the CEBAF Large
Acceptance Spectrometer (CLAS) using the Continuous Electron Beam Accelerator Facility (CE-
BAF), located at Thomas Jefferson National Accelerator Facility (JLab). JLab, is located in New-
port News, Virginia and it is one of the 17 national laboratories funded by the U.S. Department
of Energy. The gl12 experiment collected over 126 TB of raw data in 44 days of beam time from
April to June 2008. By that time, JLab had three Halls, A, B and C and the CEBAF Accelerator
was able to deliver a continuous-wave electron beam of up to 6 GeV (shown in Figure 2.1). The
capabilities and the configurations that are discussed in this Chapter refer to the conditions of the
lab for the period that the data were acquired (around 2008). Currently, the JLab site houses four
Halls (the three previous Halls and in addition Hall D) and the CEBAF Accelerator can provide,
eventually, up to 12 GeV electron beam.

For the g12 run three CLAS proposals (04-005 [36], 04-017 [37] and 08-003 [38]) defined the
experimental and theoretical basis of the data taken. The 04-005 experiment, also called HyCLAS,
focused on meson spectroscopy with multiple charged final states particles. The primary difference
with other CLAS experiments was that the target was pulled up-stream in order to have better

acceptance for the forward going particles and so to favor meson spectroscopy.

2.1 CEBAF Accelerator

The CEBAF accelerator is able to deliver up to 6 GeV electron beam with 75% polarization.
The cluster of electrons, in the continues-wave beam is separated by 2 ns. Typical intensities for
the beam current in Hall B is 10-100 nA, in contrast with Hall A and C which are 10-100 pA.

Electron’s journey begins in the injector, where electrons are produced by shooting pulse laser
to a GaAs photo-cathode. The laser pulses are fixed that way so that each Hall is able to receive

electrons every 2 ns. From the injector the beam is traveling to the main accelerator where a
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Figure 2.1: Aerial view of the Jefferson Lab (JLab) facing east. (Image source: [4])
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Figure 2.2: A superconducting niobium cavity pair with its support hardware. Its length
is mechanically adjusted for specific resonances. (Image source: [4])

chopping system of superconducting radio-frequency (SRF) cavities accelerates further the beam.
In normal conditions, three beams were produced in the injector with a frequency of 499 MHz and
120 degrees phase separation. This is to allow for all the three Halls to operate simultaneously.
The main accelerator consists of a pair of linear accelerators (LINACs) which consist of twenty
cryomodules each containing eight superconducting niobium cavities as shown in Figure 2.2. The
LINACSs are connected by two sets of 180° magnetic-dipole bending arcs with a radius of 80 meters
(shown in Figure 2.3). After the first trip through linac, electrons are passing through a different
set of magnets according to their momentum. These electrons are getting 1.2 GeV per pass and
usually they travel up to five times around, before being delivered to each Hall. Each of the first
four passes can deliver beam to only one hall at a time, however the fifth and final pass can sent

beam to all three halls almost simultaneously (separated by 2.004 ns).

2.2 Radiator and Electron Tagger

CLAS has been used for experiments using electron beam and photon beam. The g12 experiment
was a photon run. The accelerator delivers to the tagger Hall, a 5.7 GeV electron beam, and
considering the detection system in the tagger Hall, this translated to a photon energy range of 1.2

to 5.4 GeV.

16



Recirculation/
Arcs

] = 1e “South LINAC ||

Injector ; Refrigerator :
L ST e

'-\%‘_::__-__—_:_:_‘ »_;;f. ~ . Cryomodule

= . Cross-section

A7 Estraction
= ) =" Elements

e C
< Experimental
End Stations 4{4 Halls

Figure 2.3: The Continuous Electron Beam Accelerator Facility (CEBAF) components.
The picture shows the linear accelerator (LINAC), the three Halls, the Free Electron Laser
(FEL) and the helium refrigerator (FEL).(Image source: [4])

In order to produce real photons the electrons passed through the radiator, a gold foil 10~4
radiation lengths thick. Then the electrons were decelerated, interacting with the radiator, and
produced a bremsstrahlung photon. The scattered electrons were bended using a dipole magnet.
The photons passed through a 6.2 mm diameter collimator before they entered the target which
had a radius of 2 cm. Thin radiator was used to ensure a singe electron is correlated with a singe
photon.

In order to get energy and timing information of the photon beam, the scattered electrons needed
to be detected. Specifically, two arrays of scintillators were used, the E-counters and the T-counters
(shown in Figure 2.4). The first layer is the E-counters, consisting of 384 scintillators. With a known
generated magnetic field from the dipole and by knowing the position of the scattered electron in
the E-counter, the energy of the electron can be measured (and so of the photon). The second layer
of scintillators (61 in number) are the T-counters and are responsible for timing information of the
scattered electrons. This time combined with timing information from the CEBAF and the timing

information from the Start Counter will tell us which beam bucket caused the event to occur.
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Figure 2.4: Scale drawing of the photon tagger system. The blue dot-dashed line represents
the E-counters and the green dot-dashed line represents the T-counters. The dashed red
line shows scattered electrons that have not lost any energy. The black dashed lines are
scattered electrons, which they have produced a bremsstrahlung photon and now carry
the labeled fractional energies.(Image source: [4])
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Figure 2.5: The 40 cm long cylindrical Kapton target cell used for the g12 run. (Image
source: [4])

2.3 Hydrogen Target

The target that was used for the gl2 experiment was a cylindrical liquid hydrogen (H2) cell
made of Kapton 40 cm in length (shown in Figure 2.5). The cell was 2 cm in radius while the
photon beam had a radial size of approximately 1.5 cm as it exited the target. The typical position
of the target for CLAS experiments was at its center. This is a well defined point inside region one
of the drift-chambers. This setup is ideal for energies below 4 GeV and optimizes detection for large
angle tracks. For the g12 experiment, the target was placed 90 cm upstream of CLAS center which
yielded a geometric acceptance starting at approximately 6° from the beam-line (compared with
82 with the previous configuration). Also by moving the target upstream, CLAS was optimized
for small angle track detection. The drawback, from this different configuration, was that the
acceptance for large angle tracks was reduced from 140° to 100° in the lab frame. Furthermore, the
drift-chamber resolution was decreased due to the oblique angle the tracks made with the detector

planes and the geometric acceptances at large angles decreased in the same way for each subsystem.
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Figure 2.6: 3D schematic picture of the CLAS detector, looking upstream and the beam
is coming from the upper left.(Image source: [4])

2.4 The CLAS spectrometer

The CEBAF Large Acceptance Spectrometer (CLAS) consists of six segments in ¢ (angle about
the beam line), called sectors (as shown in Figures 2.6, 2.7). Each of those sectors covers approx-
imately %77 radians in 6 (angle from the beam line). Each segment consists of a scintillator start
counter (ST), three layers of drift chambers (DC), a gas Cerenkov counter (CC), a series of scin-
tillator time-of-flight (TOF') counters and an electromagnetic calorimeter (EC). There is a toroidal
magnetic field concentrated in the middle DC layer which bends negative charged particles towards
the beam line and positive charged particles away from the beam line. Most of the subsystems
provide ADC and TDC information and the total number of electronic channels recorded by the

data acquisition system from all the subsystems is up to 40,000.
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Figure 2.7: Cross section of the CLAS detector showing an event with a photon, electron
and a proton track.
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2.4.1 Start Counter

After the photons interact with the target the first detector that the produced particles en-
counter is the start counter (ST), as shown in Figures 2.8, 2.9. The ST consists of 24 scintillator
paddles which surrounds the 40 cm target hermetically. Even though the read out gives both ADC
and TDC information, in the reconstruction process only the timing information was used in order
to identify the hit in the tagger associated with the event. The ST is capable of 350 ps timing
resolution.

Once there is an event, it will have multiple tracks in the drift chambers. For each of those
tracks, most likely, a hit will be registered in the ST and the TOF. Having the path length from the
drift chambers and the difference in time between the TOF and the ST, the velocity can be derived.
So the ST plays a crucial role for the Particle Identification (PID). Also working backwards, the
track can be propagated from the ST to the event vertex and find the time that the event occur.
For events with multiple tracks, there are going to be multiple times that the event occur, so the
average of them has been taken and compared with a list of hits in the tagger in order to select the

in time photon. Finally, the ST was also used in the triggering scheme for the g12 runs.

2.4.2 Drift Chambers and the Superconducting Toroidal Magnet

The primary subsystem of the CLAS detector is the drift chambers (DC). Each of the six sectors
of CLAS, consists of three layers of drift chambers, as shown in Figure 2.7. Each region of the DC
consists of two superlayers, which consists of 20-m diameter gold-plated tungsten sense wires (sense
wires) and 140-m diameter gold-plated aluminum field wires (field wires). The field wires were kept
at high negative voltage and the sense wires were kept at moderate positive voltage. The gas that
was used in the DC for ionization is a mixture of 90% argon and 10% carbon-dioxide. Finally the
DC was only able to give TDC information and no ADC. As a consequence, the energy loss of
particles passing through the DC had to be measured using other subsystems, such as the TOF.

Furthermore the toroidal magnetic field in CLAS was created by six iron-free superconducting
coils (as shown in Figure 2.10) and made the charged particles to bend away or towards the beam-
line. Figure 2.11 shows the cross section of the toroidal magnetic field. The magnetic field in region
2 is relative stronger compared to regions 1 and 3. Tracks entering this field are bend only in

polar angle (except near the coils, see Figure 2.12) and thus they keep their azimuthal angle along
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Figure 2.8: Schematic picture of the start counter with the 40 cm long target cell inside.
The beam enters from the upper left. (Image source: [4])
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Figure 2.9: Diagram of the cross section of the start counter along the beam line.(Image
source: [4])

their trajectory and they rarely travel between sectors. This configuration simplifies the tracking
algorithm, but negative charged particles that bend back towards the beamline will not be detected.
The charge and momenta of the particles are determined by measuring the deflection angle of the

tracks.

2.4.3 Cherenkov Counter

The Cherenkov Counters (CC) are placed between the DC and the TOF detector. They are
divided into 18 segments in the polar angle away from the beam line (shown in Figures 2.13 and
2.14). It follows the CLAS geometry, and so it has been divided into six segments. The CC covers
a polar angle from 8° to 45° for events that occurred from the center of CLAS. Since the target
for the g12 runs was 90 cm upstream, the angle coverage is moving from 6° to 35°. The gas that
was used in the CC is perfluorobutane (C4Fig) with an index of refraction of 1.00153. It primary
purpose is lepton-pion separation since the threshold for kaons and protons is much higher than

the maximum beam energy for the CLAS-g12 run.
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Figure 2.10: A GEANT geometry drawing of the torus magnets and the R2 drift chambers.
(Image source: [4])
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Figure 2.11: Schematic picture of the cross section of the toroidal magnetic field. For
the g12 run the magnets operated at half capacity current (1930 A) giving the maximum
magnetic field at 20 KG. The Region 2, which has the strongest magnetic field, is located
inside the torus magnets (see Figure 2.12).(Image source: [4])

2.4.4 Time-of-Flight Detector

The TOF detector follows the CLAS geometry and it was divided into six shells, in the outside
of the CC detector. Omne of the shells is shown in Figure 2.15 and it is made of 57 scintillator
paddles. The paddles are all 5.08 cm thick and their length varies. Also each of the paddles has
two photomultiplier tubes attached in each end and it gives both ADC and TDC information. The
timing resolution of the TOF is 150-200 ps and one of its primarily usage is PID. Also due to its
fast response time it was used in the level 1 trigger. The ADC signals from the TOF were primarily
used for calibration purposes, but it is also possible to perform rudimentary particle identification

by examining the energy deposited by tracks passing through the TOF.

2.4.5 Electromagnetic Calorimeters

The final layer of the CLAS detector is the Electromagnetic Calorimeter (EC). The EC was
essential for experiments that used electron beam where in conjunction with the CC, scattered

beam electrons can be detected. Also another usage of EC is the reconstruction of high energy
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Figure 2.12: The CLAS toroidal magnetic field line diagram looking downstream. The
length of each line segment is proportional to the field.(Image source: [4])
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Optical Mirror System

Figure 2.13: 3D schematic picture of the Cherenkov counters. It shows the 18 symmetrical

mirrored segments of the CLAS CC.(Image source: [4])
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Figure 2.14: The picture shows one segment of the Cherenkov counters with an electron

entering from the bottom.(Image source: [4])
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Figure 2.15: The picture shows the arrangement of the time-of-flight paddles for one
sector. There are 57 scintillator paddles covering the entire acceptance region of the drift
chambers for each sector.(Image source: [4])
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Figure 2.16: Schematic view of the Electromagnetic calorimeter for one sector. The picture
shows the three planes (u, v, w) of scintillator-lead pairs which make up one of the 13
logical layers. (Image source: [4])

neutral particles, such as photons. The structure of the EC is an equilateral triangle and each layer
of scintillator consists of 36 strips (shown in Figure 2.16). It is divided into an inner and outer
layer. The inner section consists of 8 logical layers of lead and scintillator, each of them is made
of three scintillator-lead layer pairs, labeled as u, v and w. The outer section consists of 5 logical
layers. There are a total of 39 scintillator-lead layer pairs in each sector of the EC. Finally, since

the EC can provide energy loss information, it can be used in the PID as well.

2.5 g12 Data Acquisition System and Trigger Configuration

When an event occurs, hundrents of hits will take place in various detector subsystems and
ADC and TDC signals are generated. The data acquisition system (DAQ) of CLAS consists of
several layers of electronics. The total number of channels in the CLAS detector is 40K composed
of all the individual detector elements. Most of the subsystems, in the CLAS detector, have ADC

and TDC counters. Thus when a signal is generated, above some particular threshold, information
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is recorded. Since the total storage and the bandwidth to mass storage have their limitations,
certain criteria must be given to the system. Certain sets of these signals are used in the trigger
to determine if an event does meet those criteria to be recorded. Then all the signals, for that
particular event, are sent to the event builder and recorded as a signal event.

The main production trigger for gl2 run was a tagged photon above 4.4 GeV (first 19 paddles
of the tagger) and at the same time a coincidence of two charged tracks in different sectors. The
tracks were identified at the trigger level by a coincidence of a start counter hit and a time-of-flight
hit in the same sector. Figure 2.17 shows the ST x TOF”. The DC was not used in the (L1)
trigger, due to its slow time response (compared to the ST and TOF). Since the TOF and the ST
can give only six signals (one for each sector), the triggering on two tracks in the same sector was
not possible. The DC was possible to be used in the trigger by a second lower level (L2) mode which
would require a track reconstruction of the event. Other noticeable triggers were, three charged
track events with any beam energy photon and the lepton trigger (EC and CC coincidence above
a certain threshold).

The DAQ rates for the g12 run reached 8KHz. At the end, 622 good runs were recorded with
approximately 50 million triggers in each. A total of 26B events were written to tape, occupying

121 terabytes of disk space on the Jefferson Lab mass storage system.

2.6 Raw Data Reconstruction

The reconstruction process starts by reconstructing the tracks and their subsequent identifica-
tion by using the alc program. Data is recorded to disk in finite intervals of time, in an event based
format. The first step is the hit-based tracking where the timing of the hits was not taken into
account. The DC hits were created by particles passing through the DC detector. The triggered
wires were filtered for noise, isolated hits were not selected, and the remaining hits were grouped
into clusters for each superlayer. The hits in each cluster were linked together and then the track
segments were linked from superlayer to superlayer. From the track candidates the midpoint and
the local angle was recorded for each superlayer and compared with the prlink table. This table
was created by simulating tracks from a random sampling to travel through the CLAS magnetic

field. Various momenta and vertex positions were linked that way.
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Figure 2.17: Trigger logic for one of the six sectors of CLAS. The ST x TOF" signal
is a coincidence between any of the four start counter TDC signals (numbered from 0 to
3) and any of the 57 TOF TDC signals. The ECFEjnyner and EC Ejyq are the electron-
threshold EC signals for the energy deposited in the inner layer and in all layers. These
are combined with a CC signal to produce the "EC x CC” trigger for this sector. The
ECP trigger signal is the photon-threshold EC signal.
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Since there is no timing information yet for those tracks, the PID is still ambiguous. Each of
the hit based tracks is then associated with a hit in the TOF detector. This reduces the clusters
in the DC from multiple hit based tracks to one time based track. The tracks then refitted up to
two more times in order to get the final momentum and event vertex measurements. Finally the
tracks are matched with the ST, EC and CC when those subsystems have an in-time hit.

Finally the reconstruction algorithm will do the PID for each track, assigned well known states
to them. Experimentally, the mass of the particles can be calculated for each track and based on
this measurement the mass from the PDG tables can be assigned. The speed of each particle can
be calculated as:

lsr—rToF

BsT—ToF = ——————— 2.1
ctrop — tst 21)

where the difference of the times from the time-of-flight (¢70r) and the start counter (¢g7) was used,
along with the path length from the ST to the TOF (Is7_70or). In case where the ST hit was not
in time with the track, 5 was calculated with the RF-corrected tagger vertex time (tyrx(TAGRrr):

tror — tvrx (TAGRF)
clror

Bvrx—ror = (2.2)

Having the 8 from the PID detectors and the momentum (p) from the DC (with the help from

TOF and ST as well), the mass of the particle can be calculated from the following equation:

pvlﬁ_@ (2.3)

The initial identification considered only pions, kaons, protons and deuterons. Electrons and muons

m =

were identified using the EC and CC information in a later stage. The following thresholds were

used before the mass from the PDG tables (mppg) was assigned:

if m < 0.3 GeV

if 0.35 <m < 0.65 GeV
if 0.8 <m < 1.2 GeV
if 1.75 <m < 2.2 GeV

Particle ID =

ISHIS Nﬁ

In order to have all four momentum components of the particle, the last remaining is its energy.
By knowing the momentum and the mass of the particle it can be calculated from the following

equation: E? = m% .t + |p?|c?

33



CHAPTER 3

INITIAL SELECTION CRITERIA APPLIED TO
BOTH vp —» 7 7n a"A™" AND ~vp —» natntn~
REACTION CHANNELS

The data-set from the CLAS-g12 experiment consists of 622 runs with approximately 50M events
in each run. After processing these events through the CLAS event reconstruction software, the
first step of this analysis was to select events with two positive and two negative detected charged
pions for the yp — 7 7 7 TATT reaction and two positive and one negative detected charged
pions for the yp — nr 7wt 7~ reaction. In addition, the missing mass (determined through energy
and momentum conservation) was required to be consistent with that of the missing proton for the
former reaction and a missing neutron for the latter.

After the reconstructed data have been selected according to the desired topology, corrections
and specific selection criteria were applied in order to improve the quality of the final data sample.

In this Chapter the selection cuts applied to both reaction channels are described.

3.1 Kinematic Corrections to the Reconstructed Four-Vectors

Three post-processing corrections were applied to the reconstructed data. The first correction
was to account for the energy loss of the detected charged particles due to their interactions with
materials in the detector. Specifically, the standard CLAS ELOSS [39] package was used to account
for the energy loss in the hydrogen target and the start counter. Without such correction, the
momentum of the track reconstructed in the drift chambers will be less than its true momentum
at the production vertex.

