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Abstract

This thesis presents measurements of the photon asymmetry polarisation ob-
servable for the vd — K*A and vd — K*X° reactions from the bound proton
in deuterium. The data were collected in the summer of 2007 at the Thomas Jef-
ferson National Accelerator Facility in Newport-News, Virginia, using a linearly
polarised photon beam in the energy range 1.3 to 2.3 GeV.

The aim of the experiment was to investigate the validity of the quasifree
approximation of a bound nucleon in deuterium. This analysis focusses on the
proton and by directly comparing results from this analysis to those from previous
similar analyses on the free proton, this issue is addressed. Ultimately, this will
allow reliable results to be extracted from analyses of channels on the bound
neutron in deuterium.

The photon asymmetry is found to be positive for the entire kinematic range
for both channels with indications of some structure above centre-of-mass energies
of 1.8 GeV. The KA results are compared to measurements from the free pro-
ton produced with similar kinematics. Also included in the comparison are model
predictions from the Kaon-MAID isobaric model which includes the established
511 (1650), ** P11(1710) and *** Py3(1720) resonances and uses various Born
terms to describe the background. Comparison to the free proton results gave
good agreement with the majority of the quasifree measurements being compara-
ble to those from the free proton. There was however seen to be some indication
of a systematic overestimation of the results in one kinematic region. The model
gives reasonable agreement with the data, with some evidence for a role to be
played by the missing D;3(1900) resonance. For the KX° results, the same com-
parison was made with free proton results and the Kaon-MAID model, this time
with the inclusion of the **S3,(1900) and ****P3;(1910) resonances. No missing
states were considered in this calculation and the agreement with the results was
not as good as that of the KA channel. Comparison to measurements from the
free proton produced similarly good results as were found with the KA results
but this time with no obvious indication of any systematic discrepancy.

Overall, the agreement between the quasifree and the free predictions was
found to be quite good and will lend weight to future analyses from the bound
neutron in deuterium by allowing a quasifree approximation to be assumed prima

facie.
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1 Chapter 1. Introduction

Chapter 1
Introduction

The purpose of the analysis described here was to perform a beam asymmetry
measurement for vd — K*A and yd — K*X° on the proton bound in a
deuterium nucleus. By then comparing the results to similar measurements on
the free proton, a conclusion can be reached as to whether measurements made
on the bound neutron can be assumed to be comparable to the free case. With
this comparison, it is possible to test the quasifree approximation of a bound
nucleon in deuterium. This analysis was undertaken as part of a broader pro-
gram of experiments and associated analyses investigating the nucleon excitation
spectrum.

The photoabsorption spectrum of the nucleon consists of many resonances
which are broad and overlapping. This is clearly seen in figure 1.1, which shows
the total photoproduction cross-section on the proton in £, = 0.2 ~ 2.0GeV.
Also shown are the cross-sections for the most significant contributing reaction
channels. Several resonances are clearly visible (e.g. A(1232)), and quark models
such as those of Capstick and Roberts, Faiman and Hendry, and Forsyth and
Cutkosky [2—4] have been very successful in predicting their energies and quantum
numbers. Such models, however, also predict several resonances which have not
yet been observed; the so-called missing resonances. The goal of the N* program
at Jefferson Lab is to make a systematic search for missing resonances, and to
determine whether they are unobserved due to experimental considerations, or
erroneously predicted by theoreticians.

The recent availability of highly polarised beams and targets at Jefferson Lab-
oratory, combined with the ~ 47 CLAS (CEBAF Large Acceptance Spectrome-
ter) detector offers the opportunity to search for missing resonances by measuring
polarisation observables for reactions which have low cross-sections and result in

multi-particle final states. In particular, for strange channels, there is the pos-
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sibility to measure the polarisation of the recoiling hyperon and hence a range
of single and double polarisation observables. With the combination of polarised
beam and target, and recoil polarisation the ultimate aim of experiments is to
make the first complete measurement in pseudo-scalar meson photoproduction,
leading to a model independent extraction of the production amplitudes. This
should offer a unique opportunity for theorists to determine the contribution of
nucleon resonances in K'Y photonproduction.

Several single and double polarisation observables have already been measured
with CLAS for KA and KX° reactions on the proton with circularly and linearly
polarised beams [5-7|. The first data using a longitudinally polarised, frozen-spin
target was taken in 2007/08, and the second phase, with the target transversely
polarised is scheduled for March 2010. These will produce the first complete
measurement for KA and KX° on the proton. The next challenge is to measure
similar reactions on the neutron. This was the aim of the gl3 experiment!,
where liquid deuterium was used as the best available approximation to a free
neutron target. It is essential in this experiment to determine if the quasi-free
approximation is valid, and the method employed here is to measure the photon
asymmetry, 3, for the KA and KX° production on the bound proton from the
deuteron and compare with the free proton results measured from the g8 data |7].

These measurements are presented in this thesis.

1.0.1 Symmetric Quark Models

In QCD symmetric quark models offer the possibility to classify hadrons in terms
of their valence quarks. The quantum numbers associated with these quarks

identify the hadrons in terms of quark flavour, J©¢

, with J being the angular
momentum, P the intrinsic parity and C the charge conjugation. By introducing
the concept of strangeness, Gell-Mann 8] and others allowed the baryon spectrum
to be unfolded in the symmetry of the SU(3) quark model. Once quark spin
and orbital angular momentum excitations were introduced, a rich spectrum of
nucleon resonances based on SU(6) ® O(3) symmetric quark models were then
allowed.