The next correction applied was the beam energy correction. Due to the tagger magnet hys-
teresis, a systematic run-dependent effect was introduced in the calculation of the momentum of
the recoil beam electron through its bend in the tagger magnet field, leading to a small shift of the
calculated photon beam energy [40]. This particular correction is important for inclusive events,

where one of the final state particles is being identified via energy and momentum conservation.
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The last correction applied to the reconstructed four-vectors is the momentum correction. It
was found that the momentum of each track, provided by the drift chambers, has a systematic
shift within each sector depending on the azimuthial angles ¢ of this track [40]. This effect is due
to limited knowledge of the deviations of the real magnetic field of CLAS torus from the magnetic

field map used in the reconstruction software.

3.2 Event Vertex Selections

The location of the event vertex is estimated by extrapolating the tracks back to the target. A
fraction of the photon beam can interact with the target walls and its support structures instead of
the target hydrogen. These cuts are designed to eliminate events originating from the interactions
outside of the hydrogen volume. To achieve this, the geometry of the target needs to be considered
as well as the positional resolution of the tracks reconstructed in the drift chambers. The target was
centered at 90 cm upstream of the geometrical center of the detector, and it was 40 cm in length.
Also, the hydrogen cell of the target was 2 ¢cm in radius while the photon beam had radial size of
approximately 1.5 cm. Consequently, the requirement was imposed that that the Z-component of
the event vertex is located from -110 ¢m to -70 cm along the beam line. This cut eliminates less
than 5% of the original event statistics for the yp — 7~ 7~ 7 TATT reaction and around 7% for
the yp — nataT7n~ reaction. Taking into account the resolution of the vertex reconstruction in
the transverse direction, events were chosen beyond the geometrical radius of the target but not
beyond the start counter. Specifically, event vertex radius was chosen to be smaller than 10.0 cm
(the distance from the beam axis to the closest point of the start counter is 10.35 cm). With the
applied cut, 7% of the events were rejected for the yp — 7~ 7~ 7T ATT reaction and 10% for the
vp — nr Tt 7w~ reaction. Note that if one to chose this cut to be strictly at the 2 ¢cm radius of the
target then a loss of 33% of the events would occur for the yp — 7~ 7~ 7T ATT reaction. Figure

3.1 shows the distribution of the event vertex components for the reconstructed events.

3.3 Timing Selections

CEBAF delivers electron beam in short bunches with 2.004 ns period. In order to do time-
of-flight based particle identification, the exact RF bunch of the beam photon which caused the

event needs to be determined. The accelerator provides very accurate RF timing of each electron
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beam bunch entering the tagger hall. This time can be propagated to the radiator location. Simul-
taneously, time of the hits from a recoil beam electron in the tagger counters is measured as was
discussed in Chapter 2. By matching this tagger time with RF time at the radiator, the correct
photon beam bucket can be determined for each beam photon whose energy was deduced from the
tagger measurements. Such photons will be referred to as in-time photons. By propagating their
timing further from the radiator to the event vertex, the “RF vertex time” is defined.

Another quantity that is used for PID is the detector vertex time. This is defined as the time
of a hit in this detector minus the propagation time along the path from the vertex to the detector.
The most useful time for the identification of the beam photon which caused the interaction in the
target is the start counter time. Because of its proximity to the target, the propagation time from
the vertex to the start counter (including variations of this time due to track angles and particle
type) is smaller than the period of RF bunches. This allows to match the event recorded in the
start counter with a proper in-time beam photon.

To that end, the Aty,, is defined as the difference between the RF vertex time, (T AG),
and the start counter vertex time, t,,(ST). Figure 3.2 shows the Aty,, distribution. Events were

selected to be within + 1.002 ns of At value of zero.

3.4 Beta Selections

The quantity 3 = 2, where v is the velocity of the track and c is the speed of light, can be
obtained in two different ways. First, it can be derived from the TOF detector. By combining the
time of the TOF hit, the event RF corrected start time and the length of the trajectory from the
vertex to the TOF, the Brop is calculated. Second, § for a particle of a particular mass can be
derived from the momentum of the track obtained from the curvature of its trajectory through the
drift chambers in the known magnetic field:

2 p2
=2 (3.1)
p/m m%DG + p?

where p is the momentum of the particle, and mppa is the mass of the particle from the Particle
Data Group table, [41]. After making a hypothesis about the particle type, two values of 3 are
matched with each other to select only cases consistent with this particular hypothesis. Figure 3.3

shows the 64 for the yp — nr 77~ reaction, with 68 = Bror — B)/m, which has been fitted with
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a Gaussian distribution. In this analysis for the vp — nn ™77~ reaction the W;'Eow is defined as the

positive pion with the smaller magnitude of momentum whereas W?a « 18 the positive pion with the

+

larger magnitude of momentum. In the same way for the yp — 7~ 7~ 7T AT reaction the 7,

J’_ p—
T fast and T

slow Trast are defined. Figure 3.4 shows the 03 for the yp — 7 r T AT reaction.

The fit shows that events with |[§3| > 0.03 don’t follow a Gaussian distribution.

A useful plot to study the quality of the events with [63] > 0.03 is the missing mass distribution.
Figure 3.5 shows the missing mass distribution for events with at least two charged tracks with
|68] > 0.03 for the yp — nr 77~ reaction and the missing mass distribution for events with at
least two charged tracks with |§3| < 0.03. Events with [§3| > 0.03 for all three charged tracks
have a reasonable missing mass distribution. For the majority of these events, a timing mistake
was made for a bad track, i.e., an incorrect TOF TDC hit was selected from an earlier interaction
or noise instead of the proper later hit. It appears that there is no good reason to reject such
events - they are still well-measured kinematically and the bad track is likely to be a pion anyway
(due to dominance of the pion production over Kaon/proton, and good identification of the other
pions in the reaction). On the other hand, events with multiple tracks with large 8 discrepancy are
likely caused by an incorrect in-time photon assignment to the event. This may happen if a proper
beam photon was not registered by the tagger, and the next best in-time photon is selected. Such
photon, being from a different RF bunch, will distort both the PID timing and the missing mass
calculations. Such events are needed to be rejected. Having that in mind, for the yp — nrtat 7~
reaction out of three charged tracks, at least two tracks are required to have good 05 < 0.03.
In the same way, for the yp — 7~ 7 7wt ATT reaction events with [68] > 0.03 for at least three
charged tracks are not selected for this analysis. Figure 3.6 shows the missing mass distribution
after applying such § selection. By requiring all four tracks to have good [65| < 0.03 will reject
16% of the statistics, while only 5% is reduced with the applied selection.

Figure 3.7 shows the SBror against momentum of the pion for events that pass this selection
criteria for the vp — 7~ 7~ 7T ATT reaction and Figure 3.8 is for events that are not selected. In
Figure 3.8 the horizontal band around S ~ 1 at low momenta corresponds to electrons or positrons.
Events that form a non-physical band above 8 > 1 most likely come either from an incorrectly

selected beam photon from some later RF beam bunch, or from an unrelated TDC hit in the
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Figure 3.4: vp — - n~ wTAT+: The §8 distribution for all charged particles. They have
been fitted with a Gaussian distribution.
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Figure 3.5: vp — nrtaTr~: Left: missing mass distribution for events with §3 > 0.03
for at least two charge tracks. Those events do not pass the selection criteria for the
current analysis. Right: missing mass distribution for events with 3 < 0.03 for at least
two charged tracks.

appropriate channel but from some earlier untriggered interaction. The same features are shown

in Figures 3.9, 3.10 for the yp — nata ™7~ reaction.

3.5 Beam Photon Energy Selection

The goal of this analysis is to study the t-channel photoproduction of the mesons. To achieve
this, only the highest energy photons need to be selected to suppress the s-channel contribution.
As discussed in Chapter 2, not all t-counters of the tagger have the same geometry. The first
19 counters were chosen for triggering on high energy photons, i.e. on the recoil beam electrons
corresponding to the bremsstrahlung photon energies > 4.4GeV. This is the range of the photon
beam energies which was chosen for this analysis. The s-channel baryon production at these energies
should be small in comparison to the t-channel.

Another complication of the analysis is the possibility of multiple breamsstrahlung photons even
within a single 2.004 ns CEBAF beam bunch as discussed in Chapter 2. Even after identifying
the proper RF bunch based on event timing (as described in the previous section), the problem of
figuring out which of the possible multiple beam photons within the proper bunch has caused the

recorded interaction in the target remains.
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Figure 3.6: vp — 7~ 7~ 7T ATT: Left: missing mass distribution for events with |§3| >
0.03 for at least three charged tracks. Those events do not pass the selection criteria for
the current analysis. Right: missing mass distribution for the remaining events.

We require to have at least one photon above 4.4GeV. If the trigger was caused by another
photon with much lower energy, the event will be rejected by the energy/momentum conservation
(i.e., missing mass cut). However, if there are 2 high energy photons above 4.4GeV and missing
mass resolution is insufficient to choose between them, one of them can be selected randomly.
Fortunately, less than 1% [42] of events have 2 or more photons above the 4.4GeV threshold in the
same RF bunch. We have verified that randomly selecting among these photons or just rejecting

such events does not affect the results in any way.

3.6 Kinematic Fitting

To identify the missing particle in the reaction the kinematic fitting procedure was used. Due

to detector resolution, the measured quantities may differ from their true values:
y=1n+€ (3.2)

where ¥/ is a set of true values, 77 is a set of measured observables and € is a set of values needed to
shift the measured values in order get to the true values. During the track reconstruction in CLAS,
the covariant matrix is being calculated, based on the resolution uncertainties and the tracking

parameters. It is saved in the recorded event together with the measured observables. Later,
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Figure 3.7: vp — 7~ 7 7" ATT: The Figure shows for each pion the 3 as measured from
the Time of Flight detector against the momentum of the particle. Events with at least
three charged tracks with 65 > 0.03 were rejected for the shown plots.
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Figure 3.8: vp — 7~ 7 7" ATT: The Figure shows for each pion the 3 as measured from
the Time of Flight detector against the momentum of the particle. The events showed
have at least three charged tracks with 38 > 0.03.
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Figure 3.9: yp — na "7 7 ~: The Figure shows for each pion the 3 as measured from the
Time of Flight detector against the momentum of the particle. The events showed have
at least two charged tracks with 68 < 0.03.
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the kinematic fitting is used to find such values of shifts which are consistent statistically with
the covariant matrix and which bring the true values in agreement with energy and momentum
conservation for a particular missing particle hypothesis. The kinematic fitter that was used in this
analysis is based on Lagrange multipliers for the constraints and the least squares minimization
method. It was developed by Dustin Keller. Further details of the algorithm can be found in Ref.
[43].

After the fit is performed, the primary tool to check the agreement between the data and the

hypothesis is the confidence level, CL. The latter is defined as

CL = /:O f(z;n)dz, (3.3)

where f(z;n) is the x? probability density function with n degrees of freedom (number of measure-
ments minus the number of unknown parameters). CL measures the probability that the y? for a
chosen event is greater than the one found in the fit. In the absence of a background, the CL should
follow a flat distribution from 0 to 1. This is expected from the gaussian nature of the resolution
errors and the properly determined covariance matrix. Events that do not satisfy the hypothesized
constraint equations (background events) will produce a sharp rise near zero. Additional method
to check the quality of the kinematic fit is to examine the pull distributions. A pull distribution
is defined as the difference between the measured and the final parameter values obtained by the
kinematic fitter and normalized by the statistical error of the shift for this parameter. The pull

distribution is given by

7= A (3.4)
O = 0'77—}

where 7); and 7} are the initial and final vector values of the measured quantities and afﬁ_ and ‘772;7 are
the corresponding covariant matrix elements. If the covariant matrix errors are correctly estimated
the pulls will follow a normal distribution around zero with a unit standard deviation.

Figure 3.11 shows the confidence level (CL) distribution for all events for the yp — 7~ 7~ 7T A1+
reaction. Also, the pull distributions for this reaction are shown in Figure 3.11 for events with
greater than 1% CL cut. The flatness of the CL distribution indicates that the data is well described
by the hypothesis yp — pr~ 7~ 7w+ 7T, where the proton is constrained by the energy and momentum

conservation. In the pull distributions, X is the angle between the track and the (z — y),,.,. Plane
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Table 3.1: Table with the number of events before and after each selection for the vp —
7 T AT reaction.

Description Interval Events In | Events Selected
Vertex within z-extent of target | —110 < z < —70 cm 105,863,100 100,840,300
Vertex within target radius r < 10.0 cm 100,840,300 93,575,180
Event vertex timing cut |totz (T AG) — typrz(ST)| < 1.002 ns | 93,575,180 79,764,370
Beta selection for particle tracks | [Sror — Bp/m| < 0.03 79,764,370 75,917,040
Photon Energy Beam — Photon > 4.4GeV 75,917,040 31,874,591
Confidence level cut FOM — kinFit > 1% 31,874,591 3,750,040

Table 3.2: Table with the number of events before and after each selection for the yp —
nm- 7w reaction.

Description Interval Events In | Events Selected
Vertex within z-extent of target | —110 < z < —70 cm 707,329,219 658,403,589
Vertex within target radius r < 10.0 cm 658,403,589 587,508,335
Event vertex timing cut [tots (TAG) — tyt2(ST)| < 1.002 ns | 587,508,335 421,091,544
Beta selection for particle tracks | |8ror — B,/m| < 0.03 421,091,544 382,907,980
Photon Energy E, > 4.4GeV 382,907,980 118,656,025
Confidence level cut FOMEinFit > 1% 118,656,025 7,424,941

and ¢ is the angle between the track and the beamline. A greater than 1% confidence level cut is
applied to the data sample.

Also, in vp — nr a7~ reaction the missing neutron is constraint via energy and momentum
conservation using kinematic fitting. The confidence level (CL) distribution from the missing
neutron hypothesis is shown in Figure 3.12. Also in the same Figure the pull distributions are
shown by selecting events with CL greater than 1%. The CL seems to be relatively flat in the 0.1
to 1 range, and the pull distributions seem to follow a Gaussian distribution centered around 0
with the value of sigma close to 1. This reflects the fact that the data are well described by the
vp — nm Tt a~ hypothesis where the neutron is constraint by the energy-momentum conservation.
A greater than 1% CL cut is applied to the final data sample.

Tables 3.1, 3.2 show the initial selection criteria and the number of events passing each selection

for the reactions vp — 77 7w TATT and vp — nar w1~ respectively.
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Figure 3.11: Kinematic fit results for high energy photons for the vp — 7wtn a7 [p]
reaction. The pull distributions have 1% confidence level cut and have been fitted with a
Gaussian. The last plot is the confidence level of the reaction without the confidence level

cut.
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Figure 3.12: Kinematic fit results for high energy photons for the vp — 77~ 71 [n]
reaction. The events in the pull distributions are greater than 1% confidence level and
they have been fitted with a Gaussian function. The bottom right plot is the confidence
level distribution for a missing neutron hypothesis.
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CHAPTER 4

EVENT SELECTIONS FOR THE EXCLUSIVE
vp — - AT REACTION

After selecting the desired yp — 7~ 7 7 7" p topology from the reconstructed data, additional
selection criteria were applied in order to enhance the desired reaction with recoil AT, ie. vp —
7~ m - w T ATT. These criteria were chosen as a compromise between improving signal-to-background

ratio and preserving as much statistics of the final data sample as possible.

4.1 Selecting the AT

The main purpose of the selection cuts that have been applied so far has been the selection of
the yp — 77 7 7 p events. Because of the short decay life time of the A*T, this baryon can
not be detected by CLAS directly, and certain criteria should be applied for its selection. Other
reactions with the same final state topology will also contribute to the recorded data sample. Their
relative contributions depend on the cross section of each reaction and the typical acceptance for
the reaction’s kinematics.

There are two positive pions in the final state, and certain criteria need to be applied in order to
kinematically separate the 7% coming from the meson vertex (the 37 system) from the 7 coming
from the baryon vertex (the A™"). Figure 4.1 shows the invariant mass distribution of the prt.
It shows that it is more likely to associate the ﬂzgow with the A*7(1230) rather than the w}rast.

Even though there is a small A** signal around 1.2 GeV in the invariant pw?a & mass distribution,

+

Jow invariant mass distribution shows a much stronger and cleaner AT+ signal. The reason

the prm
for this is that the pion associated with the recoil baryon will be slower than the pion from the
37 meson system. The A*T events in the pw;{a 4 invariant mass distribution are treated as baryon
contamination which needs to be reduced since the partial wave analysis of the 37 system is based
on the assumption that all three pions assigned to the 37 system are indeed coming from the meson

vertex and not from the baryon one. It was found that the most effective way to eliminate such

contamination is to select events with well separated momenta of the two positively charged pions.
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Figure 4.1: vp — m 7w T ATT:Right: pr
invariant mass distribution.

invariant mass distribution. Left: pﬂ'}rast

Figure 4.2 shows the result for the different values of the \pﬂfast\ - \pﬂflow |. It was determined that
| pﬂfast\ — ]pwiow\ > 0.35GeV is the optimal value for such cut. To come to this conclusion, the phase
space events were generated and simulated through the CLAS detector in order to understand the
acceptance of the main and background reactions. By looking at various distributions of those
Monte Carlo events, the background present in the data can be studied (more details on the Monte
Carlo simulations can be found at the end of this Chapter). To that end, the bottom right plot in
Figure 4.2 shows the pr invariant mass distribution for MC events, where the 7" is coming from
the 37 meson system. This is the invariant mass distribution which is expected from the measured
four-vectors of a clean 37 data sample. By comparing the Monte Carlo distribution with the data,
it can be seen that a cut tighter than 0.35 GeV/c does not not reduce the A** contamination
further. For the small remaining shoulder at 1.2 GeV, we need an additional selection cut which is
described below.

The 37 and 77 invariant mass distributions with the difference in momentum selection are
shown in Figure 4.3. The peak of the 37 invariant mass at 1.3 GeV agrees with the a2(1320)
meson, as it will be shown later in the analysis. Also, the shoulder above 1.5 GeV is in the 37 mass

region where the m2(1670) is expected to be. Furthermore, both 77~ invariant mass distributions

show the strong p signal, with the 7r+7r]7a5t spectrum also revealing the f2(1270) meson.
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Figure 4.2: Top Left: difference in momentum for the two 7. In this plot, colors
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this Figure. Top Right: invariant mass distribution of pﬂ'}rast for different momentum

+

selections. Bottom Left: invariant mass of pr;

for different momentum selections.

Bottom Right: invariant mass of pr™ for simulated MC events in which the 7T is

coming from the 37 meson system.
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4.2 Reduction of Baryon Background

CLAS detector was designed originally for the baryon spectroscopy, which means that it has
lower acceptance for the small decay angles in the lab frame. The gl12 run was focused on the meson
spectroscopy. So, the adjustments were made to optimize the detector acceptance for the forward
decay angles of t-channel meson resonances. As discussed in Chapter 2, the main optimization
made was the relocation of the hydrogen target further upstream. While improving the ratio of
the accepted meson reactions relative to baryon ones, this does not eliminate the excited baryon
background in the data, and additional selection criteria had to be applied to the data sample
in order to reduce this background. Systematic dependencies of the results due to such selection
criteria had been studied.

Another way to deal with the baryon background would be to apply a global partial wave anal-
ysis which includes both the meson and baryon reactions. However, the present PWA framework
does not support the global description of s-channel and t-channel reactions. Performing such an
analysis is beyond the scope of this effort. The approach chosen utilizes kinematic constraints on
the data sample and studies the systematic dependencies. The latter is being done primarily by
tightening and relaxing the applied selection criteria. In order to enhance the peripheral production
of the mesons, a selection is made based on the four-momentum transfer to the A** baryon. The

Mandelstam t is defined as:

t= (pfyl - p§)2 = (pf‘farget - pi++) (41)

where ply is the four-momentum of the beam photon, pj,,; is the four-momentum of the target
proton, p’y is the momentum of the 37 meson system, and p/y,. is the momentum of the recoil
AT, Instead of the Mandelstam variable t, the normalized variable t’ was used for this selection.

The t’ is defined as

t'=t—tp (4.2)
m2A++ — My — Minrger i CM _  CM\2

to = ey — — 4.3

0 NG (" —pX") (4.3)

§= (pg +pfarget)2 = (pl;( +pi++)2 (44)
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where |¢g| is the minimum momentum transfer required to produce a system of mass mx with
the momentum in the overall center of mass frame pg(M , the target mass is M4y get, and the recoil
nucleon mass is ma++. Figure 4.4 shows the t distribution, and the correlation of t and t’ with the
37 invariant mass.

The Mandelstam variable t depends on the 37 invariant mass distribution. Therefore, applica-
tion of a t selection will result in a sliding mass cut, where the higher 37 is increasingly suppressed.
This effect can be seen in the bottom plots of Figure 4.4. The high 37 mass region is showing
an upturn for the t threshold, while it is flat in the t’ case. For the current analysis, events were
selected with #' < 0.4GeV?/ct.

Since the low t’ selection enhances the peripheral production (due to the fact that ‘2—‘; ~ e_b|t|),
a cleaner 37 signal is expected. Figure 4.5 shows exactly this effect in the invariant mass of pw}z ot
The shoulder around 1.2 GeV, which is most likely related to A*T+ events with the incorrectly
assigned positive pion, disappears.

In Figure 4.6, the effect of the low t’ selection is shown for the pr_; = invariant mass distribution

+

as well as for its correlation with the M (7,

the M (p,

wsj:wwfas ;). The narrow peak appearing at 1.1 GeV in
“ow) is most likely the A°(1115) state. Since this is a strange baryon, it is associated with
another strange particle in the reaction such as a K2. The low t’ selection does reduce the number

of A’s present in the data, but some of them still remain. Figure 4.7 shows that the remainin
p ) g g

A°(1115), seen in the invariant mass of pr_, . are related to the M (7],

slow” slows W fast)- A circular cut

needs to be made around that region in order to reject the A°(1115) events in the final data sample.

Different values for t’ selection were studied and 0.4 (GeV/c?)? threshold seemed to be optimal.
In appendix F, five different values for the t’ selection are tested by performing partial wave analysis.
Figure 4.8 shows the invariant mass distributions of 7r;fa st fast> ﬂ}ra T s1ow a0d W;a st fast Tslow" The
red curve shows the effect of the low t’ cut on these invariant masses. The main difference is the

reduction of the shoulder above 1.5 GeV in the 37 mass distribution.

+

Figure 4.9 shows the invariant mass distribution of the pr, .

For the present analysis, events
are selected with M (p, w;?ow) < 1.35GeV in order to enhance the AT+ (1232) selection. Figure 4.10

. . . . . + — + — — + —
shows the invariant mass distribution of pmj,, 70 TiowTgew a0d Py, The M(PT o T stow)

and M (pﬂfa <) distributions reach a peak at 1.7 and 1.5 GeV respectively. Most likely, these peaks
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Figure 4.5: vp — 77 7T ATT: Left: invariant masses of p7r;§0w and pﬂ-}rast (right). The

plot shows the effect of the low t’ selection in those invariant masses.

+
slow

are excited nucleon states. By applying the M (p, 7, ) < 1.35GeV selection, these structures seem
to be reduced. Furthermore, the M (7}, . ) distribution shows the p(770) meson production
which shouldn’t be there if two pions belong to different vertices, but the applied selection seems
to eliminate such p background. Furthermore, a fit of the final pﬂg ow IDvariant mass distribution is

performed, shown in Figure 4.12 where the details of the fit are discussed at the end of this section.

+
slow

The latter figure shows that the background increases for higher pw mass events, which is an
indication that the low M (p, W;'Eow) selection forces a cleaner AT signal.

In the appendix A, all the invariant masses and the rest frame angles before and after the
baryon background reduction are presented. Also, the phase space Monte Carlo (MC) events are
plotted. The latter have been generated with the same t-slope as the data (see the next chapter
for a detailed discussion). There is pretty good agreement between MC and data in almost all the
plots. Since the MC events are free of the baryon background, big contamination from it in the
data is not expected. The only invariant mass plot that seems to show a small structure is the
M (ﬂ;'; ow T fa ) Figure 4.11 shows this distribution, along with the invariant mass distributions of
the pw?a o and 7rs+l ow™ fastTslow- A short discussion of this small structure follows.

One possible source of this background can be wrongly assigned 7 to the top and bottom

vertices. Even though this kind of background is not visible in the M (p,7") plot, it can be seen

indirectly in the M (ﬂ; ow Tfa ) plot. The ﬂ;;ow in our assumption is associated with the AT
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and the T fast is associated with the top meson vertex. In a fraction of the events, these two
particles are correlated since they form the apparent p(770) meson. The number of events with
such correlation is small, compared to the full statistics. In order to remove these events, several
approaches have been tried. In all attempted cases, at least 1/3 of the statistics was lost anyway.

The two most effective ways seemed to be the low momentum 7

stow ™ fast events selection and events

with M (p, 7r;[a ) > 1.6 GeV. Figure 4.11 shows the effect of the latter on the data. While effective
in the elimination of the p peak, the selection results in a loss half of the data. Further study
shows no major change in the meson X rest frame angles with this cut and, therefore, this small
background is not expected to change the results of the PWA (most likely, it will contribute to the
isotropic background wave). In order to prove this statement, a partial wave analysis was performed
for events with M (p, Wj[a &) > 1.6 GeV, and no major changes were observed (see appendix F).

Figure 4.12 shows the Breit Winger (BW) fit of the final invariant mass distribution of pw;? o
The function that was used to fit the A™* distribution is a mass dependent Breit-Wigner (BW)
function convoluted with a Gaussian (in order to take into account the resolution), along with the
first degree polynomial background function. Apart from the three regular parameters of the BW
function, the interaction radius that is used for the centrifugal barrier factors was fitted as a free
parameter. A value of 0.2 F was found for this parameter. It is worth mentioning here, that during
the partial wave analysis, all calculated amplitudes for the meson states had an interaction radius
of 1 F. The polynomial function serves as an approximation of non-A™" background.

In an additional effort to estimate how many A" events are in the data sample, a comparison

was made in the ATT rest frame between the data and the accepted phase space Monte Carlo
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events which have been weighted with AT decay amplitudes. Figure 4.13 shows the cosf in the
ATT rest frame for the measured four-vectors and for the weighted accepted MC four-vectors. By
comparing the bottom plots of Figure 4.13, one can see that the data distribution is consistent
with the accepted-weighted MC events with the spin projection M=1/2 (bottom left plot) rather
than M=3/2 or the sum of the two projections. This leads to an obvious conclusion: the exchange
particle is likely to be spin-less (i.e., a pion rather than a p) since it predominantly form states with
M=1/2 after combining with spin-1/2 target proton. Also, a ”fake” non-existent A incorrectly
formed from the unrelated proton and W;E o Particles should exhibit a flat M=0 distribution rather
than an observed M=1/2 one. Because there is no obvious structures or discrepancies between the
data and pure ATt MC (apart from a very small mismatch in the bottom left plot of Figure 4.13),

it is safe to conclude that non-A background in the final sample is rather small and is likely to

contribute mostly to an isotropic background wave during PWA.

4.3 Features of the Final vp — 7~ 7 7t ATt Sample

Table 4.1 shows the full selection criteria applied to this channel and the number of events

passing each selection. After all listed cuts have been applied, the main features of the data going
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Table 4.1: Table with the number of events before and after each selection for the vp —
7 T AT reaction.

Description Interval Events In | Events Selected
Vertex within z-extent of target | —110 < z < —70 cm 105,863,100 100,840,300
Vertex within target radius r < 10.0 cm 100,840,300 93,575,180
Event vertex timing cut |totz (T AG) — tyrz(ST)| < 1.002 ns | 93,575,180 79,764,370
Beta selection for particle tracks | [fror — Bp/m| < 0.03 79,764,370 75,917,040
Photon Energy Beam — Photon > 4.4GeV 75,917,040 31,874,591
Confidence level cut FOM — kinFit > 1% 31,874,591 3,750,040
Momentum difference |ﬁ7r}rast| — |ﬁw$0w\ > 0.35GeV 3,750,040 2,460,997
Low momentum transfer <04 2,460,997 576,897
Circular cut for Kg see Figure 4.7 for the equation 576,897 573,415
Low mass of pr™ M(p, Wzgow) < 1.35GeV 573,415 353,828

into partial wave analysis are discussed below.
Figure 4.14 shows the 37 and 27 invariant mass distributions for the final sample of events used

in the partial wave analysis. Two peaks are visible in the 37 invariant mass distribution, one at 1.3

slow for

GeV and another around 1.7 GeV. Figure 4.15 shows the Dalitz plots of 7r+7r]?a o and T
two different 37 mass regions, i.e. M3, < 1.5GeV and M3, > 1.5GeV. The peak at 1.3 GeV of the
3w invariant mass, looking at the Dalitz plot, can be associated with the p(770)m decay mode. This
is consistent with the a2(1320) meson, which is expected to be dominant in this mass area. The
second peak at 1.7 GeV of the 37 invariant mass seems to be associated with two decay modes - the
p(770)m and the f2(1270)w. Since this is consistent with the decay modes of the m2(1670) meson, it
is evident that these modes need to be included in the partial wave analysis as well. Finally, Figure
4.16 shows the angular distributions in the 37 meson rest frame (defined per the Gottfried-Jackson
convention) and in the di-pion rest frame (defined per the helicity convention). Both rest frames
are described in detail in Appendix G. The fast and slow in Figure 4.16 are defined as the isobar
Y with the larger and smaller magnitude of momentum respectively. The fast cosf distribution,
in the meson rest frame, populates the forward region and the slow does populate the backward
region. In the helicity rest frame, the fast and slow cosf distributions appear a little bit differently,

mainly due to the small difference in the acceptance, while the azimuthal angles seem to be heavily

sculpted by the acceptance.
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Figure 4.14: vp — 77~ 7" AT": The top plot shows the invariant 37 mass distribution
for the final number of events that were used in the PWA. The bottom plots are the 7w
invariant mass distributions.
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4.4 CLAS Detector Acceptance

One of the most important tasks when one is analyzing physics data is to be able to correctly
simulate these data. For the current analysis, there are three main reasons why simulation is
needed. The first one is understanding of the acceptance for the studied reaction. The second
reason is the study of the background that is present in the data sample. By generating three body
phase space events and projecting them onto the detector, a one-to-one comparison can be made
between the data and the Monte-Carlo (MC). Finally, the MC events were used in the partial wave

normalization.

4.4.1 Event Generation

Events were generated isotropically (raw events) in the 37 phase space off of a A*™; the
momentum transfer distribution was also simulated. The range of the photon beam energy used
was the same range as for the high energy photons selected in the data. For the AT, a relativistic
Breit Wigner (BW) function was used, with parameters obtained by fitting the data distribution.
At the next stage, the generated events were passed through the CLAS detector simulation and

event reconstruction software, and the new four-vectors were collected, i.e., the accepted events.

68

2

Entries 241693

90

80

70

60

50

40

30

20

10

0



Events / 0.022

Events / 0.022

Entries 353828 Entries 353828

90005 LI el LI LI = _ll‘lll TTTT[TTTT[TTTT[TTTT[TTTT[TTT _
N R E S I S = P E
T G Y L A
6000; ; = = ‘.I"L“ﬁ,ﬂ'l_:
5000; Ir[r l"Llll '11'1 ; i 3000F I‘IL'LH jr i =
4000E s 1 1RE 2 2000F ]
3000 _ll‘ f 1] 3 g - -
2000% Food A é A 1000 -
1000E J|J|- 1.5.‘“; 3 E E
01 0.5 0 0.5 1 966 150 900 B0 0 50 100 150 200
cos (slow Y, fast Y) in the meson rest frame ¢ (slow Y, fast Y) in the meson rest frame
e LENLEEL L L L |Emries 353828‘ (T TTT[TTTT[TTTT[TTTT[TT T T[T T T T[TTT Entries 353828
s000f whjﬂ?‘d:::w : o 4 I E
o RN E B 11 W L S
= _.-l""-lJ N, KtLHI E < 6000E ] b E
3000 o L 3 < = f I] | '] I] I'I lI 3
e LYE oo O T O
- - w 4000E e 3
1 g I A
: SO E e S
1000: : m 2000; Jlj g |,|.I ;
= - 1000E =
0 -1 S 0 5I = E— 0-5I = 1 -QOO -15I0I I-IlOIOI I I—50I - IOI = I50I - ;I.O('IJI I ;I.SO 200
cosf (slow Y, fast Y) in the helicity rest frame ¢ (fast Y, slow Y) in the helicity rest frame

Figure 4.16: yp — -7~ 7T A1T: cosf and ¢ distributions in the meson rest frame (top)
and in the helicity rest frame (bottom) for the final data sample. Top left: for the blue
curve the T past WS used to form the p —isobar and for the black curve the 7, was used
to form the p —isobar. Top right: ¢ distribution for fast and slow isobar. Bottom left:
for the blue curve the T past WS used as the analyzer and for the black curve the 7,

used as the analyzer. Bottom right: ¢ distribution for fast and slow analyzer.

slow W8

69



»
1%

= T ™TT T s 105 Entries  4.500503e+08 106 Entries  4.500403e+08
E f ] < 16E T T T TT T T T constant 18.56 4 0.00 < m-;[' TTTTTETTETTT T constant 18.05 +0.00
R 12F Jf‘ll = < : | Il Slope  -2.411#0.000 < H 1 Slope  -3.009 +0.000
S E ! E a1 | ooy
A = J'“ lL E S e 1 E 5 ‘IRl E
= E L E S 1of 3 S 1 | =
~ \ & g o 3 3 oy 3
~ = II L‘\ E ~ DE '\ E ~ 6 =
2 E | - E R = "*,\ 3 2 3
g F = g E E = E
2 E PR BRI PEPEE EPTErE B 3 2 E T 3 $ N E
= 1 1.2 1.4 1.6 1.8 &3] B ‘[‘ m ol L 3
-t 2 . . . . . .
M(r=m=n™) (GeV/c?) t distribution (GeV?/c*) t’ distribution (GeV?/c*)

Figure 4.17: vp — 7 7 7" ATT: Generated four-vectors distributions. The left plot
shows the 37 invariant mass distribution, the center plot shows the Mandelstam t distri-
bution and the right plot shows the t’ distribution.

Since a mass independent PWA is applied (i.e., performing the likelihood fit in the narrow
37 mass bins), the MC events were generated in even narrower mass bins than the ones used in
the PWA. Specifically, the four-vectors were generated in 5 MeV bins in 37 mass. Also, the 37
invariant mass of the accepted events was constrained to be analogous to the 37 mass of the data.
The reason for this was to take into account the bin migration due to the resolution of the detector.
Simultaneously, the same procedure was followed for the photon beam energy. The MC events
were used for the calculation of the normalization integrals (see Chapter 6 for details). In order to
make the MC statistical error negligible in comparison with the statistical error of the data, a much
larger number of MC events than the data events were needed. Specifically, events were generated
so that the number of accepted events in each mass bin will be ten times the number of data events.
Figure 4.17 shows the 37 invariant mass distribution along with the t and t’ distributions for the
generated four-vectors. The raw four-vectors were generated with the exponential slope b (in the
form of %‘; ~ e~ ), and several tries were made in order for the t distribution of the accepted
events to reproduce the t distribution of the measured events. A total number of 450M events were
generated with a t-slope of b=3. Finally, the photon beam energy was generated according to a

bremsstrahlung distribution of photon energies between 4.4 GeV and 5.45 GeV.
4.4.2 Modeling the CLAS Detector Response

Following the standard CLAS-g12 procedure for simulating the CLAS detector, the generated
events were modeled using the GSIM program. GSIM is based on GEANT3 libraries [44] and

is responsible for producing the digitized detector hits in accordance with the generated four-
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Figure 4.18: yp — 7~ 7~ 7" AT": The shape of CLAS acceptance as a function of 37 mass.

vectors and event vertex, and taking into account the detector geometry and materials as well as
the magnetic field. After the ADC and TDC hits have been generated, the events are smeared
according to the CLAS resolution. Also, the dead or inefficient wires and channels from the g12
run are simulated. The GPP program was used for smearing. At the next step, these events
are reconstructed back from the detector hits by using the alc program. Finally, the resulting
four-vectors (accepted events) are subjected to the same selection criteria as the real data.

Figure 4.18 shows the acceptance as a function of the 37 invariant mass. As it is expected from
the CLAS geometry, the acceptance is low in the very low mass region and varies smoothly over
the whole mass range. The 37 and 27 invariant mass distributions are shown in Figure 4.19 for
the accepted four-vectors. Figure 4.20 shows the exponential fit of the Mandelstam [¢| distribution
for the final data events and the final accepted events. Finally, Figure 4.21 shows the angular
distributions for the accepted four-vectors in the 37 meson rest frame and in the di-pion rest frame.
The same angular distributions for the generated four-vectors are flat, thus, Figure 4.21 shows the
effect of the acceptance on the angular distributions from which the physics information about the

partial wave quantum numbers is extracted by PWA.
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T 0w Was used as the analyzer. Bottom right: ¢ distribution for fast and slow analyzer.
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4.5 Summary

From the initial sample of 25B events collected and reconstructed during the gl2 run, about
100M events have 2 positive and 2 negative detected charged pions. Standard timing and vertex
selection criteria were applied, leaving 76M events. 31M events were found to have the high energy
beam photon, and a missing proton selection with the kinematic fitting resulted in 3.8M events.
Further selection criteria were applied to enhance the peripheral production and to reduce the
baryon background. After all the applied cuts, the final event sample size is 350K. PWA was
performed on these events. Also, 450M 37 raw phase space events were generated and, after
detector simulation, reconstruction and application of the same selection cuts, about 4M accepted

events remained. The generated and the accepted four-vectors were used as normalization integrals

in the PWA.
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CHAPTER 5

EVENT SELECTIONS FOR THE EXCLUSIVE
vp — notrtnT REACTION

Another way to analyze charged 37 production is with a recoil neutron. In this channel, the events
with three detected charged particles are selected from the CLAS-gl12 data-set. The neutron is
identified via energy and momentum conservation. Note that these events do not overlap with events
selected for the vp — 7~ 7~ 7T ATT channel, where four detected charged particles were required.
The difference in the number of particles in the final state will result in a lower acceptance for the 37
with a recoil AT™T. An extensive analysis for the yp — nn ™7 7~ reaction channel was performed
earlier by Dr. Craig Bookwalter. However, an error was found later in the parametrization of some
partial waves in his analysis. As a result, the channel has been fully reanalyzed using the latest
software tools such as a kinematic fitter. One can refer to Chapter 3 for the standard selection
criteria applied for this channel. In this Chapter emphasis is going to be given to baryon background

reduction and simulation of 37 phase space events for this reaction.