Faiman and Hendry [3| carried out the first attempts at unfolding the baryon
spectrum from a quark model by developing a quark shell model based on harmonic-

oscillator forces. The model evolved from the basic concepts of a particle moving

!Experiment nomenclature at JLab assigns experiments involving real photons the letter “g”

and the number represents the order in which the experiment was approved, but not in which
it actually ran. Therefore, g13 was the 13" approved real photon experiment at JLab.
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Figure 1.1: Photoproduction cross-section on the proton for the energy range
E, = 0.2~ 2.0GeV. The total cross-section exhibits four resonance regions. The
lowest region is associated with the A(1232) excitation. Both KTA and K*X°
channel cross-sections are shown also, highlighting the fact that they are almost
two orders of magnitude lower than that of single pion production.
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within a three dimensional harmonic-oscillator potential. It was then possible,
with this model, to predict a baryon spectrum that agreed with the known con-
temporary data. Forsyth and Cutkosky [4] then developed a QCD improved
quark shell model to fit the masses and elastic widths of the S = 0 baryons. This
model was based on a decay operator with the form S - (g1 P, + g2P-,), with P,
and P_, being the quark and antiquark momenta respectively and S is their com-
bined spin. This model also included various baryon resonances, many of which
were found to be in agreement with the data of the time. More work by Koniuk
and Isgur |9] created a model based on elementary-meson emission and it allowed
for predictions of non-strange baryon decays up to the N = 2 band in both KTA
and K+¥° photoproduction. For a reaction in this model, a meson is treated
as a pointlike particle which couples directly to the quarks in the initial baryon.
Models like these, and variants of them, are capable of predicting a large spec-
trum of non-strange baryon states that should couple strongly to strange decay
channels. By comparing what states are then found experimentally and how well
their extracted properties, such as widths, agree with model calculations, will be

be a test of how accurately the models describe the data.

1.0.2 Missing Resonances

The main conflict for the field of baryon spectroscopy is that SU(6) @ O(3)
symmetric quark models predict far more resonances than have been observed in
experiment. Table 1.2 shows the PDG [1] star rating for measured and missing
baryon resonances using the QCD improved model of Cutkosky [4], the more
stars associated with a resonance the greater the certainty of its existence. Only
those resonances considered to be established (overall three or four stars) appear
in the PDG’s overall Baryon Summary Table, and a resonance is only considered
to be established if it has been seen in at least two independent analyses of elastic
scattering. A large number of the predicted states in table 1.2 have either one
or zero star ratings implying little or no experimental evidence of their existence.
There are currently two competing hypotheses as to why these resonances have
not yet been determined experimentally. The first possibility is that the quark
models to date have some inherent flaw and require some update or modification.
Diquark models [10| are founded on the assumption that two of the quarks are
bound in a tightly coupled state within the nucleon. This situation is thought to
happen if the colours and spins of the two quarks are anti-symmetric, resulting
in an attractive force between the pair. If two quarks combine in this fashion, it

results in a low energy configuration that decreases the number of internal degrees
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of freedom of the nucleon. This produces a lower level density of possible baryon
resonances and a large number of the missing states can therefore be removed
from the model predictions. The concept of the diquark model is illustrated in
figure 1.2.

The second possibility arises because the contemporary measurements may
not have been particularly sensitive to the missing states. This is because the
majority of the existing data comes from pion production experiments involving
N final states. Recent quark model calculations by Capstick and Roberts [2]
predict that some of these missing resonances may couple strongly to strange
baryon final states from photoproduction experiments. Their model describes
the baryon decays in a relativised scheme. The calculation accounts for the
finite size of the final meson as well as including the excited strange baryons
A(1405), A(1520) and >(1385) and K* excited meson states. The model predicts
a series of negative and positive parity states up to the N = 3 band. The model
predictions for the KA and the K*X° channels are shown in figure 1.3. The
signs and magnitudes for the predicted amplitudes for both channels were found to
agree well with experimentally established states. Capstick and Roberts predicted
that for the KA channel there should be several negative parity states in the
N = 3 band and that they should be evident in experiment. Specifically, they
predict that the two star N(2080)D;3 state should be clearly seen with a precise
measurement of yP — K*A. They also predict the existence of the poorly
established N(2090)S;;. Regarding the KTX° reaction, Capstick and Roberts’
calculations suggest a large contribution comes from the A(1910)Ps;, for which
the PDG only currently gives an upper limit [1]. Despite the amplitudes for the
K*+3° channel being much less certain than those for the KA the existence of
some N = 2 missing states can also be predicted.

By using a linearly polarised photon beam one can access the single polari-
sation observables of the photon asymmetry, >, the hyperon recoil polarisation,
P, the target asymmetry, 7" and the double polarisation observables O, and O,.
Similarly, by using a circularly polarised photon beam we have access to the dou-
ble, circular polarisation observables C, and C,. Measurements such as these
are expected to be extremely sensitive to the predicted D;3(1960) missing res-
onance |11, and when combined with previous measurements should provide a
comprehensive analysis. Future analyses also intend to make use of a polarised
target [12|. Together, all the work mentioned in the above paragraph should help
to build a model-independent understanding of the baryon resonance spectrum

and aid in the determination of resonant states, whether so-called 'missing’ or
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Symmetric quark model

L

' o I L,

Diquark model 2 ' _
i .

Figure 1.2: Representation of two different types of quark model. Top shows the
constituent quark model and below is the diquark model.

[ ™
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1.1 The A and X" Hyperons

Both the A and the X particles are part of a larger family of particles known as
the hyperons, denoted by Y. Hyperons themselves are fermions, in that they all
have half-integer spins and obey Fermi-Dirac statistics. They are composed of
three light quarks, at least one of which is a strange quark, which makes them
strange baryons. Both contain the same uds valence quark content, but in the
A the ud quarks are in a spin singlet state, whilst in the X° they are in a spin
triplet state. Each one has spin % and is from the same baryon octet as the
proton and neutron. The mass of the A is 1115.68 MeV/c? and its mean lifetime
is 2.6 x 1071% 5, whereas the X° has a mass of 1192.64 MeV /¢? and a mean lifetime
of 7.47 x 1072° 5. One other major difference between these two hyperons is that
the A has isospin 0 and the ¥ has isospin 1. When considering the field of baryon
spectroscopy, this is a vital concept as it implies that final states involving K>°
may include the excitation of both N* and A states whereas those involving KA
final states can only include intermediate %N * states. An important property
of KA photoproduction, this isospin selectivity makes the reaction simpler to
describe with no A states contributing to it. A table listing the main properties
of the A and X° hyperons is given in table 1.3.

Given the short lifetimes of both hyperons, one apparent consequence is that
they will not travel far enough to be detected by the CLAS spectrometer. Given
this fact, the particles must be reconstructed from their respective decay products.
For the A, 63.9% of the time it decays through the mode

A — pr~ (1.1)
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N* [ Status | SU(6) ® O(3) | Parity [  A* | Status | SU(6) ® O(3) |
Py, (938) | *¥FF (56, 07) + | Pag (1232) [ FeE (56, 07)
S11 (1535) | *k* (70, 1) -

Si1 (1650) | *FF* (70, 1) - Ss1 (1620) | F*FF (70, 1)
D3 (1520) | **F* (70, 1) - D33 (1700) | *FF* (70, 1)
D3 (1700) | *¥* (70, 1) -
D5 (1675) | **F* (70, 1) -
Py, (1520) | *FF* (56, 07) +
Py, (1710) | *** (70, 07) + | Pyy (1875) | F*F (56, 27)
Py (1880) (70, 2%) + | P31 (1835) (70, 01)
Py (1975) (20, 17) +
Pys (1720) | *F%* (56, 27) +
Py3 (1870) * (70, 07) + | Psg (1600) | *F* (56, 07)
Py3 (1910) (70, 27) + | Psg (1920) | *F* (56, 27)
Py3 (1950) (70, 27) + | Pss (1985) (70, 27)
P13 (2030) (20, 17) +
Fi5 (1680) | *¥FF (56, 27) + | Fss (1905) | *F*f (56, 27)
F5 (2000) | ** (70, 27) + | Fs5 (2000) | ** (70, 27)
F15 (1995) (70, 27) +
Fi7 (1990) | ** (70, 27) + | Far (1950) | ®F%F (56, 27)

Table 1.2: PDG star ratings for measured and missing baryon resonances [1].




8 Chapter 1. Introduction

N to Ny, N, and AK model amplitudes

2200 S === seen in Ni
B Bee|F
weak or missing
2100 [ | | e |
= = = Ny amplitudes
E— e ——
2000 2 - 0 0510
- =1 B — Mev 1/2
1900 F e —] N amplitudes
c 0 5 10
1/2
MeV
1800 [ BE=—
B . AK amplitudes
- e
1700k 0 5 10
Mev 1/2
____________________________________ AKjthreshold | | [ | ESSmmm|
1600 -
e =]
1500 =
i ==
1400 + - - - - - - -
N1/2 N3/2 N5/2 N7/2 N1/2 N3/2 N5/2 N7/2
N baryon model states
N to Ny, N, and XK model amplitudes
2200 — N
o o —] seen in N7
L b [ — I
weak or missing
2100 e — I
== e = Ny amplitudes
B — ——
2000 s 0 0510
_b ] Ll —— ey 172
1900 F E—— N7 amplitudes
| — [ ———
i = 0 5 10
1/2
MeV
1800 [ =]
B . ZK amplitudes
- e
0 5 10
- ZK|threshold
700 R threshold | ... Mey 172
I [
1600 -
e ==
1500 =
| ===
1400 + - - - - - - -
N1/2 N3/2 N5/2 N7/2 N1/2 N3/2 N5/2 N7/2

N baryon model states

Figure 1.3: Mass predictions for N, Nm and AK (top) and XK (bottom) states
from Capstick and Roberts’ [2]| relativised quark model. Heavy bars indicate
well established states from partial wave analyses and light bars indicate poorly
established or missing states. Y-axis scale is in MeV.
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| A [ X ]
Rest Mass (GeV) 1.116 1.192
Quark Content uds uds
[sospin 0 1
Spi 1 1
in — —
P 2 2
Parity + +
Mean Lifetime (s) | 2.6 x 107" | 7.4 x 1072

Table 1.3: Main properties of the A and X% hyperons from the PDG [1].

the hyperon’s polarisation. This unique property comes from the interference of
the parity violating S and the parity conserving P wave amplitudes. For the A a
polarisation component, Py;, can be defined, where i € {z,y, z} is a given axis in
space. The angular intensity distribution of the proton, I(cosf%) as a function

of the proton polar angle in the hyperon rest frame, 6} is given by the following:

I(cos ) = %(1 + Py cos 67, (1.4)

where « is the self-analysing power of the hyperon (the weak decay asymmetry
parameter) which has been measured to be 0.642 [1]. As a result of this relation,
the A polarisation can be extracted from the proton angular distribution without

having to use a polarimeter device.

1.2 Summary

At the energies of the boundary between nuclear and particle physics, QCD be-
comes non-perturbative and continues to present a major obstacle to any fur-
ther understanding of nucleon structure and interaction using this method. The
field of baryon spectroscopy however, presents us with an ideal way to investi-
gate the underlying physics and internal mechanics of a nucleon via its excited
states. So far, the majority of the theoretical work done for the baryon resonance
spectrum has come from quark model calculations, since chiral perturbation the-
ory is not amenable to N* physics, and lattice QCD is still developing. The
biggest issue comes from the fact that quark models predict more resonances
than have so far been observed experimentally. Most of our current understand-
ing of the baryon resonance spectrum has come from pion/nucleon interactions
such as TN — 7N, yN — wN [13], however, there are quark model calculations
that predict some of these missing resonances could couple strongly to KA and
K0 final states [2].At centre-of-mass (CM) energies below about 1.7 GeV, the
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single pion production channel dominates both pion and photoabsorption cross-
sections. As the CM energy increases towards 2.0 GeV, two and three pion decay
channels start to dominate and it is within this range that the partial widths and
masses are not well determined.

This analysis used a linearly polarised photon beam to measure the beam
asymmetry, >, polarisation observable in strangeness photoproduction. One of
several polarisation observables which are expected to be very sensitive to reso-
nance contributions. The results were then compared to similar measurements
from the free proton in order to test the validity of the quasifree approximation
of the bound nucleon in deuterium.

The results of this analysis which compares data on the free and quasifree pro-
ton provides a rigorous basis for further analyses involving strangeness production
on the quasifree neutron. Results which show a clear relationship between the
quasifree and elementary proton data will validate analyses on the yn — KY
channels, where elementary reactions are not possible. Such an analysis on the

g13 dataset is already underway, but is not the focus of this thesis.
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Chapter 2
Background

This chapter outlines the motivation for the extraction and analysis of the beam
asymmetry (3) polarisation observable from the KTA and KT%° photoproduc-
tion channels. Some of the phenomenological models used in the non-perturbative
energy region of QCD are investigated and a selection of tree-level isobar, coupled-
channel and Regge models are looked at, with their relative achievements and
constraints in describing the baryon resonance spectrum being highlighted. Par-
ticular focus is given to the different theoretical schemes used, alongside different
predictions for the various polarisation observables. Naturally, most attention is
given to the beam asymmetry and the final results compared to model calcula-
tions. The resonance states predicted to strongly couple to the KA and the
K*Y° channels by these models are then highlighted.