5.1 Reduction of Baryon Background

Figure 5.1 shows the n7 invariant mass distributions and their correlations with the mass of the

3m. The nm~ invariant mass plot shows a peak around the mass of A(1232). The mr}'a < invariant

t
mass distributions show enhancements around the mass of N*(1520/1535) and N*(1650/1675/1680).

;; ow SPectrum, along with a shoulder around the mass

Similar enhancements are present in the nw
of A(1232). These baryon resonances can be effectively removed by selecting events with a low
squared four-momentum transfer between the incoming photon and the three-pion system. To
enhance the peripheral production and to account for the strong dependence of the minimal value
of t on the 3-pion mass, the normalized four-momentum transfer t’ was used to select events with
t’ less than 0.1 GeV?2/c* . A discussion of the t’ along with its definition can be found in Section

4.2. The top left plot of Figure 5.1 shows the effect of the low t’ selection on the 37 invariant mass.

The main effect seems to be in the high 37 mass region where the broad enhancement from 1.5 to
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Table 5.1: Table with the number of events before and after each selection for the vp —
nm~m 7T reaction.

Description Interval Events In | Events Selected
Vertex within z-extent of target | —110 < z < —70 cm 707,329,219 658,403,589
Vertex within target radius r < 10.0 cm 658,403,589 587,508,335
Event vertex timing cut [tots(TAG) — ty(ST)| < 1.002 ns | 587,508,335 421,091,544
Beta selection for particle tracks | |Bror — Bp/m| < 0.03 421,091,544 382,907,980
Photon Energy E, > 4.4GeV 382,907,980 118,656,025
Confidence level cut FOMkinFit > 1% 118,656,025 7,424,941
Low momentum transfer t' < 0.1GeV? 7,424,941 980,019
Backward lab angle cut Glab(ﬂzow) < 25° 980,019 600,925

2 GeV/c has been reduced. By looking at the effect of the low t’ selection in the correlation plots
of Figure 5.1, the reduction of events in the high 37 mass region has an obvious correlation with
the reduction of the unwanted baryon resonances.

Figure 5.2 shows the n7™ invariant mass distributions, the 64, of the 7@ o and its correlation
with the n7™ invariant mass distributions. There are still small structures from the baryon res-
onances in the data even after the t’ cut. To further enhance the 37 meson production relative

to the baryonic background, events were chosen with Qlab[wgow]

< 25°. Pions from the decay of
the mesons produced at the top vertex are expected to be boosted more in the forward direction
comparing with pions from the isotropic decays of a slow moving excited recoil baryons. Removal

of a fraction of the events with large lab angles of the pions helps to reduce the baryon background,

+

especially the structure in the nm

invariant mass distribution at 1.5 GeV/c.
Table 5.1 shows the number of events that pass each selection cut for the vp — natrta™

reaction.

5.2 Features of the Final vp — n7 7 7" Reaction

The main features of the final 37 event sample can now be examined. Figure 5.3 shows the
37 and the 777~ invariant mass distributions. The strong p(770) resonance is formed in both 7
distributions as well as the f2(1270) meson in the ﬂ'}rastﬂ'_ combination. The 37 invariant mass
distribution for the final sample of events used in the PWA shows a clear peak around the a2 (1320)
meson, along with a broad enhancement in 1.5 to 1.7 GeV mass region. Figure 5.4 shows the Dalitz

plots for the two different 37 mass regions. The Dalitz plots exhibit p and f; intermediate 7w
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isobar states. In the high 37 mass region the dominant decay mode is the fom which is consistent
with the primary decay mode of the m2(1670). The pm decay mode is also accessible in the high 37
mass region. This is the secondary decay mode of the 72(1670). Note that the exotic 1 (1600) state
has being seen previously decaying also in that mode. In the low 37 mass region, the dominant
pm decay mode along with the peak at 1.3 GeV of the 37 invariant mass distribution is a strong
indication of the a3(1320) meson production.

Figure 5.5 shows the |t| distributions for two different 37 mass regions. The cosf and ¢ dis-
tributions in the Gottfried-Jackson and the helicity frames are shown in Figure 5.6. Both rest
frames are described in detail in Appendix G. The # distributions in the GJ rest frame have both
forward and backward angles populated. The @ in the helicity frame is different for fast and slow
isobar combinations. Most likely, this is an artifact due to a different acceptance. Details of the

acceptance studies follow in the next section.

5.3 CLAS Detector Acceptance

Events were generated isotropically in the 37 phase space off of a neutron with an exponential
slope b (in the form of Z—‘; ~ e_b|t|). The photon beam energy was generated according to a
bremsstrahlung distribution for photon energies from 4.4 to 5.45 GeV. The generated four vectors
were projected to the CLAS detector using the same software packages as described in the vp —
7~ 7T AT reaction. The momentum transfer distribution was simulated and several tries were
made for the Mandelstam |¢| distribution of the accepted four-vectors to reproduce the measured
|t| distribution. 540M events were generated in 5 MeV bins in 37 mass with a slope of b=4.37.
The accepted 37 mass distribution was constrained to follow the 37 data distribution to account
for the bin migration.

The raw events were simulated according to the CLAS detector and the same selection cuts as
with the real data were applied, leaving 5.8M events at the end (which is more than ten times the
statistics of the data). Figure 5.7 shows the 37 and the m7 invariant mass distributions for the
accepted four-vectors. A comparison between the momentum transfer distribution of the data and
the accepted four-vectors is shown in Figure 5.8. Figure 5.9 shows the acceptance as a function
of the 37 invariant mass, which varies smoothly over the whole mass range. Finally, Figure 5.10

shows the cosf and ¢ distributions in the Gottfried-Jackson and the helicity rest frames. The
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The top right plot shows the Dalitz plot for Mz, <

1.5GeV/c (low mass region). The bottom right plot shows the Dalitz plot for M3, >

1.5GeV /¢ (high mass region).

81

2

160

140

120

100

80

60

40

20

0



Entries 1395542 Entries 1212703

Entries 2608245 12000

"] constant 9.7+ 0.0 a T T TTTT T T Constant 8.837 +0.007

T
< T o E S, 450 f
2 120005y Constant 9.756  0.003 > 10000F Slope  -5.0000.024 > 400 Slope  -2.0190.016
N> 10005 \ Slope  -2.622+0.009 N E \ - L 250 " \\
v O
© E - S 8000F \ ] S a0 |
= 8000F : — o 6000 = o 250 |
0 E 3 o E \ E ~ 200
o S0 N B ~ 4000 = 150 'l \,_‘“
~ - 1 I - -
4000) N — 2 E \ 7 2 100 Mo,
P E \ E = 2000 \ = g | i
ézuoc: : e — S PO I PPN B o 3 2 AR BRI BT I
i S I I I e 05 1 5 05 i 15
M) 0.5 1 15

Mandelstam |¢| in the a3(1320) Mandelstam |¢| in the m2(1670)

Mandelstam [t| (GeV?/c*) ' ) . )
region (GeV*?/c*) region (GeV#/c*)

Figure 5.5: yp — nrtntn~: Exponential fits to the |¢| distribution for the full 37 mass
range (left plot), for the low 37 mass region (center plot) and for the high 37 mass
region (right plot). The events showed have the 6, cut but not the low t’ selection.

acceptance seems to vary smoothly in the Gottfried-Jackson frame, while the helicity angles are

heavily sculptured by the acceptance.

5.4 Summary

From the initial sample of 25B events reconstructed from the g12 run, about 700M events have
3 detected charged pions. Standard timing and vertex selection criteria were applied, leaving 380M
events. Among them, 110M events were found with the high energy beam photon. A missing
neutron was selected though the kinematic fitting, leaving 7.4M events. Further selection criteria
were applied to enhance peripheral production and to reduce the baryon background. After all the
applied cuts, the final event sample has 600K events. The PWA was performed to this events. Also,
540M 37 phase space events were generated. After projecting them through the CLAS detector,
doing the kinematic fitting and applying the selection cuts, about 5.8M accepted Monte Carlo
events have remained. The generated and the accepted four-vectors were used as normalization

integrals in the PWA.
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Figure 5.6: yp — nwtntn~: cosf and ¢ distributions in the meson rest frame (top) and
in the helicity rest frame (bottom) for the final data sample. Top left: for the blue
curve the 7, ~was used to form the p —isobar and for the black curve the T fast WS used
to form the p —isobar. Top right: ¢ distribution for fast and slow isobar. Bottom left:
for the blue curve the w; ~ was used as the analyzer and for the black curve the T fast WS

used as the analyzer. Bottom right: ¢ distribution for fast and slow analyzer.
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Figure 5.10: vp — nntnTm: cosf and ¢ distributions in the meson rest frame (top) and
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CHAPTER 6

PARTIAL WAVE ANALYSIS FORMALISM

In the previous two chapters, events were selected which fulfill certain kinematic criteria for a
diffractive dissociation. The next step is to analyze the dynamics of the intensity distributions,
using amplitude analysis. The goal of partial wave analysis (PWA) is to identify the various
spin-parity states by disentangle the intensity spectrum. In this chapter the PWA formalism is
described, and the last two chapters of this work are dedicated to the PWA results for the two

reaction channels.

6.1 Introduction

This analysis is concentrated in multiparticle final states, produced by an unpolarized real
photon, which is generated from electron inelastic scattering. We want to find strong interacting
mesonic resonances and to identify their quantum numbers. Also, the photon is considered to be
composed of vector mesons (p,w, @, ...) according to vector dominance model (VMD) [45]. Fur-
thermore, both of the reactions subject to PWA are multi-final state channels, and so the isobar
model has been used. The latter assumes a two body sequential decay series of the resonance. A
schematic for the two reaction channels can be seen in Figure 6.1. Also the majority of the formulas
described here is based on PWA analysis in Brookhaven National Laboratory [46] and JLab [47].

To begin with, we consider the following reaction:
vp— XN, X - rrw (6.1)

where the N’ is the recoil baryon. Using the Fermi’s golden rule the differential cross section is

given by:

D S AR (62)

ext.spins
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Figure 6.1: The two diagrams show a diffractive reaction in the isobar model. The left
shows a yp — nm 7 7~ reaction and the right plot shows a vp — 7~ 7~ 7T AT reaction.
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where 7 is the complete set of variables needed to describe the decay of the resonance. In our case:

7 ={Q,Qp, w} (6.3)
dr = dQ dYy, dw (6.4)
= d® dcos© d¢ dcost dw (6.5)

Q = (0, ®) are the polar and azimuthal angles, describing the isobar orientation 7 in the meson X
rest frame. The z-axis is chosen to be parallel to the beam momentum in the X rest frame and the y
axis is along the production normal to beam x X defined in the overall center of mass frame (CM).
The Qp, = (0, ¢) are the polar and azimuthal angles, that describe the orientation ¢ of one of the
decay products of the isobar in the helicity frame. The axes are defined as 2z, = p and ¢, = 2 X p
where the z-axis is the one in the X-rest frame. W is the mass of the resonance X, w is the mass
of the isobar Y, t is the mandelstam variable, dp(7) is the Lorentz invariant phase space element

(LIPS) and M is the Lorentz invariant transition amplitude. We can then write:
dp(T) < popyr AW dr (6.6)

where poas is the center-of-mass momentum. Assuming that the cross section does not change for

the CM energies the analysis is referring to, we can write:

do 9
LS /|M\ dr (6.7)

ext.spins

By considering small bins on W and because we simulate the t distribution, the M will only
depend on 7 and we can define the intensity, I(7), as:

I(n= Y M] (6.8)

ext.spins

then

do
g oc/I(T)dT (6.9)

The intensity represents the probability for having a particle scattered into the angular distribution
specified by 7 in the AW At kinematical range. Also using the transition operator, 7', we can
express the transition amplitude as M = (out|T'|in) and then we can write:

I(r)= > (out|T|in)(in|T"|out) (6.10)

ext.spins
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Also we can define the initial spin density matrix operator as p;, = |in)(in|. For polarized
photon beam and target we can express the polarized state as a linear combination of two pure
polarized states, such as: )

Pin = pig= Y li){jl (6.11)
ij ij=1
The transition operator can be factorized into two parts: the production of X and the decay operator

of X. Then,

I(T) x Z Z<0uﬂiTdecayiTPTOdUCtionpijjT;roductionjTz;[ecay |OUt> (6'12)

ext.spins 1,j

Here in the ext. spins we excluded the beam and the target spins, since they are described by the

initial state spin density matrix. Furthermore, we can include a complete set of orthogonal states,

called partial waves, such that ), |X)(X| = 1 and by inserting it in the previous equation we
have:
I(r) o Y 3> ot Tul XWX Tpps A T} | XY (X' T |out) (6.13)

ext.spins 1,7 X, X'
Each of these states can be described by a set of quantum numbers and we are going to call them
b. The decay amplitude can then be defined as “Ay(7) = (out|'Ty|X) for a given partial wave b.

We can also define the production amplitudes "V},k for the external spins k as:
(X|'Tppi TH1X') = ViF pi s Vif™ (6.14)

then

I(r) =330 P A(r) Vi pi Vi T Ay () (6.15)
k

1,5 bb
and the resonance spin density matrix is

K
Yoy =) Ve Vi (6.16)
k

where K represents the rank of the spin density matrix of resonance X. For the gl12 run an un-
polirized target and photon beam was used. That means that the photon beam is going to be an
equal mixture of positive and negative states and for that reason we are taking the average of the

two and so disregarding the p;; term.
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6.2 Decay Amplitudes

The calculation of the decay amplitudes has been done recursively, using the isobar model. The
resonance X is considered to decay into an intermediate unstable particle (isobar) and a stable
particle (bachelor). The bachelor will be among the final state particles that are being detected.
Then the decay amplitude of X decaying into the final state is the amplitude of X decaying into
the isobar and the bachelor times the amplitude of the isobar decaying to its children. The decay
of X into its children is calculated in the X rest frame (or Gottfried Jackson frame, GJ). We define
this rest frame by taking the z axis in the direction of the beam and the y axis perpendicular to

the production plane. We can then write the total amplitude as:
) o JSZD (®,0,0)D57 (¢, 6,0) far(w) (6.17)

where

J=@2J+1), 5=(2s+1) (6.18)

we have defined the following sets of quantum numbers a = {l,s,J"(u)} and b = {a,m}. u is
for the isobar, s is its spin and 1 is the orbital angular momentum between the isobar and the
bachelor particle. J is the total spin, m is its z-component and P is the intrinsic parity given by
P = (—1)l+s+1. The D in the previous equation corresponds to the matrix elements of the rotation
operator and they can be calculated analytically with the Winger-d functions. The expressions
in the parenthesis represent Clebsch-Gordan coefficients. Also, A is the helicity of the isobar and

fax(w) is the helicity coupling constant. The later can be expressed as:

Far(w) ox é(lOSA\JA)Q%(w)ga (6.19)

where g, is the l-s coupling constant and it will be absorbed into the production amplitudes.
The production amplitudes are complex numbers that we are getting by minimizing the likelihood

function. The Q factor refers to the isobar of mass w,

Qis(w) = Fi(p)Fs(q) Au(w) (6.20)

where the functions F are the Blatt-Weisskopf centrifugal barrier factors, which they do depend

on the angular momentum of the isobars as well as the breakup momentum p. Full description
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of those functions can be found in von Hippel and Quigg paper [48]. The A function is the mass

dependent Breit-Winger for the isobar u,

wol'o
A, = 6.21
(w) wg — w? — jwel'y, (w) (6:21)
with
FQ
Iy(w) = 10 4 Fo(@) (6.22)

w qo F(qo)
where wg and I'g are the mass and the width of the isobar. Now using equations (6.17) and (6.19)

we can rewrite the decay amplitude as:
Ay(7) = B (2, ) Qfi (w) (6.23)

where

EJls*(Q,Qp) = JSZD (0,®,¢) d5y(0) [}(ZOSAU)\)] (6.24)

The function E has no w dependence from the isobar u and it forms a complete orthonormal set
defined by the four angles Q and Q. For J =1 =s = m = 0 the E function is one. Also it can be
shown that

/ dQ A BT *(9,Qn) LTS H(Q,00) = (47)2 810 s Sst S (6.25)

The strong interaction conserves parity, i.e. the parity operator commutes with the transition

operator. On the other hand, helicity states are not eigenstates of parity. The reason is that parity

does change the position and momentum vectors but it does not change the angular momentum.

We need to change basis, in order for the parity to be a good quantum number, and this is going
to be done via the reflection operator:

é= Pei™ (6.26)

where P is the parity operator and e!™v is a 180° rotation through the x-z plane. We can then

define the eigenstates as:
leam) = [Jam) — eP(—=1)"""|a — m)]0(m) (6.27)

where P is the parity of the state a and

1
O(m) = 75 m >0 (6.28)
I 6
=0, m<0 (6.30)
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Also if e = P(—1)7 then |eam) = 0 for m =0. In the reflectivity basis then, the function E becomes:

B T(Q,00) =15 Dyl (9,0, 6) d3o(6) (10sA[JN) (6.31)
A
where
EDV{L];\ *(@7 67 ¢) - H(m) [DT{lA*(¢7 67 ¢) - EP(_I)J_mD{;L)\<(I)> 67 ¢)] (6'32)

The normalization of the E function in the new basis is given by,
/ dQY dQy, <E7S *(Q,Qp) CELVS(Q, Q) = (47)20e0 850 O Osst Sy (6.33)
The decay amplitude can now be expressed in the new basis as:
“Ay(7) = B (9, ) Qi (w) (6.34)

Now we can rewrite the intensity equation (6.15) in the new basis and borne in mind that since
an un-polirized beam was used, we take the average of the initial polarized states. The intensity is
given by:

I(1) =Y “poy “Ap(7) “Ap(7) (6.35)
ebb’

where “ppy is the spin density matrix in the new basis given by:

K

ooy = Y Vir Vi, (6.36)
k

The spin density matrix is block diagonal, as it can be seen from equation (6.36), since €’ does not

appear in the equation.

6.3 Production Amplitudes

The production amplitude shows the strength of a particular partial wave in the intensity
spectrum. We can not calculate them (in contrast with the decay amplitudes), but they are
inserted as parameters by fitting the data. Specifically, the production amplitudes are the results
of minimizing an extended likelihood function. In general the maximum likelihood method is the
preferred one for finding values of unknown parameters. Its biggest disadvantage is that there is no

well defined estimate of the goodness of a fit. We are going to overcome this challenge by looking
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the predicted distributions and compare them with the data (details of this method can be found
in the next chapter).
Let’s assume n number of events and the probability of each event occurring P;. Then the total

probability for the data-set is going to be:
Piata—set = P1 P> ... Py (637)

if the P; is a function with some fit parameters, we can vary those until we reach the maximum

probability of measuring this data-set. We can then construct the likelihood function as:
n
Lo [[1(m) (6.38)

and by normalizing the likelihood function over all available phase space we would then have:

T 1m) (6.39)

We also need to scale according to the number of events that we have observed. In order to do
this, we are going to use the Poisson distribution. For some process that you expect to measure

events, the probability that you will actually measure n events is given by:
P, = e " (6.40)

This will give us the definition of the extended maximum likelihood function (EML), i.e. including

the probability that we have measured n number of events:

L= [T: e_”} fllfﬁ:))dT (6.41)

The first calculation that we need to do (after the decay amplitude calculation) is for the
normalization integrals. We are going to do it numerically by using the N generated phase space

events, as it was described in the previous chapter. Specifically:

/ I(r) d NMC ZI 75) (6.42)

n= n/I(T) dr (6.43)
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and then we can write the EML function as:

L= [:u e_"] iljlll(n) (6.44)

Since we need to take the product of many numbers less than 1, due to computational precision

issues, it is better to take the sum by having log on both sides.