The present world database for polarisation observables in KA and K30 is
also studied. Data from this is then compared to model predictions to provide an
overview of contemporary theoretical understanding of hyperon photoproduction.
Ultimately, the aim of this analysis is to compare its results of beam asymmetry
measurements in kaon photoproduction from a quasifree proton in deuterium to
those of a free proton. When considering the mechanics of production from a
quasifree proton then rescattering effects in the final state interaction must be
taken into account. The dominant processes in kaon photoproduction of kaons
from the deuteron are shown in figure 2.1. Full expressions for the corresponding
amplitudes are given in reference [14|. As an example here we consider only the
~vd — K1 A(n) reaction, this being one of the relevant channels in this analysis.
Graph I in figure 2.1 represents the quasifree production of the K on the proton,
with the neutron being a spectator in this reaction. This process dominates at low
values of spectator neutron momentum p,. The spectator neutron momentum

distribution within the deuteron which is parameterised according to the Ar-
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gonne potential [15] can be seen in figure 2.2. Kaon-nucleon and lambda-nucleon
(graphs II and III, respectively) rescatterings become dominant above p,, ~ 300
MeV /c. The physical interpretation is as follows: The A, or the K, is produced
on a nucleon at rest and rescatters on the second nucleon, also at rest in the
deuteron, which then recoils with the observed momentum p,. Here, the rescat-
tering amplitude is well defined and relies on the low-momentum components of
the deuteron wave function. This is an ideal place to study the interactions with
nucleons with short-lived particles (such as the various hyperons) or to look for
narrow resonant states (e.g., in the Kn channel). Graph IV represents the case
where the kaon is produced by the rescattering of an intermediate pion, though
this process was not included in any models used in the experimental proposal for
this analysis. Experimentally, however, it can be studied using the same approach
as graphs II and III.

When the results of this analysis are finally compared to those measured
previously on the free proton, it is not expected that there will be much disparity
observed between the two sets of results. This is a theory borne out by work
done on models by groups such as those described in reference [16], an idea that

is expanded on in detail in section 2.4.4.

2.1 Baryon Spectroscopy

Meson photoproduction is an important topic in the field of baryon spectroscopy
as it allows the determination of the parameters of known resonances alongside
helping the discovery of new baryon states, should they exist. Currently, hadronic
physics has been forced to rely upon phenomenological quark models in order
to make predictions about the baryon spectrum, due to the under development
of lattice QCD and the non-perturbative nature of QCD at low momenta and
energies. These phenomenological models, while they may differ in structure,
all basically utilise the same technique of simplifying the complex quark-gluon
soup of QCD into a system of constituent quarks interacting in some inter-quark
potential. Various excited states of the nucleon can be predicted by these quark
models when the rules of the standard model are applied. By restricting ourselves
to combinations of the three lightest quarks one can use the standard model to
make predictions about the ground state spectrum for baryons and mesons. It is
then possible to excite these ground states into various higher energy resonance
states. These resonance states are represented by the Lsjo; notation where L is

the orbital angular momentum in spectroscopic notation, I is the isospin and J
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(1) (1V)

Figure 2.1: The relevant graphs in the yd — KA(n) reaction. I: Quasifree kaon
photoproduction; II: Kaon-nucleon rescattering; I1I: Lambda-nucleon rescattering
and IV: Intermediate state reactions. Figure from reference [17].

is the total angular momentum of the resonance.

2.2 Polarisation Observables in Hyperon Photo-

production

2.2.1 Formalism

The g13 experiment is part of the N* program at JLab. It is an ongoing program
of study to gain a clearer understanding of the structure of the nucleon, along
with quark and hadronic interactions at low energy and momenta, the range of
non-perturbative QCD. The focus of the N* program is to develop an improved
understanding nucleon structure and interactions in the low energy and momenta
range of QCD by studying its excited states. The spectrum of excited states of a
system of bound particles opens a window to the underlying interaction. Likewise,
in nuclear spectroscopy, where the excited state spectrum indicates the quantum
many-body configurations of nucleons and mesons interacting via the strong force,

s0 too in baryon spectroscopy we are able to gather information on the interactions
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Figure 2.2: The Argonne potential describes the nucleon momentum distribution
within the deuterium nucleus. This plot shows the momentum distribution that
arises from the Argonne potential.

of quarks and gluons in excited states by studying these so-called resonances.
Historically, polarisation observables have been demonstrated to be an ideal probe
when investigating hadronic processes. When considering reactions that involve
the photoproduction of pseudoscalar mesons these observables are of particular
interest, as suitable combinations of observables allow for model independent
analyses. Once an appropriate expression for the scattering amplitudes of kaon
photoproduction has been found, one that is sensitive to the contributions of
each state and channel [18], they are then expressed as a combination of four
amplitudes [19]. These are then written as functions of energy and scattering
angle [20], though to assist in the study of polarisation observables it is usually
convenient to change to a transversity amplitude representation |20].

Barker and Donnachie [21] used a formalism that allows the transversity am-
plitudes to be expressed in terms of s-channel helicity flips N, S7, S and D. In
this representation N is a no-flip amplitude, S7 and S, are single-flip amplitudes

and D is a double flip amplitude. The amplitudes are now written:

[(51 +5)+i(N—=D)], b [(51 + S3) —i(N — D)],
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by — %[(51 —Sy) —i(N + D)], bs = %[(51 _S)+iN+ D). (21)

These four complex amplitudes can completely describe the photoproduction
process. By taking bilinear combinations of them one can define 16 polarisation
observables [21]. The 16 polarisation observables can be divided into two groups:
single and double polarisation observables. Unlike electroproduction, there are
no triple polarisation observables, involving beam, target and recoil polarisation,
to worry about in kaon photoproduction. It should be pointed out that the X
hyperon (strange baryon) and the ¥ polarisation observable are two unique and
unrelated entities and care should be taken not to confuse them when discussing
the process of strange decays in Kaon photoproduction and the manipulation
of polarisation observables. The cross-section and beam asymmetry polarisation
observables are shown in table 2.1 alongside their associated transversity ampli-

tudes.

‘ Symbol ‘ Transversity representation ‘

do

7 |b1]% + [b2|” + |bs]* + [ba]®
do 2 2 2 2

- _ _
R T

Table 2.1: The differential cross-section and beam asymmetry polarisation ob-
servables alongside their associated transversity representations.

Polarisation observables are sensitive to the predictions by the various models
and by measuring them we can place constraints on the models and test their
validity. Starting from a simple model that includes all the known resonances
one can then add further resonances to the model and compare how well their
addition brings the model to describing the data. This analysis aims to measure
the beam asymmetry single polarisation observable ». Once the results of this
analysis have been compared to those of the free proton an assessment can then
be made of the validity of the quasifree approximation of the bound nucleon in
deuterium and thus whether analyses on the quasifree neutron can be reliably

compared to the “free” neutron.

2.2.2 Extraction of Observables

The differential cross-section is related to the beam asymmetry via the following

relation:
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do
— = 0o{1l — PynXcos 20}, (2.2)
ds2

where, 3—;’2 is the differential cross-section, o is the unpolarised cross-section, P,

is the degree of linear polarisation of the photon beam and ¢ is the azimuthal
angle of the detected meson in the centre-of-mass frame.

In order to measure the asymmetry without measuring both cross-sections,
it is possible to reconstruct the unpolarised input by using different polarisation
vectors. Two polarisation planes with an angular difference of 90° provides a
phase difference of 180° in the cos2¢ distribution, thus a cross-section can be
defined for both planes:

o1 = 0o{l — Py X cos2¢}, (2.3)

o9 = 00{1 + P X cos 2¢}, (2.4)

where o; and o9 are the cross-sections at the two different plane settings.

Equivalence of these equations allows the rearrangement for >::

()~ oald) _ g
o1(8) Foalg) L InH OS2 (25)

2.3 Theoretical Models

2.3.1 Isobar Models

Isobar frameworks at the order of the tree-level have been developed by numerous
groups in order to try and unfold the nucleon resonance excitation spectrum |22
24]. Pioneered by Thom [25], the aim of these models is to describe the hadronic
reaction by evaluating various tree-level Feynman diagrams for both resonant
and non-resonant exchange of mesons and baryons. Here, every reaction particle
can be considered as an effective field with properties such as photocoupling
amplitudes, mass and strong decay widths. While a tree-level approach may not
account for channel coupling effects and final state interactions, it does reduce the
complexity of the interaction and give a reliable first order understanding of the
resonance parameters. In a typical tree-level approach, the Feynman diagrams
contributing to the yp — KA reaction are shown in figure 2.3, diagrams (a)
to (g). Diagrams (a) to (d) represent the Born terms while (e) to (g) represent

resonant contributions in the t, u and s-channels respectively. Diagram (h) is only
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used when considering the K+X° final state as contribution from the A states
also have to be included.

The prescription of Mart and Bennhold [11| was one of the first isobar models
to show evidence for a potential missing resonance in strangeness photoproduc-
tion. Their model investigated KA photoproduction, as its isospin structure
only allows the excitation of N* states, whereas the K™X° channel also allows
A states to contribute, therefore making it more complicated to describe. They
were guided in their analysis by the coupled-channels approach of Feuster and
Mosel |26] which gave an indication that the three core resonant states S1;(1650),
Py1(1710) and P13(1720) should be predominant in the KA channel. The model
described the background using the standard Born terms along with K*(892)
and K(1270) vector meson poles in the t-channel. Hadronic form factors were
included using the gauge method developed by Habberzettl [27|. Background
and resonance sectors were suppressed by using separate cutoff masses of 800 and
1890 MeV respectively .

The development of this model was an attempt to reproduce the cross-section
results of the SAPHIR collaboration [28], as shown in figure 2.4. The model
appears to describe the overall shape of the data well but does not accurately
reproduce the feature seen at around W=1900 MeV. To be able to incorporate
this structure they used the constituent quark model of Capstick and Roberts
[2] to lead the development of their own model. The prescription of Capstick
and Roberts [2] predicts the existence of various new states around 1900 MeV.
Of these, the D13(1960), was predicted to have a significant decay width into,
and photocoupling to, the KTA channel. This missing resonance state was then
included in the model calculations and the results agreed well with the cross-
section measurements, shown in figure 2.4. When this result is considered in
concert with the good agreement between the extracted partial widths for the
core resonances with the quark model predictions, it lends some credence to the
belief that the structure in the SAPHIR cross section data does correspond to the
D15(1960). Their calculations also predict large differences between models that
include and exclude the D;5(1960) resonance for the photon asymmetries as shown
in figure 2.5. Specifically, Mart and Bennhold conclude that a measurement of the
photon asymmetry would be an ideal way of examining the role of the D;3(1960)
missing resonance in kaon photoproduction.

Further investigation of the SAPHIR data by Saghai et al [29] showed that
the cross-section results could be reproduced equally well while still excluding

a D13(1960) resonance. This model adjusts the background by including two
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hyperonic resonances, Py;(1810) and FPy3(1890), to accurately reproduce the fitted
data. This approach highlights the risk taken in using limited observables when
drawing conclusions about the possible existence or non-existence of predicted

missing resonances in an isobar approach.
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. / ' A
: gt
(a) P J_r' { (b}

A K+ B A ](' E
A o \ r o
(© ¥ @

-{"&.%Lﬂ

-u/
1-\

=
V

(f)
5

s I

Ty P Ty

..rfr, K1 o \
P

r

(g) N*

“ K A K-
K E
(e)
*

A (h)

Figure 2.3: Feynman diagrams for the yp — K 1A reaction, diagrams (a) to (g)
and for the yp — KX reaction diagram (h) is included. Diagrams (a) to (d)
represent the Born terms and (e), (f) and (g) represent the resonant contributions
from the t, u and s-channels respectively. Diagrams from [12].

2.3.2 Coupled-Channel Analyses

One major drawback of tree-level isobar models lies in their inability to account
for multi-step, coupled-channel effects arising from intermediate states along with
final state interactions. It is the currently held belief that the multi-step sequence
YN — 7N — KY should have a large effect in kaon photoproduction because
of the YN — 7w N amplitudes being significantly larger than the direct produc-
tion process. Several groups have constructed models in an attempt to account for
these coupled-channel effects [26,31-33] including approaches based upon SU(3)

chiral dynamics [34| and a K-matrix interpretation [26].
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Figure 2.4: Total cross section from K+ A production on the proton, shown with
calculations from the Mart and Bennhold model [11]. Dashed line indicates cal-
culation without D;3(1960) resonance and the solid line indicates the calculation
with this resonance included. Data from SAPHIR, new (1998) [28] shown by solid
squares and old (1969) [30] by open circles.