InL = ln{[ ] HI i } (6.45)

N
=—Iinn!—

() + > InI(7) (6.46)
=1

and since we want to maximize this function, we can drop the constants having:

ZI T; +Zln[ i) (6.47)

In the definition of the EML function so far we have assumed a detector with 100% acceptance,

InL = —
NMC

in a sense that we have not used an acceptance function yet. Since it is not possible to have the
acceptance function format, we can use the accepted Monte-Carlo events instead. Then the ELM

function is going to be:

N n
InL o ——— 3" I(raee) + > InI(m) (6.48)
ace qee=1 =1

We can now go back to the intensity distribution from equation (6.35) and define the following
quantities. Board in mind here that whenever we use the decay amplitudes, “A,(7), from now on

we have symmetrized for identical particles. For the raw MC sample we have:

M
€ 1 € € A%k
\Ijbb’ = — E’L Ab(Ti) Ab,(n) (649)

where M is the number of generated events. For the accepted MC sample:

b = Z Ap(1i) Ay (1) (6.50)

where M, is the number of accepted events. Then by defining n, = M, /M we can define the

accepted normalization integral as:

My,
N UE, = ZfAb(n)fA;, (75) (6.51)
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The ELM function can have its final format and can be written as:
n
InL = Z ln[z 6‘41)('7_2') 6pbb’ EAZ/(Ti)] — Nz [Z E,Obb/ 6\Ijgb/:| (652)
i ebb/ ebb’
and the production amplitudes are normalized such that
N Z ooy Uiy =n (6.53)
ebb’

The EML function is a positive quantity, and since we are using the minimizer MINUIT for the fit,

the negative of the equation (6.52) is going to be used. Also the event yield is given by,

Event Yield = “puy Wy (6.54)
ebb!

6.4 Summary

The observed intensity distribution I(7) was derived and it was expanded as a product of
production and decay amplitudes. The latter can be calculated analytically where the former is
included as parameter by fitting the data. The extended maximum likelihood function was derived
and by taking the negative logarithmic of it and by minimizing it we can find the optimal production
amplitude parameters that describe the data. Then the event yield and the phase difference between
two partial waves is calculated in narrow mass bins and can be plotted as a function of mass to

study resonant behaviors.
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CHAPTER 7

PARTIAL WAVE ANALYSIS PROCEDURE

In this Chapter the preparation of the 37 event sample is discussed along with the details and the
procedure of the minimization process. The method to check the quality of the fit is described at

the end of this Chapter.

7.1 Event Sample Preparation

The preparation of the final event data sample starts by binning the data in 37 invariant mass
bins. For the main fit results described in the last two Chapters of this work, 20 MeV width mass
bin was chosen from 1 to 2 GeV for the yp — nr 77~ reaction and 25 MeV wide 37 mass bins
was chosen for the yp — 7~ 7~ 7T ATT reaction. Since a mass independent partial wave analysis
was performed, the finer the binning is the more natural the description of the true decay widths of
the partial waves are going to be. On the other hand, there must be enough events per bin for the
fitter to find the global minimum in the likelihood space and to account for statistical fluctuations.
The number of data events in the 1 - 2 GeV 37 mass range is 580K for the yp — na a7~ reaction
and 345K for the yp — 7~ 7 7T ATT reaction. The bin with the largest number of events is at
1.3 GeV with 17K events for the yp — natnt7~ reaction and 15K for the yp — 7w 7T ATT
reaction, where the bin with the lowest number of events has 1300 and 600 events for the two
reactions respectively. In appendixes B, F systematic dependencies are studied for different values
of the bin width of the two reactions.

The three final samples (data, accepted Monte-Carlo and generated) are sliced into small mass
bins and the decay amplitudes were calculated in an event base for all the allowed partial waves
(up to J=4). The decay amplitudes for the accepted and generated four-vectors were used for
the partial wave normalization. The gamp program [49] was used for the calculation of the decay

amplitudes.
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7.2 Fitting Procedure

In the next step we find the values of the production amplitudes that best describe the data. The
tool to find those values is the extended maximum likelihood method. In order for the likelihood
function to be constructed, a hypothesis of the number of partial waves that composed the 37 mass
spectrum needs to be made. Hundreds of fits have been performed with different number of partial
waves for both reactions and the ones that best describe the data are discussed in the first section

of the PWA results Chapter.

7.2.1 Minimization

The software package used to minimize the likelihood function is called MINUIT [50]. Minuit
is a collection of numerical minimization routines and it is designed to find the parameters that
will minimize a function. The number of parameters depends on the number of partial waves that
we choose. Since the production amplitudes are complex numbers and in the special case where no

imaginary components are fixed, the parameters will be twice as many as the partial waves.

7.2.2 Fit Quality

For each mass bin a minimization of the likelihood function needs to be performed and the
starting values of each parameter can be configured. Since we are dealing with a likelihood space
with dozens of parameters, the case of the fitting process stopping in a local minimum rather than
the global minimum needs to be considered. In order to study the latter and to look for biases
introduced from the choice of the initial set of parameters in the fits, two different approaches were
followed.

In the first approach, a fit is performed to the mass bin with the highest number of events, i.e.
at 1.3 GeV. The resulting parameters from that particular bin are used as initial starting values for
their neighbor bins. This method is called ”tracking”, and by ”tracking up” and ”tracking down”
the whole 37 mass spectrum is covered. The limitation of this method is that a parallel fitting
for all the mass bins is not possible, but the chosen bin width is expected to be broader than the
resonance decay width (since strong interactions are studied the resonances will be relative broad
anyway) and smooth likelihood function is expected. Indeed this is the picture that we get by

performing PWA to the 37 intensity spectrum, resulting to a fast fitting.
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The second approach follows the use of random starting values for each mass bin. By taking
the highest and lowest parameters found with the tracking method and multiplying by a factor of a
100, the range of the generated random starting values is defined. Then for each mass bin, random
starting values were generated, performing 500 fits per bin and the results with the minimum
likelihood value were chosen. This method can be done in parallel since those are independent fits
and the resulting parameters are not being passed during the fitting process. This is a more time
consuming method (depending of course on the available CPUs) due to the multiple number of
fits needed. Another reason why this method is slower compared to the tracking method, is that
starting values might end up really far from the global minimum of the likelihood function and
many iterations would be required until the minimizer is satisfied.

The results given by the two approaches are in a good agreement and the ones presented in this
work are obtained by the tracking method where the second approach was mainly used to study
the full likelihood space. Also to study any fit dependencies, different values for the number of
iterations and the required tolerance on the function value at the minimum were tested for the
main wave-set and not change was found in the results.

The maximum likelihood method is the most powerful for finding the values of unknown pa-
rameters, but its biggest challenge is that there is no well defined estimate goodness of the fit. In
order to test the quality of the fit, comparison needs to be made between the predicted and the
data distributions. The predicted distributions were obtained by weighting the accepted monte-
carlo events with the production amplitudes obtained from the fitting results. Those weights are

calculated using the following equation
Wia = VaVa A A (7.1)

for each wave o and for each event i. Summing the weights over a for each reflectivity separately
and normalizing each weight to the number of 37 data events, one then obtains a weight for
each accepted event. Discrepancies between the data and the predicted distributions would be an

indication of a poor description of the data.

7.2.3 Wave Selection

As mentioned earlier the number of parameters is related to the number of partial waves used

to describe the data. With infinite amount of data all the allowed partial waves should have been
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Table 7.1: The allowed spin-parities J©'¢ for charge 3 system in the isobar model. States
allowed to decay to om and f((980)7 have been grouped together because the quantum
numbers of the o and fy are identical. Exotic JFC states are boxed; Higher-L states
for the f2(1270) and p3(1690) have been omitted because the mass of a parent resonance
decaying through such modes would likely be greater than 2 GeV.

forr pT f2(1270)7 p3(1690)7
0o-t 1+t 92—+ 3+t

1+ | o=, 7 9—+ 1+, ot g+t

9=+ | 1++, o+t 3++ | o, ’1—+L 9=+, ’3—+‘7 4—+

3+t | o=+ 7 4—+

4=+ | 3t 4FF 5t

QY T 9w

used in the PWA process, but since we are limited in phase space due to the acceptance, due to the
limited range of the photon beam energy and due to the kinematic region of interest, the optimal
number of partial waves (wave-set) that describes the data needs to be found. An overly extended
wave-set can result to an over fitting of the data sample and this can lead to washing out the fit
results. An overly small wave-set can lead to adding intensity in amplitudes which have similar
angular distributions as the one which would fit best but not included in the fit. The usual way to
find the optimal wave-set required to describe the data, is to start with a basic wave-set, expected to
be observed for this kind of reaction and to add more partial waves according to some criteria. Some
of the partial waves might be so dominant that their intensity can be seen in the invariant mass
spectrum. Furthermore, one can also see the correlation distributions of the intensity spectrum
that is under PWA, in order to have some idea about the isobars that will be used.

Since we do not want to make any assumptions for the production mechanism we will work
backwards and calculate the allowed partial waves from the 37 final state. In table 7.1 one can see
a few of the allowed partial waves. Heavier isobars than the ones shown in the table are expected
to be suppressed by the lack of the available phase space.

The CLAS-g12 experiment used an un-polarized photon beam and as a J© = 1~ particle, it
is equally likely to have spin helicity projection M, = £1. This means that equal amounts of +1
reflectivities are expected and so whenever a partial wave with M, = +1 is included, a partial wave

with M, = —1 must also be included.
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Furthermore, since the beam is mass-less M, = 0 is forbidden. At the same time events with low
four-momentum transfer to the nucleon are selected, which strongly enhances one pion exchange.
Due to the fact that the incoming particle has M # 0 and events with one pion exchange are
enhanced, no M = 0 partial waves are expected. If M = 0 partial waves are found, it will most

likely be an indication of other exchange mechanism such as the deck effect.

7.3 Summary

The fitting procedure was described in this Chapter along with the fit quality method that
chosen and the general wave selection criteria followed for both channels. The next two Chapters

describe the specifics of the wave selection criteria as well as the PWA results.
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CHAPTER 8

FIT RESULTS FROM PARTIAL WAVE ANALYSIS
FOR THE ~vp —» 7 7 7"A™" REACTION

In this Chapter the results from the partial wave analysis, performed in the yp — 7~ 7 7 TATT
data sample, are described. The Chapter begins by describing the wave selection criteria and it
continues with the PWA results. The quality of the fit and interpretation of the results are described

in the last two sections.

8.1 Wave Selection for the vp — 77 7" AT Reaction

The allowed spin-parity states which can be used to describe the observed 37 meson system are

the same for both channels. Table 7.1 shows the most important J©¢

waves. From the physics
point of view, these two channels are expected to have the same production mechanism of the 37
meson system. However, due to different number of the detected particles in the final states, their
acceptances are not identical leading to an apparently dissimilar shape of the raw data spectra.
The statistics of the yp — 7~ 7~ 7T AT reaction is smaller due to lower acceptance and production
cross section and requires larger binning in the 37 mass, i.e. 25 MeV bins. Even with such binning,
the small number of events per mass bin might result in the statistical fluctuations during the
minimization process. Another distinction between two channels is that measurement resolution
for an additional detected particle increases the smearing for the whole event. Detector resolution
is an effect that can not be corrected for in the current PWA formalism (in contrast with the
corrections made for the acceptance), but the effect of the finite resolution is expected to be small.
Also, the selection of the AT baryon requires kinematic separation of the two pions as described
earlier. This cut will decrease the available kinematic phase space for the 37 mesonic system in the
reaction with the A™T recoil. Finally, different sources of the background will contribute to these
two channels, and this is accounted for by the variation of the event selection criteria.

Features of the final yp — 7~ 7~ 7T A" data sample were discussed in Chapter 4 and a further

study of them is necessary in order to finalize the list of partial waves to use. Some features are
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similar with the yp — na ™77~ reaction, such as the peak of the 37 mass distribution around
the a3(1320) meson and the fom decay contribution in the high 37 mass region. There are also
some differences between two channels, for example, the 777~ forms a broader p(770) (shown in
Figure 4.14) in comparison with the one from the yp — nmT7tn~ reaction. Also, in the high
37 mass region, the pr decay mode has stronger presence (shown in Figure 4.15), and the area
between the p and the fs exhibits a broad enhancement. Finally, in the 37 invariant mass plot, the
high mass region shows a peak at 1.7 GeV rather than a broad enhancement as is the case in the
vp — n Tt reaction.

Such variations of the features for the two channels do not necessarily infer that a different set
of partial waves has to be used. However, all these consideration do indicate that partial waves with
the small expected contribution to the overall intensity, such as the J¢ = 1=, will be difficult to
study in this channel. Hundreds of fits were performed with different sets of partial waves in order
to find the ones that make the most significant contribution to the description of the data.

Table 8.1 shows the optimal number of partial waves required for the vp — 7w 7TATT

reaction for M3, < 1.425 GeV:

Table 8.1: yp — 7~ 7~ 7T ATT: Partial waves required for M3, < 1.425 GeV

Jre ‘ Me ‘ L ‘ Y ‘ Number of waves ‘
1+t 1= [ S,D | p(770) 4
2+ 1= [ D | p(770) 2
2= 1= [ P | p(770) 2
isotropic background wave

Also the table 8.2 shows the optimal number of partial waves required for the yp — 7~ r~ 7T AT+
reaction for M3, > 1.425 GeV:
The extra partial waves in the high mass region were due to the opening of the fom mass

threshold.

8.2 Fit Results

The results of the partial wave analysis performed on the 37 meson system off of the A** baryon

are presented in this section. The notation used to describe the partial waves is JFCM ‘Y7,
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Table 8.2: yp — 7~ 7~ 7T ATT: Partial waves required for M3, > 1.425 GeV

Jre ‘ M¢€ ‘ L ‘ Y ‘ Number of waves ‘
1+t 1+ | S, D p(770) 4
2+ 1+ D p(770) 2
2+ 1= | S, P, D | f2(1270),p(770) 6
isotropic background wave

where J is the angular momentum, P is the parity, C is the C-parity, M is the projection of J
on the quantization axis, € is the reflectivity, Y is the intermediate decay isobar with parameters
taken from the PDG, and L is the relative orbital angular momentum between Y and w. Often the

Jre [Y'7r] notation will be used referring to all J* C states decaying into the same Y7 isobar.

8.2.1 2tH[p(770)x]

Figure 8.1 shows the 277 [p(770)7]p partial wave intensity for two different reflectivities M€ =
1%. The shape and the scale of these intensity distributions are similar. This is expected for an
un-polarized photon beam which contains equal amounts of both photon helicities. The dominant
peak of the 37 mass spectrum at 1.3 GeV has been identified as the JF¢ = 2%+ partial wave. In all
PWA fits performed, the 27 [p(770)7]p is the most dominant partial wave in the 37 mass spectrum

which is consistent with the results of the previous charge-exchange photoproduction analyses [25],

[51]. The observed mass and width of the a2(1320) resonance are close to the expected values.
8.2.2 17T [p(770)7]

Figure 8.2 shows the 17+ [p(770)n]s and 17+ [p(770)7]p partial wave intensities for two dif-
ferent reflectivities. As expected, the S wave is the dominant one among these two waves. The
17%[p(770)7]s wave shows a stable behavior in different fits while the D wave becomes much less
stable when the number of waves included into the fit grows. The appearance of the 177 [p(770)7]
waves is consistent with the production of the a;(1260) meson. This is the first time this state
has been observed in the photoproduction of the 37 system with A recoil. It was not observed
previously in a similar photoproduction analysis at SLAC [52] (the statics of the final data sample
was low to perform a mass independent partial wave analysis). Here, we observe the production of

this meson in both the S and D waves albeit at different rates. Furthermore, a small enhancement
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Figure 8.1: yp — 7~ 7~ 7T ATT: The intensity spectrum of the 2717 [p(770)7|p (left)
and 2717 [p(770)7]p (right) partial waves.

at around 1.6 GeV is seen in the 17+ [p(770)7]p partial wave intensities for both reflectivities. The
analysis in [53] has observed the evidence for both the a;(1260) and the a;(1700) states in the
17 [p(770)7] p intensity.
8.2.3 Mass Dependent Fit of the 17 1%[p(770)7]s and 27" 1%[p(770)7|p partial
waves

A coupled mass dependent Breit-Wigner (BW) fit was performed on the 171 [p(770)7]s and
the 27+ [p(770)7|p partial waves, separately for each reflectivity. Both intensities and the phase
difference between the partial waves were combined into a single x? fit, which utilized the full error
matrix found in the mass independent PWA fit (after the appropriate Jacobian transformation).
Results from the fit are shown in Figure 9.4. Similar to the vp — nr 777~ reaction, the fit is
predominantly driven by the phase difference between the two partial waves rather than by their
intensities. The reason for such behavior is the small statistical errors for the phase difference
in comparison with the statistical errors for the intensity distributions. To study this a little bit
further, many mass independent PWA fits were performed with the random starting values for the
fitted production amplitudes. Figure 8.4 shows the difference between the final likelihood values
in each mass bin and the minimum value found among them. 500 PWA fits with the random

starting values were performed in each mass bin. Clearly, there are many local minimal in the
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likelihood shape which are close statistically to the global minimum. The intensity distributions of
the 271 [p(770)7]p and 177 [p(770)7]s partial waves, along with their phase difference, are shown
in Figure 8.5. This figure includes only such PWA fits from the set of 500 initial random fits that
have the final likelihood value differ by no more than 60 counts from the minimum value found.

Since all partial waves in the PWA fit of the 37 system in the low-mass region have the p
intermediate isobar only, there will be a mathematical ambiguity in the sign of the phase difference
between waves. This effect is shown in the phase difference plots in Figure 8.5. Apart from the sign
ambiguity, the phase difference plot demonstrates that mass bins above 1.25 GeV have more than
one value of such difference found in the random fits, and their spread is significantly larger than a
typical statistical error of A¢ found in any single fit. On the other hand, per-bin variations of the
intensity distributions are typically less than the statistical errors of a single fit. In other words, the
systematic errors of the phase difference are much larger than the statistical ones. The phase-driven
effect described above is caused by such underestimation of the total errors. Therefore, a different
approach to the mass dependent fit has been tried.

The study of the resonance structures was done by performing at first a mass dependent Breit
Wigner (BW) fit to the reflectivity-combined JP¢ = 27+ and, separately, J©¢ = 17+ partial wave
intensities. Figure 9.7 shows the intensities of the 21 [p(770)7]p and 171 [p(770)7]s partial
waves along with the results of the fit. The obtained values for the mass of M = 1.325+0.004 GeV
and for the width of I' = 0.098 & 0.008 GeV for the 27 [p(770)7|p wave are consistent with known
values for the a2(1320) resonance. Fitting the 177 [p(770)7]s intensity with a mass dependent BW
function yields a mass of M = 1.242 + 0.005 GeV and a width of I' = 0.28 + 0.01 GeV which are
consistent with the known values for the a;(1260) meson.