Chiang et al |35] developed a coupled-channel model which investigated the
vp — KA channel by fixing the number of leading order tree-diagrams to be
considered using the isobar model developed by Williams, Ji and Contach [24].
The approach they used had the YN — 7N and 7N — KY amplitudes
defined using the results from the VPI partial wave analysis [36]. To reduce
the number of free parameters in the calculation they developed an approach
similar to that used in some isobar models, where the coupling constants are
fixed from either PDG values or SU(3) flavour symmetry. Chiang’s model did not
attempt to accurately reproduce known kaon photoproduction data, but instead
aimed to highlight the importance of coupled-channel effects. Ultimately, Chiang
concluded that 7N channels provide ~ 20% contribution via the coupled-channel
mechanism, demonstrating a clear need for these effects to be accounted for in
kaon photoproduction calculations. Usov and Scholten [37| further confirmed this
hypothesis by their K-matrix approach which showed channel coupling effects to
be large and should not be ignored.

A dynamic coupled-channel formalism was also developed by was also devel-
oped by Julia-Diaz for the processes YN — 7N — KY and YN — 7N,
to provide a comprehensive description of the yp — KTA reaction. A chiral
constituent quark model formed the foundation of this model, one that properly
incorporated off-shell effects. Non-resonant interaction within the K'Y @7 N sub-
space was determined using an approach utilising unitary transformations. In
their model, simplification of the photoproduction amplitude calculations were

made by casting the coupled channels in such a way that the YN — 7N am-



20 Chapter 2. Background

1.632GeV p(y.KHA 1688 GeV 1743 GeV

h 1.848GevV 7
“ ’

N\ » N, 9 *, s
-

N,
RS

‘~~~~ ‘ﬂ' - »
- 1»0 fod Y T 2P ...l Tor
-1.0 -0.5 00 0.5 -0 <05 0.0 0.5 1.0 -05 00 0.5 L0

cos 6

Figure 2.5: Mart and Bennhold calculations [11] for the photon asymmetry.
Dashed line represents calculations without a D;3(1960) resonance whilst the
solid line has the D;3(1960) included. These calculations predict that the pho-
ton asymmetry should be very sensitive to the inclusion of a missing D;3(1960)
resonance.

plitudes were explicitly input. As a result, solely parameters associated with the
KY channels need to be determined. This is achieved by fitting to all the existing
data for the coupled channels. There was found, generally, to be good agreement
between the model calculations and the data.

Model calculations compared to available cross section data from both SAPHIR
and CLAS are shown in figure 2.6. Two model prescriptions were used in the cal-
culations, one using fits to all SAPHIR and the most recent CLAS data (the M1
model), and the other using simultaneous fits to all available cross section and
polarisation data. Studying the fit results of both models showed the SAPHIR
cross section data had a greater compatibility with the polarisation measurements
than the CLAS results. Overall, it was found that the main known resonances
contributing to the yp — KTA reaction were the Si;(1535), S13(1900) and
the Dy3(1520) with smaller contributions coming from the Fi5(1680) and the
F15(2000). Investigation was also carried out into previously unknown states and
strong evidence was found for the inclusion of a D;3 resonance at 1954 MeV and
some weak evidence for a possible S;; state at 1.804 GeV. Observations were also

made for non-negligible effects from a P;3 state at 1.893 GeV.

2.3.3 Regge Models

By extending angular momentum into the complex plane, Regge models have
been shown to provide an accurate description of high energy particle physics

data. The theory evolved from the need to account for poles in a partial wave
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Figure 2.6: M1 (dotted curve) and M2 (solid curve) coupled-channels calculations
from Julia-Diaz [38] for the reaction cross section of yp — KA. Calculations
are compared to CLAS (open diamonds) [39], SAPHIR (full circles) [40] and
LEPS (open squares) [41] results.

decomposition. In this formalism, particles that have the same internal quantum
numbers but different spins are grouped into what are called Regge trajectories.
It is then proposed that at sufficiently high energies, where individual resonances
can no longer be clearly identified, the photoproduction process is then described
by exchanging whole Regge trajectories, as opposed to individual particles. It is
expected that the range of validity for these models occurs at high energies and
forward angles but some recent studies have indicated that meson production in
the resonance region could be reasonably well described by the Regge approach.

One recent way of reproducing the cross section and polarisation measurement
values from hadronic reactions is with a “Regge-plus-resonance” (RPR) technique

developed by Corthals, Ryckebusch and Van Cautern [42]. Their approach uses
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Regge trajectory exchange in the t-channel to describe the K + Y background.
After this, the model predictions are evolved into the resonance region by adding
s-channel resonances to describe the existing data. By construction, these reso-
nances must disappear at higher energies, therefore the background can be con-
strained to high energy data. The advantage of this over isobar schemes is that
only the resonance couplings are left as free parameters in the resonance region.
The need for strong hadronic form factors for the background terms is also re-
duced by using Regge propagators and this, in turn, removes the gauge invariance
issues that are so problematic in a purely isobaric approach. Figure 2.7 shows
a representation of this approach where the photoproduction cross sections for
hyperons is shown against the different energy regions for both resonance and
Regge effects.

In the model by Corthals et al, K and K* Regge exchange were used to
describe the background and core resonances were incorporated to extrapolate the
intermediate energy scheme. The effects of including a two star Py3(1900) state
and contributions from both the D;3(1900) and P;1(1900) missing resonances
were investigated. Model calculations for different RPR regimes compared to
beam asymmetry data are illustrated in figure 2.8. These results, in conjunction
with previous cross section measurements give some evidence for the inclusion
of the two star P;3(1900) state. Regarding the previously unobserved states,
the model calculations indicate the P;;(1900) to be the more likely choice for a
possible missing resonance as opposed to the D;3(1900). However, the authors
of reference [42| stated that they would be reluctant to claim strong evidence for
the existence of either state from their results. Specifically, they highlight that
a model utilising solely the core set of resonances can just as validly describe
the reaction dynamics. From this they draw the conclusion that features seen in
resonance spectra could be explained by fine tuning the background, rather than
being indications of a missing state.