At the next step, the masses and widths of both states were fixed, and the difference in phase
of the a2(1320) and the a1(1260) BW functions were fitted to the phase difference from the PWA
fit, with the overall phase offset as the only free parameter. Comparison of the observed and fitted
phase differences is shown in the bottom plots of Figure 9.7 for the M¢ = 17 and M¢ = 1~ waves
respectively. The red curve is the fitted BW phase difference of the a;(1260) and a(1320). Over
the a1(1260) and a2(1320) mass range, the observed phase differences are in a good agreement with

a BW relative phase. This means that both of these states exhibit proper BW resonance behavior.
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Figure 8.3: vp — w7 7tATT: A mass dependent fit of the 17T [p(770)7|s and
2 [p(770)7]p intensity distributions and their phase difference was performed for each
reflectivity separately. The first column shows the fit results for M€ = 17 and the

second column for M€ =17.
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Figure 8.5: vp — 7w 7 7T ATT: Results of multiple random fits after selection of only
fits with final likelihood within 60 counts from the minimum value found. The top
and middle plots show the intensities for the 1¥+1%[p(770)7]s and 2+1%[p(770)7|p
waves. The bottom left plot shows the phase difference between the 17117 [p(770)7]s
and 27717 [p(770)7]p wave. The bottom right plot shows the phase difference between
the 17717 [p(770)7|g and 2T F1F[p(770)7|p wave.
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Figure 8.6: For the yp — AT 77~ 7~ reaction, the top row shows the intensity, com-
bined over two reflectivities M€ = 1%, for the 2+ 1% [p(770)7]p and the 17 T1%[p(770)7]s
partial waves. The two intensities have been fitted with a mass dependent BW function
which is plotted with a red curve along with the obtained parameters. In the bottom
row, the phase difference of the 27D wave against 17+S wave for the two different re-
flectivities is shown. The red curve is a plot of BW phase difference with the parameters
obtained by fitting the intensities.
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8.2.4 27 F[f,(1270)7]

In the high 37 mass region, the dominant partial wave is the 277 [f2(1270)7]|s. The intensity
distributions of the 2= F1%[f,(1270)7]s and 2=+ 1%[f2(1270)7]p partial waves are shown in Figure
8.7. All waves share a peak at around 1.7 GeV. The detailed shape of the intensity distributions
for the partial waves is not in a complete agreement among opposite reflectivities. This might be
an indication of a background present in the high mass region, since the variations in the shape of
these waves are sensitive to the number of additional pr partial waves included to accommodate the
background. Nevertheless, the results are consistent with the production of the 72(1670) meson.
The PDG D-wave/S-wave ratio for the m3(1670) — f2(1270)7 is 0.18 +0.06, which is similar to the

one observed in this analysis.

8.2.5 27 +[p(770)7]

Figure 8.8 shows the intensities of the 271 [p(770)7| partial waves. There is an obvious leakage
from the strong as(1320) state into these waves in the low mass region. In the high 37 mass
region, the intensity of the 2=+ 1%[p(770)7] p wave shows a peak at around 1.8 GeV which also can
be interpreted as the m(1670) meson. Surprisingly, the strength of the m2(1670) peak is similar
for both the 27 % [p(770)7] and 2~ F[f2(1270)x] partial waves. This is not in agreement with the
world data - the PDG branching fractions for the m2(1670) decaying into the f3(1270)7 and the
p(770)m are 56.3% and 31% respectively. This is an indication that a fraction of the background,
not accommodated by an isotropic background wave. prefers to go into the p(770)7w waves rather

than the f2(1270)7 ones.

8.2.6 Predicted Angular Distributions

The quality of the PWA fits was studied by producing the predicted distributions. The accepted
four-vectors were weighted with the obtained production amplitudes from the fit, and various
distributions were compared with the data. Specifically, Figure 8.9 shows the 77, ATT7 and
ATrrm invariant mass distributions for the predicted and data events. The angular distributions
are shown in Figure 8.10 for the GJ rest frame and in Figure 8.11 for the helicity rest frame.

Overall, there is good agreement between the data and the predicted distributions.
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27111 [f2(1270)7] p (bottom right) partial waves.
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2= 1T [p(770) 7] p partial waves.

8.2.7 Systematic Dependencies of the Fit Results

In general, the presented results do show stable behavior against different values of the selection
criteria and for different bin sizes used the fits. Systematic dependence on the low four-momentum
transfer selection was studied for four different values of the t’ cut (0.1, 0.2, 0.4 and 1 GeV?/c?) as
well as without any t’ selection. Also, the cut on the momentum difference between two 7 was
tested for four different values of 1.0, 0.65, 0.45 and 0.25 GeV /c as well as without such cut. Finally,
a fit was done with the nominal fiducial cuts which had been determined in a separate CLAS-g12
analysis [54]. The only significant effect observed was in the smaller partial waves in the high
31 mass region which were less stable when the values of the selection criteria were varied. Also,
the isotropic background seems to be rising in the high 37 mass region as the cuts become more
relaxed. Finally, the second peak in the 1775 wave at 1.6 GeV seems to become more prominent
as the cuts become tighter. Meanwhile, the same peak can be seen in the 177D wave even with
the the minimum cuts. Finally, the results do not show any dependence on the 37 mass bin size.
Detailed comparison for all partial waves intensity distributions is shown in appendix F for different

selection cuts, and in appendix E for variations of the mass bin size.
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8.2.8 Interpretation of the Results and Future Work

A much better understanding of the background can be achieved by comparing the outcomes
of multiple partial wave analyses of the vp — 77~ 7T ATT reaction. The increase in the number
of partial waves mostly affected the stability of the P waves in the fits such as the 2= P wave.
We interpret this as an indication that part of the background contamination in the high mass
region is an-isotropic and prefers to go into the pm P waves. The fits become especially unstable
if multiple such waves were included such as the exotic 1~ [p7]p wave together with the expected
27 F[pr]p decay mode of the m2(1670). Figure 8.12 shows the final likelihood values for 500 fits per
mass bin with the random starting values for the case when the 1~ P partial waves are added to
the mix. By comparing this Figure with the previous Figure 8.4 in the high 37 mass region, one
can concluded the the likelihood shape became much more complex and the results of a single fit
much more ambiguous in the presence of the 1T P partial waves.

What may be the origin of the background in the high 37 mass region? As was demonstrated
earlier, the extensive study was made to reduce the excited baryon background as much as possible,
and, indeed, no evidence of it is seen in the pm, p27 or p3m invariant mass distributions for the final
event sample. Also, Monte Carlo studies indicate that when a excited baryon reaction is treated
as our primary reaction with the recoil AT™ formed with the incorrect decay pion, sharp peaks at
Cos(©) = £1 in GJ frame are created. However, we don’t observed such peaks in the final event
sample. One can conclude that the source of the remaining background is not due to some other
excited baryons but due to the yp — p 27~ 27" reaction when 4-pion states are produced off a
recoil proton. Such production channel is not expected to form any structures in the pm, p27 or
p37 distributions but it may reveal itself in the 47 invariant mass distribution.

In an effort to study this background further, yp — p 47 phase space events were generated and
projected through the CLAS detector. The same selection cuts were applied to these events as for
the data in order to study the fraction of them which do get through the cuts designed to select the
recoil ATT only and, therefore, do contribute to the background of the primary reaction. Figure
8.13 shows the 47 invariant mass distribution of the raw and accepted ”background” generated
events, as well as for the data. The 37 and 77 invariant mass distributions for the vp — p 47 MC

events are shown is Figure 8.14. One can see that the accepted 37 spectrum of this background
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is concentrated only in the high 37 mass range significantly complicating the interpretation of the
PWA results there.

After all selection cuts had been applied, the acceptance for the vp — p 27~ 27" reaction
was found to be around 0.6%, compared with the acceptance of 1.4% for the yp — 7~ 7 7w TATT
reaction. Considering also the fact that the cross section for the vp — p 47 reaction is factor 2.4
higher than for the yp — 7~ 7~ 7T A™T reaction, the fraction of such background in the high mass
region can be up to 40%.

The 47 invariant mass distribution of the data is shown in Figure 8.13. A small structure is
visible around 1.7 GeV and 2.1 GeV. These is where two excited p states, decaying into 4m, have
been seen before. Due to vector dominance, the incoming photon beam can be considered as the
virtual p beam which make the diffractive photoproduction of such excited p states likely.

A possible way to deal with this background is to try to remove it from the data sample. In a
similar way with the background reduction of the yp — nr a7~ reaction, the 6., cut has been

tried. Figure 8.15 shows the 0;,5[77,

Jlow) for the accepted and generated events for two reactions, i.e.,

for yp — p 4w and yp — 77 7T ATT. As expected, the 64, plots for the generated four-vectors do
look differently for two reactions. However, after the events are passed through the CLAS detector,
the 04 distributions began to resemble each other. The plot with the generated events indicates

that a significant reduction of the vp — p 47 background could be achieved with a cut on 77, lab

slow

angle such as Hlab[7r+ ] > 85°). But Figure 8.15 shows that CLAS acceptance drops to zero for

slow

such selection. This is due to the fact that the hydrogen target for the g12 run was pulled upstream
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slow]

to increase acceptance for forward-going particles but the ability to detect pions for large angles as
been lost.

Without finding any acceptable way to eliminate such background contribution, the only remain-
ing way to deal with it properly would be through a global partial wave analysis which combines
both the A37w and p4m waves (and, therefore, cannot be a mass independent fit in the 37 or 4«

mass bins), but this is beyond the scope of this effort.
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CHAPTER 9

FIT RESULTS FROM PARTIAL WAVE ANALYSIS
FOR THE ~p — nn"n"n~ REACTION

In this Chapter the wave selection criteria are described, followed by the PWA fit results. The

quality of the PWA fit is briefly discussed at the end of the Chapter along with our conclusions.

9.1 Wave Selection For The vp — nrm"7n77~ Reaction

The Figures in section 5.2 show the main features of the yp — n7 ™77~ final data sample. The
37 invariant mass spectrum and the Dalitz plots of the 77 system need to be looked at in order to
come up with a list of hypotheses for the partial waves that contribute to the intensity spectrum.
The dominant peak around 1.3 GeV along with the pm decay mode showed in that region, is an
indication of the ag(1320) meson; thus the JP¢ = 2+ partial wave should be included. Also at the
same mass region the a1(1260) meson has seen decaying into pr and or; thus the JP¢ = 1+ partial
wave will also be included in both decay modes. In the high mass region the 37 mass spectrum shows
an enhancement from 1.5 to 1.7 GeV. The Dalitz plot in that mass region (see Figure 5.4) shows
two decay modes, pm and forr, with the latter being the dominant one. This feature is consistent
with a m2(1670) meson where its primary decay mode is the for. We should then include the 2~
partial wave decaying into forr and pmw. Also, since the f»(1270)7m mass threshold opens around
1.4 GeV we will not include this isobar for bins below 1.4 GeV. The main reason for not using
this isobar in the low 37 mass region is because minuit does minimizations through a sequence of
derivatives and by considering the need of minimization in a dozen of parameter likelihood space,
values close to zero can create huge unnecessary spikes for the values of the error matrix. Finally
the exotic 17T partial wave decaying to pm was included in order to search for the 71 (1600) meson.

Table 9.1 shows the optimal number of partial waves required for the yp — naT 7 7~ reaction
for M3, < 1.4GeV:

Also the table 9.2 shows the optimal number of partial waves required for the yp — nrta 7™

reaction for M3, > 1.4 GeV:
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Table 9.1: yp — na w7 ~: Partial waves required for M3, < 1.4 GeV

JrPe ‘ Mce L ‘ Y ‘ Number of waves ‘
1++ 1= | S,P,D | p(770),0 6
- 1+ P p(770) 2
2+ 1+ D p(770) 2
2-+ 1+ P p(770) 2
isotropic background wave

Table 9.2: yp — nata 7~ : Partial waves required for Mz, > 1.4 GeV

Jre ‘ Mc¢ ‘ L Y ‘ Number of waves

1+ 1= [ S,PD p(770), 0 6

-+ 1+ P p(770) 2

2+ 1+ D p(770) 2

2+ 1% [ S,P,D | f,(1270),p(770) 6
isotropic background wave

In this section the results from the PWA performed in the vp — naT7n 77~ data sample are
described in details. Hundreds of fits were performed to determine the partial waves which make the
most significant contributions of describing the data. It is worth mentioning here that the challenge
of the PWA procedure was the search of the optimal set of partial waves that best describes the data.
Even though the procedure itself is not time consuming, the comparison and the interpretation of
the fit results between different wave-sets can be very challenging. The notation used to describe
the partial waves in this work is JZC M ‘[Yx|r, where J is the angular momentum, P is the parity,
C is the C-parity, M is the J projection, € is the reflectivity, Y is the PDG state whose parameters
are used for the intermediate isobar and L is the relative orbital angular momentum between Y

and 7. Often the JXC[Y 7] notation will be used referring to all J7'¢ states decaying into the same

Y 7 isobar.

9.2 Fit Results
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Figure 9.1: vp — nntx "7 ~: The partial wave intensity spectra of the 27717 [p(770)7]p
(left) and 27 T1%[p(770)7]p (right) partial waves.

9.2.1 2++[p(770)7]

The dominant partial wave present in the data is the 27+1%[p(770)7]p and it is consistent in
all the performed fits, with various wave-sets. Figure 9.1 shows the 2++1%[p(770)7]p partial wave
intensity distribution. This feature is consistent with previous charge exchange photoproduction
analysis [55], [25]. The peak at 1.3 GeV that shows up in the 37 mass spectrum has now been
identified as a JPC = 27+ partial wave decaying into pm. From this we can conclusively say that

the a2(1320) meson was observed.

9.2.2  1H[p(770)x]

The 17+1%[p(770)7]s and 17+1%[p(770)7]p partial waves were included in the fit, with the
S wave as expected to be the dominant one. Figure 9.2 shows the 1171 [p(770)7] partial wave
intensities for the two different reflectivities. The 17+1%[p(770)7]s partial wave remains stable
through many different fits and it is consistent with an a1(1260) meson. The symmetry in the
shape of the intensity distributions for opposite reflectivities is consistent with the expectations of

an un-polarized photon beam.
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The 177 [p(770)7]p partial waves also show stable behavior for different fits but are less signif-
icant. Some leakage seems to be present of the dominant as(1320) signal into the 1 [p(770)7]p
wave.

The a;(1260) has never been seen in charge-exchange photoproduction, including the previous
CLAS analysis, [25]. Furthermore the experiment [53] observes both the a1(1260) and a higher
mass a1(1700) meson. The analysis reported here finds a 177 [p(770)7] wave structure in both S

and D partial waves near 1.8 GeV, consistent with the a;(1700).

9.2.3 1""[on7]

Figure 9.3 shows the 17+1¥[Y = ¢]p partial wave intensities. The shape of the two intensities
is similar for both reflectivities and the enhancement shown is around the same mass region as
the intensity of the 17+S partial wave. Also, by not including those waves in the fit, a significant
leakage is introduced from the az(1320) into the 17+1%[p(770)7]s partial wave.

9.2.4 Mass Dependent Fit of the 17 1%[p(770)7]s and 27" 1%[p(770)7|p partial
waves

To study the resonance structures a mass dependent Breit Wigner (BW) fit was performed.
In the first approach a simultaneously mass dependent fit was performed of the 17+1%[p(770)7]s
and 27+1%[p(770)7] p partial wave intensities along with their phase difference, using the full error
matrix. The fit was performed for the two reflectivities separately and results from this fit are
shown in Figure 9.4. The latter Figure shows that the fit result does not cleanly go through all the
2+ +1%[p(770)7] p intensity data points. The small errors in the phase difference (compared to the
larger errors in the intensity distributions) are the major reason for this behavior making the fitter
biased dominantly by the phase difference.

A mass independent fit was performed with random starting values in an effort to study this
behavior further. Figure 9.5 shows the difference from the minimum value of the likelihood for
500 fits in each mass bin with random starting values. The 27 +1%[p(770)7]p and 1T+ 1%[p(770)7]s
partial wave intensity distributions are shown in Figure 9.6 along with the phase difference between
the two waves for values of the likelihood less than 60 from the minimum value of the likelihood for
that particular mass bin. The results infer that there is a systematic uncertainty in the errors of

the phase difference that is not taken into account. The sign ambiguity that the fit results exhibit
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Figure 9.2: yp — nntnt7n~: The partial wave intensity spectra of the 1717 [p(770)7]s
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1711%[p(770)7] p (bottom right) partial waves.
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Figure 9.3: The partial wave intensity spectra of the 17717 [ox|p (left) and 171" [on]p
(right) partial waves.

in the 1.3-1.4 GeV mass region, is the same mass region where the 17 [o7|p intensity distribution
is dropping to zero. Note that for the low 37 mass region only the 17+ [o7]p partial wave has other
isobar than the pr.

To overcome that the mass dependent fit is dominantly driven by the phase difference be-
tween the two partial waves, two approaches were tried. In the first approach PWA fits were
performed with difference wave-sets, and the resulting x?/DoF from the BW mass dependent fit
of the 2+T1%[p(770)7]p and 1t+1%[p(770)7]s was recorded. By including the 2++2%[p(770)7]p
partial waves in the minimum wave-set, the x?/DoF value seems to be slightly improved but the
PWA fit results were not consistent with previous measured well established resonant structures.
Details about this fit can be find in Appendix C.

The second approach, is to study the resonance structures by first performing a mass dependent
Breit Wigner (BW) fit to the partial wave intensity distributions. Then the phase difference between
the two partial waves can be plotted with the parameters obtained by fitting the partial wave
intensities. Figure 9.7 shows the 2++1%[p(770)7]p and the 17+1%[p(770)7]s partial wave intensities
along with mass dependent fit results. The J¥¢ = 2+ wave yields a mass of M = 1.33140.001 GeV
and a width of I' = 0.108 +0.002 GeV. These values are consistent with known PDG values for the
a(1320) meson. A mass dependent BW fit of the 17T1%[p(770)7]s partial waves intensity yields
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the 111 [p(770)7]s and 27+ [p(770)7| p partial wave intensity distributions along with their
phase difference. The first column shows the fit results for M€ = 1~ and the second

column for M€ =17,
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Figure 9.6: vp — nmtaTn~: Results of multiple random fits after selection of only
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waves. The bottom left plot shows the phase difference between the 17117 [p(770)7]s
and 27717 [p(770)7] p wave. The bottom right plot shows the phase difference between
the 17717 [p(770)7]g and 27T 1F[p(770)7|p wave.
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a mass of M = 1.169 £+ 0.004 GeV and a width of I' = 0.29 &+ 0.02 GeV which is consistent with
the known PDG values for the a;(1260) meson. The phase difference between the 1775 and 2+ D
waves for M€ = 1T and M = 1~ is also shown in Figure 9.7. The curve shows the Breit Wigner
phase difference between the a;(1260) and a2(1320) with the parameters obtained from the mass
dependent fit.

9.2.5 2-+[£,(1270)7]

In the high 37 mass region above the f3(1270)7 mass threshold, the dominant wave is the
2= T1%[f2(1270)7]s wave. Figure 9.8 shows the 27 T1%[f,(1270)7]s and the 2~ T1%[f,(1270)7]p
partial wave intensity distributions for the two reflectivities. All four partial waves share a peak
above 1.6 GeV, consistent with the production of the m2(1670) meson. Also the dominant behavior
of the 2=+ 1%[f2(1270)7]s partial wave in this mass region is consistent with previous observations
[53]. Again, the shape of the partial wave intensities for opposite reflectivities is consistent with the
expectations of an un-polirized beam. The 2~F1%[f,(1270)7]p partial wave can serve as a second
reference wave to search for possible phase motion against the 71 (1600). The primary reference wave
for the search of the exotic JP¢ = 17+ state is going to be the well establish 2= T1%[f5(1270)7]s

resonance and a mass dependent fit will follow.

9.2.6 2 +[p(770)7]

Figure 9.9 shows the 2715 [p(770)7] p partial wave intensity distribution for the two reflectivi-
ties. An enhancement is shown in the same region as the 27 [f2(1270) x| partial waves, consistent
with the production of the m3(1670) meson. It seems that the yield of the 2= F[p(770)7] partial
wave is almost half the yield of the 27F[f2(1270)7] partial waves, where the PDG branching ratio
of I'(pm) /T(f2(1270)7) is 0.565. Also noticeable is the peak around 1.3 GeV in the partial wave
intensity spectrum, where most likely it is a leakage from the dominant a2(1320) meson into the

27 1% [p(770) 7] p partial wave.
9.2.7 The Exotic J'Y = 1+ Wave

As it was discussed before one of the main motivations for analyzing this channel is the study
of the exotic JP¢ = 1=F state. This state was previously claimed at 1.6 GeV decaying into pr

mode. For a resonance to be claimed, both a resonant intensity structure and a resonance phase
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Figure 9.7: For the yp — nnTnt7~ reaction: on the top row is the combined in-
tensity for the two reflectivities M€ = 1F for the partial waves: 2++1%[p(770)7]p and
17+1%[p(770)7]s. The two intensities have been fitted with a mass dependent BW func-
tion. The bottom row shows the the phase difference of the 271 [p(770)7] p wave against
17F[p(770)7]s wave for the two different reflectivities. The red curve is a plot of BW
phase difference with the parameters obtained by fitting the intensities.
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Figure 9.8: vp — nmtw"n~: The partial wave intensity spectra of the 2= +17[f2(1270)7]s
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Figure 9.9: vp — na w7~ The partial wave intensity spectra of the 2=+17[p(770)7]p
and 27717 [p(770)7] p partial waves.

motion should exist. Since experimentally one measures relative phase motions, the 1= wave is
studied relative to the dominant 27| f2(1270)7] wave.

Figure 9.10 shows the 1= T1%[p(770)n]p partial wave intensity distribution. No structure ex-
ists that is consistent with an exotic resonance at 1.6 GeV. Also the 1=F1%[p(770)7]p wave is
comparatively weak as exhibits a depletion of events at 1.6 GeV.

A simultaneously BW mass dependent fit was performed of the 1= [p(770) 7] p and 21| f5(1270)7]s
partial wave intensities along with their phase difference, using the full error matrix. The fit was
performed for the two reflectivities separately and results from this fit are shown in Figure 9.11.
By considering the 1~ [p(770)7|p partial wave as a resonant in the fit, the resulting parameters
show a non-resonating 1~ [p(770)7]p partial wave. Specifically, the fit yields for both reflectivities
M€ = 1%, a mass of M = 0.9 GeV and a width of I' = 3 GeV for the 1~ state.

Additionally, Figure 9.12 shows the combined intensity of the 2=F1%[f,(1270)7]s waves. By
fitting this intensity with a mass dependent BW yields a mass of M = 1.634 + 0.002 GeV and
a width of I' = 0.252 4+ 0.005 GeV, which is consistent with a 72(1670) meson. The same Figure
shows the combined intensity of the 1~ +1%[p(770)7] p waves along with the phase difference between
271 [f2(1270)7]s and 1+ [p(770)7] p waves for both M€ = 1" and M€ = 17. The red curve is a plot

of a pure 27 [f2(1270)7]s phase motion with a non-resonating 1~ [p(770)7]p. The parameters for
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Figure 9.10: vp — nwt 77 ~: The partial wave intensity spectra of the 17117 [p(770)7]p
and 1~ 717 [p(770)7] p partial waves.

the BW curve were obtained from BW fit of 2~ [f2(1270)7|g intensity. The dashed blue curve is
the phase difference between a resonating 2~ [f2(1270)7]s against a resonating 1~ [p(770)7]| p with
mass and width parameters reported by E852 decaying to 37 [53]. The solid blue curve is the phase
difference between a resonating 2~ [ f2(1270)7]s against a resonating 1~1[p(770)7] p with mass and
width parameters reported by E852 decaying to nm [56]. The phase difference strongly favors a
non-resonant 1~ [p(770)7]p. Figure 9.13 shows the phase difference between the 1~ [p(770)7]p
exotic wave and 277 [f2(1270)7]p wave for both M€ = 1% and M€ = 17. The behavior of phase
motion is also consistent with a non-resonant J¢ = 1% exotic wave and a resonating m(1670)

in both S and D wave amplitudes.

9.2.8 Predicted Angular Distributions

The ”goodness” of the PWA fit results was determined by comparing the data distribution with
predicted distributions using the PWA fit results. A description of how the predicted distributions
obtained can be find in section 7.2.2. Discrepancies between the data and the predicted distribu-
tions would be an indication of a poor description of the data. Figures 9.14, 9.15, 9.16 show a
comparison between the two distributions. There is a good agreement between the data and the
predicted distributions, indicating that the selected wave-set describes well the measured by the

CLAS spectrometer data.
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Figure 9.11: yp — natw 7~ This Figure shows a simultaneously mass dependent fit
of the 17T [p(770) 7] p and 2~ [f2(1270)7|s partial wave intensity distributions along with
their phase difference. The first column shows the fit results for M€ = 1~ and the
second column for M€ = 17. For the two different values of reflectively the J©¢ =1+

state exhibits a non-resonant behavior.
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Figure 9.12: yp — na w7 ~: For the yp — narT 7 7~ reaction: The top row shows the
partial wave intensities for 2=+ 1%[f,(1270)7]s and 1=+ 1%[p(770)7] p. The 2=+ intensity
was fitted with a mass dependent BW amplitude and along with the parameters the
resulting red curve has been plotted. The bottom row shows the phase difference between
27FtS and 17 P waves for both M€ = 1" and M€ = 1~. The red curve is a plot of a pure
27175 phase motion with a non-resonating 1~ P. The parameters for the BW curve were
obtained from BW fit of 27+S intensity. The dashed blue curve is the phase difference
between a resonating 2~ TS against a resonating 1~ P with mass and width parameters
reported by E852 decaying to 3w. The solid blue curve is the phase difference between a
resonating 2~ 1S against a resonating 1~ P with mass and width parameters reported by
E852 decaying to nw.
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Figure 9.13: vp — naTrtn~: Phase difference for the two reflectivities between the
17" [p(770)7] p wave and the 271 [f2(1270)7]p wave.

9.2.9 Systematic Dependencies of the Fit Results

On the whole, the presented results are stable against different values of the selection criteria
and for different mass bin widths used in the PWA. The main selection criteria were tested, i.e. the
O1ap cut, the t’ selection and the nominal fiducial cuts (as described here [54]). The non-observation
of the JP¢ = 1=1 exotic state, as well as the observations of the a1, as and 7y mesons did not
change. As cuts are relaxed some signal leakage increases.

Specifically, by relaxing the angular cut the 27+ P partial wave showed a small dependence by
this cut. Also the enhancement in the high 37 mass region for the 1775 partial wave was shifted
from 1.8 to 1.5 GeV. The fit results obtained with the fiducial cuts do not different from the main
fit results. By relaxing the t’ cut the results were stable up to 1.0 GeV?/ct. Finally, the isotopic
background shows stable behavior for the minimum selections, ;4 cut and fiducial cuts. It shows
an increment in the high 37 mass region as the t’ selection cut is relaxed. This is another indication
that the low t’ selection helps to reduce the background in the high 37 mass region. Finally, the
PWA fit results do not show any dependence for different values of the mass bin width.

In Appendix D a detailed description of the systematic studies due to the selection criteria can

be find, and in Appendix B PWA fit results are shown for different mass bin widths.
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Figure 9.14: vp — na ™77 ~: The measured (points) and the predicted (blue histograms)
distributions for the 37w, nm and 77 invariant mass distributions.
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9.3 Summary

The photoproduction of mesons decaying to 37 was studied using the yp — nr ™77~ reaction
channel. Around 600k events were acquired resulting in the largest 3w photoproduction data-
set to date. A mass independent partial wave analysis was performed. The a;(1260), a2(1320),
and the m2(1670) mesons were observed. We subscript for the first time, observation of a1(1260)
photoproduction. The exotic JF¢ = 1+ partial wave does not show resonant behavior and more

so it is strongly consistent with a non-resonant non-interfering wave relative to a resonant 72 (1670).
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CHAPTER 10

INTERPRETATION OF RESULTS AND FUTURE
WORK

A mass independent partial wave analysis was performed on 580K events for the yp — nrtat 7~
reaction. The a2(1320) and a1 (1260) mesons were observed in the 27 [p(770)7| p and 177 [p(770)7]g
partial waves respectively. The 72(1670) meson was also observed in the J©¢ = 27+ partial waves
through the f3(1270)7 and p(770)7 decay modes. It was found that M = 0 waves were not required.
This is consistent with a spinless one pion exchange production in a photon beam. In addition, since
the photon beam was unpolarized, the resonant states were expected and were indeed observed to
equally populate the partial waves of opposite reflectivities (i.e., which differ only by M€ = 1" and
M€ = 17) regardless of the naturality of the exchange particles [57].

The a1(1260) meson has never been seen before in charge-exchange photoproduction, including
the previous yp — nwtntn~ CLAS analysis [25]. It was confirmed that the exotic JF¢ = 177
partial wave is not produced in equal amounts with the ordinary mesons as had been proposed
before in [23]. To study the nature of the exotic wave, the Breit-Wigner mass dependent fits of
the intensities and phase difference of the 1~ [p(770)7|p and 2~ F[f2(1260)7]s partial waves were
performed. From the phase difference between the 1~ and 2~ partial waves it was found that the
JPC =177 partial wave does not show the resonant behavior in contrast to the resonant m(1670)
state. This behavior was consistent in both the positive and negative reflectivities when studied
against either the 271[f3(1270)7]g or the 277 [f2(1270)7|p partial waves.

One of the main motivations to study the 3 final state is a possible production of the 1 (1600)
state. As was mentioned in Chapter 1, the E852 [14] and COMPASS [16] experiments have pub-
lished the analyses of the 37 final state showing the presence of the 71(1600) resonance in both the
intensity and the phase. In both cases, this state was produced in the 77p — prta~ 7~ reaction,
which is a neutral exchange process. The vp — naTn 7~ reaction is a charge exchange process
and, therefore, a Pomeron or glueball exchange is not allowed. If the 71(1600) is a hybrid state

then a glue-rich exchange may be necessary for its production.
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For the very first time a mass independent partial wave analysis was performed on the vp —
7 m T AT reaction. The 345K events were split into two data-sets for Ms, < 1.425 GeV (the
low mass region) and for Ms, > 1.425 GeV (the high mass region). The a3(1320) was observed
in the 21 [p(770)7|p partial wave. The photoproduction of the a;(1260) meson was confirmed in
this channel as well. The a;(1260) was observed in both the 17 [p(770)7|s and the 1 [p(770)7]p
partial waves. In the high mass region, the m5(1670) meson was seeing in the JPC = 2= partial
waves through the f5(1270)7 and p(770)7 decay modes. Unfortunately, the results in this region
were unstable due to the presence of the vp — pdnw background. It was not possible to eliminate
such background due to a very low acceptance for backward-going pions (for which the kinematic
difference between the main and background channels are the largest). This was caused by the
specific configuration of the gl12 run in which the target was moved upstream to increase the
acceptance for the forward-going particles for other reactions.

At the beginning of 2016, the new GlueX detector in Hall D at Jefferson has started taking
data. This detector has been design specifically for this kind of physics and, most likely, it will
overcome the limitations of the CLAS detector that were mentioned earlier. Also, higher beam
energy of 9 GeV should suppress the background contribution of the s-channel reactions in GlueX.
In addition, the polarization of the photon beam will select a particular naturality of the exchange
particle. Such additional information should help in the determination of the quantum numbers of
the produced states. Another advantage of GlueX over CLAS is the presence of two calorimeters
which should make it ideal for the neutral 37 analysis, such as vp — prta~n°. A comparison of
the neutral and charged exchanges in the photoproduction of 37 states should provide a further

JPC

insight on the nature of the exotic = 1~ signal.
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APPENDIX A

COMPARISON BETWEEN DATA AND MC FOR
THE vp —» 77 7n"AT™" REACTION

In this Appendix, a comparison between data and Monte-Carlo events is shown. Figures A.1, A.2
show various invariant mass distributions for data and simulated events. Figure A.3 shows the
angular distributions in the GJ and the helicity frame. The black curve in the plots is data for
the exclusive yp — 7~ 7~ 7T ATT reaction by selecting the AT™ but without the baryon reduction
cuts. The red curve represents data with all the selection criteria applied, while the blue curve has

the same selection cuts applied for the accepted Monte-Carlo events.
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Figure A.1: vp — 7~ 7 7t ATT: Various invariant masses. Black line is for data without
baryon reduction. Red line is for data with baryon reduction background cuts. Blue
line is for Monte-Carlo with baryon reduction background cuts.
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Figure A.2: yp — 7~ 7 7wt ATT: Various invariant masses. Black line is for data without
baryon reduction. Red line is for data with baryon reduction background cuts. Blue
line is for Monte-Carlo with baryon reduction background cuts.
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APPENDIX B

SYSTEMATIC EFFECTS DUE TO BIN SIZE FOR
THE ~p — nn"ntn~ REACTION

In order to test the systematic dependence of the results, two fits have been performed with different
bin sizes. All the fits that have been presented so far for the yp — naTn ™7~ reaction are with 20
MeV bin size. The results below are with 10 MeV and 50 MeV bin size. The results show stable

behavior, within the statistical fluctuations, for the different bin sizes.
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Figure B.1: yp — natat7n~: 50 MeV mass bin size was used for the top plots and 10
MeV mass bin size for the bottom plots. The first two plots show the intensity of the
27T D waves and the last two plots show the intensity of the 1775 waves.
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Figure B.2: yp — natwtn~: 50 MeV mass bin size was used for the top plots and 10
MeV mass bin size for the bottom plots. The first two plots show the intensity of the
17D waves and the last two plots show the intensity of the 17+ P waves.
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Figure B.3: yp — natwtn~: 50 MeV mass bin size was used for the top plots and 10
MeV mass bin size for the bottom plots. The first two plots show the intensity of the
2778 waves and the last two plots show the intensity of the 2~ D waves.
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Figure B.4: yp — nntwtn~: 50 MeV mass bin size was used for the top plots and 10
MeV mass bin size for the bottom plots. The first two plots show the intensity of the
17 P waves and the last two plots show the intensity of the 27 P waves.
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Figure B.5: vp — nr 7w~ 50 MeV mass bin size was used for the left plot and 10 MeV
mass bin size for the right plot. The plots show the intensity of the isotropic background.
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APPENDIX C

FIT RESULTS FOR THE ~p — nrnt7~ REACTION
INCLUDING M=2 WAVES.

In this Appendix fit results are shown by adding 272D waves into the minimum wave-set. As it
was discussed before, the better x?/DOF values (see Figure C.3) that are shown for this wave-set,
compare to the minimum wave-set, is due to better mathematical description rather than better
physical description of the data. The a2(1320) meson decaying into wp around 10% and into pw
around 70%. This means that we should expect a value between the 271D and 2++2D around
15%. Also since the photon beam composed 10% from w and our selection criteria enhance one
pion exchange we should actually expect a number lesser than 15%. The current fit results show

45% value between the two.
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Figure C.1: yp — nrtnTr~: The intensity spectrum of the 27T1~D[Y = p(770)]
(top left), 2t 71t D[Y = p(770)] (top right), 272 D[Y = p(770)] (bottom left)
and 27727 D[Y = p(770)] (bottom right) partial waves.
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Figure C.3: vp — nrtntw: The first column is a mass-dependent fit of the
1717 S[Y = p(770)] intensity, 2t+1-D[Y = p(770)] intensity and their phase differ-
ence.. The second column is a mass-dependent fit of the 1tT17S[Y = p(770)] intensity,
2t T1TD]Y = p(770)] intensity and their phase difference.
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Figure C.5: yp — nntwT7~: The intensity spectrum of the 27717 S[Y = f»(1270)] (top
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27T1TD[Y = f2(1270)] (bottom right) partial waves.
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Figure C.9: vp — natntn~: Phase difference between the 17 t17P[Y = p(770)] wave
and the 2717 D[Y = f5(1270)] wave for negative (left) and positive (right) reflectivity.
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APPENDIX D

SYSTEMATIC EFFECTS FROM THE SELECTION
CRITERIA FOR THE ~p — nn"nt7~ REACTION

We examine the dependence of our fit results by varying the range of the t’ and 6;,5[7"] selection.

Specifically, the values 35°, 55%, 90° where tested for the 0[7 ] cut. For the t’ cut the values

stow)
1.0, 0.5. 0.25 and 1.175 GeV?/c* were tested as well as a fit was done without any t’ selection.
Finally, the nominal fiducial cuts were tested as described in [54]. The GPP program appears to
have better efficiency than the data for some regions of the detector and with the fiducial cuts those

regions are rejected.

D.1 1 " [p(770)7]p

In Figures D.1 and D.2 one can see the intensity spectrum for the exotic 1~ TP wave. By
opening the 6}, cut there is no significant difference for this wave. By opening the t’ cut also there
is no major discrepancy up to 1.0 GeV?/c*. After this value, as it was showed in the event selection
Chapter, a lot of baryon background is leaking in and so it is unlikely this peak to be due to meson

resonance. Also the fit with the nominal fiducial cut so similar results for the minimum fit.

D.2 1T [p(770)7|p

In Figures D.3 and D.4 one can see the intensity spectrum for the 17+ D wave. In all selection
the leakage from the a9(1320) meson is always present. Also as we open the 6, cut the peak at
1.8 GeV is been reduced. As we open the t’ cut we do not see much difference, from the minimum
selections, up to 1.0 GeV2?/c* where significant baryon resonances are leaking in. Also there is no

significant difference for the fiducial-cut-fit, for this wave.

D.3 1"*[o7]p

In Figures D.5 and D.6 one can see the intensity spectrum for the 17" P wave. There is no

difference by opening the )4, cut. Furthermore, as we open the t’ cut up to 1.0 GeV?/c?, there is

163



Minimum Cuts Events: 1-+1-P rho0/pi 0 Events: 1-+1-P rho0/pi 0
Events: 1-+1-P rho0/pi 0 * o + o
aaaaa " | O [ ]<35 | Ous[m1<55" | ., }

00000

Events: 1-+1-P rho0/pi 0
| B[ 7 1<90°

-l U» e sl

H \(HHHH% m !H i | ” u }”l imH}H ooooo ’H i U i i}% 00000 !! ” ”ﬂ*g*
,i” \ *“|| '!'_[“I i } 1 |1HH H } }IH}HHH* | \ }‘1{4 +*+
N& + “Not'Cut |t |<1 000GeV 21 ¢ hno |t'|<0.500GeV2/c}4
%J 000000 W Yy | U H ooooo { ’ {H’

nnnnnn } 30000 20000

E 00000 + +++ ++4++ *++*+’ ,.+’*.+ | |~ H{i ooooo \ { | )M {HH“ H
KN v o M{*“ f+m+ ' ‘,+ mw HH H+I++
S o v ° b5 T
S T ']:}3%46’2292/5' °°°°°° i Gevy ¢ [ fiducial Cu
2 - } - U’ s |
- UTEIN.
S VR A -
a - + W M m*H H 00000 {U i ”“”J}m' HH | H Hl“ “H | ||

M37r
Figure D.1: vp — natatx~: 17717 P intensities for various selection criteria. The

specific selection that is applied is labeled in each plot separately. The minimum represents
the cuts that are in the PWA results Chapter.
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Figure D.2: vp — nrtata~: 17717 P intensities for various selection criteria. The
specific selection is labeled in each plot separately.
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Figure D.3: yp — natnt7~: 1717 D intensities for various selection criteria. The
specific selection that is applied is labeled in each plot separately. The minimum represents
the cuts that are in the PWA results Chapter.
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Figure D.4: yp — natnt7n~: 1TT1TD intensities for various selection criteria. The
specific selection that is applied is labeled in each plot separately. The minimum represents
the cuts that are in the PWA results Chapter.
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no significant difference. Above that region baryon background is leaking in and the difference is
significant. Also there is no difference for this wave between the minimum cuts and adding fiducial

cut.