For the X hyperons, an RPR approach was developed whereby the reactions
p(y, K7)XY and p(y, K°)XT could be treated in common isospin-related descrip-
tion [43,44]. This was possible because the X° and ¥ hyperons belong to an
isotriplet and the strong coupling strengths are related via SU(2) Clebsch-Gordan
coefficients. An important role for the two-star P;3(1900) along with the standard

N* core resonances is suggested by the results of reference [43].
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Figure 2.7: Representation of the different energy scales used in the Regge-plus-
resonance approach. The higher energy region, above 3 GeV, models the back-
ground via the exchange of various Regge trajectories, whilst in the lower energy
region s-channel resonances become more important. Figure taken from refer-
ence |44].

2.4 Previous Measurements

There are currently very few measurements or theoretical predictions for polar-
isation observables on the deuteron. Given the complexities highlighted in the
previous chapter (1) it has been sensible to first establish model predictions and
measurements for the simpler case of an unbound proton, from a hydrogen target.
After this theorists and experimentalists can move forward onto the case of the
bound proton in deuterium. As such, gl3 is one of the first experiments to ad-
vance the field in this direction. In the following sections where measurements or
predictions for the deuteron have been made, they are highlighted and compared

with the more abundant proton data.

2.4.1 Photon Asymmetries on the free proton

Extensive measurements have now been made at GRAAL [45-48|, LEPS [41,49|
and CLAS [7,50,51] on KA and KXY channels. These results are summarised in
figures 2.10 and 2.12.

At JLab, the most recent measurements were undertaken during an experi-
ment known as g8b [52|. Here they used a hydrogen target and measured the

beam asymmetry using a beam of linearly polarised photons in a similar energy
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Figure 2.8: RPR model calculations [42] of the photon asymmetry for the KA
channel plotted against LEPS data [41|. Models RPR-2 and RPR-3 include the
2 star P;3(1900) and the missing P;1(1900), whilst model RPR-4 includes only
the known core resonances.

range as that used in the current analysis (g8b, £, = 1.3 - 2.1 GeV in 200 MeV
steps; G13, E, = 1.3 - 2.3 GeV in 200 MeV steps). Ultimately, the results of
this analysis are compared to those beam asymmetry measurements made during
g8b and the validity of the quasifree approximation of the bound nucleon in deu-
terium determined. The g8b experiment took data between the 20th June and
1st September 2005 at JLab.

By using a backward-Compton scattering facility the LEPS group produced a
photon beam with a high degree of linear polarisation. The asymmetry measure-
ment was made possible by taking one half of the data with horizontally polarised
photons and one half with vertically polarised photons. Two drift chambers and
a silicon-strip vertex detector allowed precision measurements of the K momen-
tum in order to assist in particle identification. In order to have a reliable start
signal, a plastic scintillator trigger was used, placed behind the target cell, with
another 40 scintillators placed behind the tracking detectors providing a stop
signal.

The GRAAL collaboration in Grenoble, France used the European Synchrotron
Radiation Facility (ESRF) to produce tagged, polarised photons via Compton

scattering laser photons off of electrons circulating in the storage ring. For the
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purposes of the hyperon experiment, UV lines were produced by an Argon laser
at 333, 351 and 364 nm that went on to give photon energies of 1.40, 1.47 and 1.53
GeV respectively. Both neutral and charged particles were detected by the 47
LAYRANGE detector. Charged particle tracking information was collected by us-
ing a set of MultiWire Proportional Chambers (MWPCs). Particle identification
was provided by a plastic scintillator barrel in conjunction with a double plas-
tic scintillator hodoscope which gave time-of-flight measurements. An in-depth

treatment of the experimental setup is given in reference [45].

KA channel

The first noticeable feature of the JLab results for the KA channel is that they
are positive over the full kinematic range of the analysis. Up to photon energies
of about 1.375 GeV the asymmetry remains largely flat, whereafter it begins to
display a slight peak at backwards angles, approaching a maximum of 1 at 1.675
GeV. As the photon energy increases, a second structure begins to emerge at
coS anj = 0, at a photon energy of around 1.775 GeV. Also, as the photon energy
goes above 1.875 GeV, the peak at backward angles begins to drop off.

The JLab results were compared in figures 2.9 and 2.12 to previous measure-
ments from GRAAL and LEPS respectively. The GRAAL data was all at photon
energies below 1.5 GeV and covered nearly the full angular range. Overall, the
agreement was very good with the GRAAL data, with the JLab analysis having
nearly three times as many energy points per bin with smaller error bars, allow-
ing for finer structural resolution. This proved useful at backward angles where a
slight peak begins to appear at energies above 1.325 GeV that was not apparent
in the GRAAL data. The LEPS data covered forward angles and energies above
1.5 GeV. Due to differences between the two datasets the JLab data was rebinned
with coarser binning to allow a proper comparison. Again, the overall comparison
was found to be good, with the LEPS data producing some slightly lower results.
Systematic effects in one of the analyses was put forward as a suggestion for the

small difference between the analyses.

K™Y, channel

The beam asymmetry results for the KX° channel is reasonably flat for photon
energies below 1.625 GeV with a peak forming at backward angles above 1.675
GeV and a forward angle peak forming around 1.825 GeV. Just like the results for
the KA channel, the results are positive for nearly the entire kinematic range,

with only some error bars moving into negative values at higher energies.
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Figure 2.9: Photon asymmetries for the reaction yp — KA as a function of
cos 05" Comparison to GRAAL. JLab data is shown by circles with blue lines
and those from GRAAL are indicated by triangles with red lines.

For the KX° channel, comparison with the GRAAL data again (figure 2.12)
showed very good agreement across the full kinematic range of comparison, with
the LEPS data also showing good agreement at forward angles. There were only

very slight differences with the LEPS data at higher energies.

2.4.2 Quasifree Proton

The GRAAL collaboration also published preliminary beam asymmetry for 7
photoproduction from the quasifree proton and neutron in deuterium in 2005
|48|. Exclusive measurements were made with the BGO Crystal Ball, with recoil
neutrons and protons that were emitted at ©;,;, = 3 > 23° being detected in
an assembly of forward detectors. This forward detector assembly included two
planar multiwire chambers, a time-of-flight wall made of thin scintillator strips,
and a lead-scintillator sandwich TOF wall. The np and nn final states were

identified in a similar fashion as was used for previous measurements [46] on the
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Figure 2.10: Photon asymmetries for the reaction yp — KA as a function of
cos 95,?. Comparison to LEPS. JLab data is shown by circles with blue lines and
those from LEPS are indicated by triangles with red lines.

free proton.