D.4 177 [p(770)7|s

In Figures D.7 and D.8 one can see the intensity spectrum for the 17+S wave. We do not see
much difference between minimum and fiducian-cut fit. On the other hand when we open the ;4
cut the major peak at 1.2 GeV remains the same, but a peak starts to appear at 1.5 GeV as events
from backward angles are coming in. Also no major difference by opening the t’ cut, up to 1.0

GeV?/c* where at that region the 1775 seems to take all the 37 mass spectrum.

D.5  27F[£:(1270)7]p

In Figures D.9 and D.10 one can see the intensity spectrum for the 27D wave. As we open
the 04, cut apart from the peak at 1.65 GeV there is another peak that is coming in at 1.9 GeV.
Also more significant, it can be seen that the intensity of the 277D wave is not as strong as in
the minimum selection. This is consistent in both reflectivities and it might be an indication that
the 37 mass is not as clean as it is in the tight ;4 cut, and events are pushed more likely in the
background. Also, we do see small difference between the fiducial cut fit and the minimum selection.
Specifically, even though both intensity spectrum’s seem to be similar strong, the resonance appears
to be narrower and it is fluctuated more. The fluctuations are more likely because the number of
events is smaller, but we kept the same bin size, 20 MeV. Also the t’ selection seems to give wider

resonance from 0.5 GeV?/c* and above.

D.6 2 T[p(770)7|p

In Figures D.11 and D.12 one can see the intensity spectrum for the 2~ P wave. Between the
fit from the fiducial selection and the minimum selection, we do not see difference in the shapes
that are present in the spectrum, but we it seems that for the former the 2~ P wave appears to
be stronger. Also as we open the 64, cut the leakage from the o (1320) meson seem to be reduced.
The difference in the t’ selection region does not show any significant difference from the minimum

selection.
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Figure D.5: vp — nrtata™
specific selection that is applied is labeled in each plot separately. The minimum represents
the cuts that are in the PWA results Chapter.

169



Minimum Cuts

Events: 1++1+P AMP/pi 0

Events: 1++1+P AMP/pi 0

Figure D.6: vp — nrtnta™:

Events: 1++1+P AMP/pi 0

17+11 P intensities for various selection criteria.

Events: 1++1+P AMB/pi 0 + /] + 0 + o
wor| | Op[®]<35° | | B[ ]<55° | [ B[ ]<90
200000
150000
150000 150000
150000
\ ) 100000 {
|| 100000 } 100000 { 1
100000
f
s | }|||} 50000 hh*H 50000 ++++*H 50000 ++ HH }
oy ‘ P o P £ X
bttt A R h Wit LA TN h "..‘.‘"’"'-0-'.--.-"-'..‘. ’. ."'" e e,
L o O N Y R ) O T TE MY e T o L R R I I S R ® I iz i 16 1e a0
N Events: 1++1+P AMP/pi 0 Events: 1++14P AMP/pi 0 N Events: 1++1+P AMP/pi 0
' T<1.000GeV/c’ | |t'|<0.500GeV"/c'
QO Not'Cut| ,,, ~|t [<1. eVilc ‘ t'|<0. eVl
> 200000 \ H* *
60000 * + 150000
w 150000 * \ ﬁ +
: \ :
E L0000 M Hm 40000 + } 100000 +
=) t iy .
50000 ',,,‘. 20000 t ‘}* 50000 ’0*0 \
N 0.‘.-8‘"‘%.”" i ¢",“m¢ s e
™ . . AL Stees e, ST
S ° o 1.2 1.4 1.6 1.8 2.0 L 12 FW) % ;.s s ° 1% 1.2 1.4 1.6 1.8 2.0
Events: 1++1+P AMP/pi 0 Events: 1++1+P AMP/pi 0
L |t ]<0.250 GeV?/ ¢ [£]<0.175 GeV?] ¢* won =i
Q 200000 \ . e (¢ 200000 ’ . e c fldUClal Cdt
m 150000 150000
150000
S 100000 H 100000 “ 100000
> 50000 ”f’m 50000 i} HM 50000 | ”|Im || | |H
I I I oo L }H H t +H s b
o *teaen? ettt ey tetee, n"‘h,o"' * eattere e o { it t hm.“ BN
10 1.2 1.4 1.6 1.8 2.0 L P S W N W) 10 12 1.4 1.6 1.8 20

The

specific selection that is applied is labeled in each plot separately. The minimum represents
the cuts that are in the PWA results Chapter.
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Figure D.7: yp — natata~: 17717 S intensities for various selection criteria. The specific
selection that is applied is labeled in each plot separately. The minimum represents the
cuts that are in the PWA results Chapter.
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Figure D.8: yp — natnta~: 17717 S intensities for various selection criteria. The specific
selection that is applied is labeled in each plot separately. The minimum represents the
cuts that are in the PWA results Chapter.
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Figure D.9: yp — natnt7~: 27"17D intensities for various selection criteria. The
specific selection that is applied is labeled in each plot separately. The minimum represents
the cuts that are in the PWA results Chapter.

173




Minimum Cuts
Events: 2-+14D £2/pi 0

uuuuu

aaaaa

00000

aaaaa

aaaaa

\H

OH*

00000

00

11111

uuuuu

00000

=l

Event

Not' Cut

00000
00000

00000

o mﬂ***n* +H

bt
1.7 1.8 1.9 2.0

00000

00000

1.4 1.5 1.6 1.7 1.8 1.9 2.0

[€']<1.000 GeV>T ¢t

00000

ooooo

Events: 2-+1+D £2/pi 0 n
[t7]<0.500GeV"T¢"

|H’ |
|H MHHHHM

{T'1<0.250

I

|
| HH

00000

00000

£2/pi 0 2,
GeV'/c

|
“ *Wm i

. i ., U
1.4 1.5 1.6 1.7 1.8 1.9 2.0

00000

00000

|

[€[<0.175 GeV*Td’

Events: 2-+1+4D £2/pi 0

00000

00000

00000

fiducial Cut

Figure D.10: yp — nrtntx

—: 27717 D intensities for various selection criteria. The

specific selection that is applied is labeled in each plot separately. The minimum represents
the cuts that are in the PWA results Chapter.
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Figure D.11: vp — nrtatrw

—: 271T17 P intensities for various selection criteria. The

specific selection that is applied is labeled in each plot separately. The minimum represents
the cuts that are in the PWA results Chapter.
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Figure D.12: vp — nrtatrw

—: 27T1T P intensities for various selection criteria. The

specific selection that is applied is labeled in each plot separately. The minimum represents
the cuts that are in the PWA results Chapter.
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D.7  2*[f,(1270)7]s

In Figures D.13 and D.13 one can see the intensity spectrum for the 27+ wave. For this major
wave in the region there is no significant difference among different selections apart when there is
no t’ cut at all. Even the number of events in intensity spectrum among different selections seems

to be similar.

D.8 2+ [p(770)7]p

In Figures D.15 and D.15 one can see the intensity spectrum for the 27+ D wave. There is no
difference in the fit results between the minimum selection and the fiducial cuts. Also, by opening
the 0,4, cut the major peak stays the same, but the small peaks at 1.5 and 1.9 GeV disappear. By
opening the t’ cut the number of events in the intensity spectrum seems to be dropping and the

27 D resonance is becoming wider.

D.9 Isotropic Background

In Figure D.17 one can see the intensity spectrum for the isotropic wave. We do not see any
difference in the intensity spectrum’s between the minimum selection, fiducial cut, or by opening
the 64, cut. On the other hand, as the we open the t’ selection, we see that the intensity of the
isotropic background to be increased for the high 37 mass region. This is another indication that

with the t’ selection actually cut background events in the high 37 mass region.
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Figure D.13: vp — nataTr~: 27717 S intensities for various selection criteria. The
specific selection that is applied is labeled in each plot separately. The minimum represents
the cuts that are in the PWA results Chapter.
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Figure D.14: vp — natrtr:
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specific selection that is applied is labeled in each plot separately. The minimum represents
the cuts that are in the PWA results Chapter.
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Figure D.15: yp — natntn~: 27717 D intensities for various selection criteria. The

specific selection that is applied is labeled in each plot separately. The minimum represents
the cuts that are in the PWA results Chapter.
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Figure D.16: yp — naTn7~: 27717 D intensities for various selection criteria. The
specific selection that is applied is labeled in each plot separately. The minimum represents
the cuts that are in the PWA results Chapter.
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Minin'gagm Cuts

Figure D.17: vp — nm

sy
(]
IS

7T~ Isotropic background intensities for various selection crite-

ria. The specific selection that is applied is labeled in each plot separately. The minimum
represents the cuts that are in the PWA results Chapter.

182

flatbg 1g° flatbg i flatbg
Sy & S AR SR M A R R A s Sl
S i | E E sind = E ey 1 0] E (XN e I' 9 ¢
E e 1 E o +1_qe0 E 0l T [<O0 ] W o1 U LT | <O0 7
g - 4 = L B[ ]<35% - 1 F . :
E # E wk ] i i H F ; E E & .
g 4 i‘fﬁé ‘ : o0 : : %, E E B L E E ‘i iii‘.’" E
: ; w - E E eilu":“ = g ; ., 3 g ; .M-.. g
E ,{ - U 200 {# L = E ; oo e = # e
Ao ] g g RN E
R TR e ERe 1
12 14 16 18 1 12 14 16 18 12 14 16 18
cb flatbg i flatbg it flatbg N
10° e T T T T T T T T T ™ FT T T N Pl T T T Z
L L L LI I R E E 2, Fa t <0.500 Ge‘/‘:
—_— E wwNot'Cut~ | ,"":..|t' <1.000 GeV “k¢ |.."':| P ]
> ; L E E ) "m.. n F = we 3
E 7 = = . £ & = ‘ k) =
m § .na o......'!-.... § = - .. = | n 0". B
£ M = E ¢ bt = F . =
2R o1 R S g S
& e, E E & = E # d'... B
() g . 3 F o 3 A L
N % ‘“12“‘14”‘1‘6”‘1‘8”‘ é E ““2“‘”"‘1‘5‘“1‘8“‘ E E H‘12”‘14”‘1‘6”‘1‘8”‘ -
|- ¢ flatbg i flatbg i flatbg
m (9 L R A e = ‘ i - L e |
F ~ 274 dxs27 .4 gy B
S : #t]<0.250 GeV>LE o |t7]<0.175 GeV3/ ¢ ., fiducial Cut
= o A E f s 3 3 : E
= = E L ) E E =
79 B N E R E g L E
'HC F & o 0 E = ; '-...-m = E # 5 =
= : e = E 3 ¢ ‘.“‘-, E E t ."l“. =
m E E 2 Cotee, E 5% = = I{ o, B
L %i % 4 = i‘i o = fﬂ pd e
> SN T P P P P O S N N N N IR S0 1 O AP IO W =
II I 12 14 16 18 12 T4 6 8 1 14 18 18
Ms,
+



APPENDIX E

SYSTEMATIC EFFECTS DUE TO BIN SIZE FOR
THE vp —» 77 7n"AT™" REACTION

In order to test the systematic dependence of the results, two fits have been performed with different
bin sizes. All the fits that have been presented so far for the yp — 7~ 7~ 7T AT reaction are with
25 MeV bin size. The results below are with 10 MeV and 50 MeV bin size. There might be some
small discrepancies for the 2= P wave. As a whole the results are stable for the different mass bin

sizes, within the statistical fluctuations.
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Figure E.1: vyp — 77~ 7T AT*: 50 MeV mass bin size was used for the top plots and
10 MeV mass bin size for the bottom plots. The first two plots show the intensity of the
27T D waves and the last two plots show the intensity of the 1775 waves.
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Figure E.2: yp — 77~ 7" AT": 50 MeV mass bin size was used for the top plots and
10 MeV mass bin size for the bottom plots. The first two plots show the intensity of the
17D waves and the last two plots show the intensity of the 27+ P waves.
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Figure E.3: vp — 77w TAT+: 50 MeV mass bin size was used for the top plots and
10 MeV mass bin size for the bottom plots. The first two plots show the intensity of the
271S waves and the last two plots show the intensity of the 27D waves.
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APPENDIX F

SYSTEMATIC EFFECTS FROM THE SELECTION
CRITERIA FOR THE vp —» 7 n ntA™" REACTION

The study of the dependence of the fit results is shown in this Appendix. Specifically, various fits
were performed with t’ threshold to be 0.1, 0.2, 0.4 and 1.0 GeV?/c*. Additionally, the values 0.25,
0.45, 0.65 and 1.0 GeV/c for the difference in momentum between the 7 selection were tested.
Fits were also performed with no t’ selection and no difference in momentum cut. Nominal fiducial
cuts were also tested. Finally, a fit was performed with the invariant mass of the pTrJTa « bigger than
1.6 GeV. As it was discussed in the events selection Chapter, with this cut the W;Gowﬂ;ast peak that

is formed around the p mass is removed and the statistics are reduced by half.

F.1 27 [f(1270)7]s

The intensity of 2=+ wave is shown in figures F.1 and F.2. The 215 wave, in general, appears
to be stable. The intensity of the shoulder at 1.4 GeV seems to change, but the peak at 1.7 GeV
can be seen in all selection apart from the no t’ selection. The latter selection will have a major
leakage from baryon background and we will not consider it’s results as trustworthy. As the cuts
become tighter, as expected, the statistical fluctuations become stronger. Finally, the results seem

to be similar for both reflectivities.

F.2 27" [p(770)7]|p

The intensity of 2~ 7.5 wave is shown in figures F.3 and F.4. The 271 P wave is not as stable as
the 2775 wave. By tightening the selections, this partial wave seems to disappear. Also the ratio
between the 271 P wave and the leakage from the as(1320) meson does not have strong dependence

on the selection criteria.
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Figure F.1: yp — 7 7~ 7T ATT: 27717S intensities for various selection criteria. The
specific selection that is applied is labeled in each plot separately. The fit-results with
[t'| < 0.4 GeV?/c* represents the cuts that were used in the PWA results Chapter
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Figure F.2: yp — 7 7~ 7T ATT: 277175 intensities for various selection criteria. The
specific selection that is applied is labeled in each plot separately. The fit-results with
[t'| < 0.4 GeV?/c* represents the cuts that were used in the PWA results Chapter
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Figure F.3: vp — 7~ n 7 TA*Tt: 27717 P intensities for various selection criteria. The

specific selection that is applied is labeled in each plot separately.

The fit-results with

[t'| < 0.4 GeV?/c* represents the cuts that were used in the PWA results Chapter
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Figure F.4: vp — n~m 7" ATT: 27F1T P intensities for various selection criteria. The
specific selection that is applied is labeled in each plot separately. The fit-results with
[t'| < 0.4 GeV?/c* represents the cuts that were used in the PWA results Chapter
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F.3 2 *[f(1270)7]p

The intensity of 275 wave is shown in figures F.5 and F.6. The peak at 1.7 GeV for the 277D
wave is present among all different selections. Similar with the 2715 wave, what seems to change

with different selections is the intensity of the shoulder around 1.4 GeV.

F.4 27 [p(770)7]p

The intensity of 2775 wave is shown in figures F.7 and F.8. The 27T D wave appears to be
stable for the low 37 mass region and small differences from the main fit arise in the high region.

Also the width of the resonance seems to have some small dependence from the selection criteria.

F.5 1+ [p(770)7]s

The intensity of 2=+S wave is shown in figures F.9 and F.10. The 175 wave seems to be
stable for the low 37 mass region. For the height 37 mass region, it is interesting that as the cuts

are tighten a peak starts appear at 1.7 GeV, as we were seeing for the 17D wave.

F.6 17" [p(770)7]p

The intensity of 2775 wave is shown in figures F.11 and F.12. Since the 17" D is a small wave,
the statistical fluctuations seem to be significant as the selections are tighter. The general features

of this partial wave seems to be stable as a whole.

F.7 Isotropic Background

The intensity of the isotropic wave is being shown in figure F.13. The isotropic background
is peaking around 1.3 GeV. It seems that the tighter the cuts are the narrower this structure is.
When the t’ selection is being relaxed, the intensity for the high mass region seems to be rising,
which is an indication that the rejected events from the t’ are most likely associated with the high

mass region.
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Figure F.5: vp — 77w tATT: 27717 D intensities for various selection criteria. The

specific selection that is applied is labeled in each plot separately.

The fit-results with

[t'| < 0.4 GeV?/c* represents the cuts that were used in the PWA results Chapter
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APPENDIX G

REFERENCE FRAMES

The calculation of the decay amplitudes is done via the isobar model, i.e. a sequential decay of the
meson resonance X into three pions. There are two decays, one of X into the isobar Y and a single
pion (bachelor 7) and then the decay of Y into 777w~. A schematic picture for the two reaction
channels is shown in Figure G.1.

The decay amplitudes are primarly depending on the polar and azimuthial angles in the meson
X rest frame and in the isobar rest frame. The former will be described as Q = (6, ¢) and the
latter as Qp = (0n,¢p). The coordinate system in the meson rest frame is chosen to be that of
Gottfried-Jackson (GJ) frame, i.e. the z-axis is along the beam direction and the y-axis is normal
to the production plane. The latter is defined as § = beam x target. Then @ is defined as the angle
between the py and the beamn and ¢ is defined as the angle between the py and the # in the GJ
frame.

The 0, and ¢, are defined using the helicity convention. The z-axis in the isobar frame is
defined as the py in the GJ rest frame. After the boost into the Y rest frame, the y-axis in the
isobar frame is defined as Z x Zj,, where Z is in the GJ frame. Then 6, and ¢} are defined as in any
spherical cooridinate system, with the 77 to be the analyzer for the vp — nm ™77~ reaction and
7~ is the analyzer for the vp — 7~ 7~ 7T ATT reaction. A sketch of the reference frames is shown

is Figure G.2.
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T e— e
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p target [ n] b target

Figure G.1: The two diagrams show a diffractive reaction in the isobar model. The left
shows a yp — nr 7T r~ reaction and the right plot shows a yp — 7~ 7~ 7T ATT reaction.

"Pmd_uction Plane

Pion

Figure G.2: The Gottfried-Jackson and helicity frames used to describe the sequential
decay of the 3m meson resonance. The recoil particle lies in the XZ of the production plane
and it is a neutron for the yp — nrt7 7~ reaction and a AT for the yp — 7~ 7 TATT
reaction.
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