In the case of the beam asymmetry measurements (figure 2.13), in the region
of the S11(1535) resonance, the beam asymmetry is roughly the same for both the
neutron and proton, ~ 0.2. At W = 1.65 > 1.73 GeV though there are opposite
changes in both asymmetries. The proton beam asymmetry drops to almost 0
whereas the neutron beam asymmetry rises to ~ 0.4. The GRAAL collaboration
points out that the beam asymmetry measurements are more sensitive to the non-
dominant contributions, as it is given by the interference of helicity amplitudes
[53,54]. They also go on to suggest that an observed peak in the neutron cross-
section and a corresponding change in beam asymmetry may be an indication
that one of the nucleon resonances has a stronger photocoupling to the neutron

than to the proton.
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Figure 2.11: Photon asymmetries for the reaction vp — KX as a function of
cos 057, Comparison to GRAAL. JLab data is shown by circles with blue lines
and those from GRAAL are indicated by triangles with red lines.

Given the small differences between those measurements made on the deuteron
to those made on the proton (see figure 2.14) in this presented GRAAL data, it
is not expected for previous proton measurements to differ greatly from deuteron
measurements in similar energy or angular ranges in the current analysis. Even
though the data shown here comes from n-photoproduction, the photoproduc-
tion process common to both the 1 and the K™ still produces no expectation of

differences between the proton and the deuteron.

2.4.3 Quasifree neutron

In 2006, the LEPS collaboration published results of beam asymmetry measure-
ments from the yn — K1Y~ reaction channel [49]. These results they compared

with the same measurements from the yp — K*X° channel. The experimen-
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Figure 2.12: Photon asymmetries for the reaction vp — K™X° as a function
of cos 0", Comparison to LEPS data. JLab data is shown by circles with blue
lines and those from LEPS are indicated by triangles with red lines.

tal setup was the same as was described in section 2.4.1 for the LEPS photon
asymimetries from the free proton.

In this analysis, the hyperon yield was extracted from the difference in the
production yield ratios of N(X)/N(A) in the LD, data and N(X°)/N(A) in the
LH, data. The production yields of A, ¥ and X~ and the background under
the the X peak were obtained by a fit to the missing mass spectrum with six free
parameters. The peak shape was reproduced by the sum of two Gaussians having
different widths and amplitudes and was fixed in the fit. Two free parameters
were used to scale the heights of the A and X~ peaks. The peak position of A
was a free parameter, and the X% and ¥~ peaks were placed at 0.077 and 0.082
GeV higher than the A peak respectively. As a result of the fit, the production
yield ratio N(X7)/N(X") was obtained.

The beam asymmetry measurements are shown in figure 2.15. For KX, the

asymmetries are positive and larger than those for the K*X°. The asymmetries
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Figure 2.13: Beam asymmetry measurements for nn (left) and np (right) photo-
production from 2005 GRAAL quasi-free nucleon results [48|.

close to +1 at cosf.,,< 0.9 indicated the dominance of the K* exchange in the
t-channel. the asymmetries are small at 0.9 < cos®f.,, because the asymmetries
go to zero at cosf.,— 1. One interesting feature that was noted was that the
asymmetries for K*X° gradually increase with increasing centre-of-mass energy,
while the energy dependence of the asymmetries for K™Y~ is small at W > 2.0
GeV.

The Regge model calculations overestimated the data for the K %%, while the
calculations generally agreed very well with the data for the K™Y, particularly
at higher energies. The agreement suggested that an additional contribution,
not present in the calculations, is small in the K+~ channel. It was thought
that contributions from A* resonances could explain the K*¥° data, but this
would reduce the KX~ asymmetries and thus not accurately reproduce the beam
asymmetry data. It was speculated that the difference between theoretical and
experimental asymmetries for the KX was, at least in part, due to contributions
from u-channel A and A* exchanges and s-channel N* resonances which have a

much stronger coupling to vp than to yn.

2.4.4 Quasifree kaon photoproduction on nuclei

Previous to the work done at Giessen, Lee, Mart, Bennhold and others performed
an investigation into the quasifree reaction A(vy, K'Y') B using three different model
approaches [16]. They first examined fits to previous data from SAPHIR [28, 30,
56| using two different models. The first of these fits used an older model (M1)
that used a cutoff function to reproduce the required high-energy fall-off yet
preserve gauge invariance, but despite the success of this approach, they found no

microscopic basis for it. They used a method by Haberzettl |57-59|which allowed
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Figure 2.14: Comparison of GRAAL beam asymmetry measurements for np from
the free (black circles) and the quasi-free (red circles) proton [55].

them to remove the cutoff term from their previous model and provided a good
phenomenological description of experimental data. This then gave them the form
of their second model (M2). The third model (M3) they presented in their paper
used a distorted wave impulse approximation (DWIA). Using these models they
examined the potential of exclusive quasifree kaon photoproduction on nuclei to
reveal details of the hyperon-nucleus interaction and made detailed predictions
for the coincidence cross-section and the beam asymmetry. The study served
two main purposes, first, to examine the sensitivity of various observables to
the hyperon-nucleus final-state interaction and secondly, to establish a kinematic
range in which polarisation observables are insensitive to distortion effects.

M1 and M2 model calculations of the beam asymmetry were produced and
these are shown in figure 2.16. The asymmetry was almost zero near threshold
for all three channels but became sizeable at higher energies. They found large
differences between M1 and M2, which led them to conclude that the beam asym-
metry would be an ideal observable to distinguish between different dynamical
inputs, an observation also made by the same group in other work [11].

In comparing the M1 and M2 model schemes they re-emphasised the idea
that polarisation observables offered good potential for discriminating between
models that use different dynamical inputs. They stated that while their updated

model (M2) incorporated methods with a field-theoretical foundation, it was still
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Figure 2.15: LEPS beam asymmetries for yn — KX~ (circles) and vp —
K30 (squares). The solid and dashed curves are the Regge model calculations
for the K™Y~ and the K*X° channels, respectively.

desirable to establish justification phenomenologically also and to this end they

identified polarisation observables as playing a crucial role.

DWTA model calculations

In the distorted wave impulse approximation (DWIA), a non-relativistic model
(model M3) is used at intermediate energies to compensate for the effects of a
mean nuclear potential. Basic scattering reaction calculations often assume that
the incident particle behaves as a plane wave until it interacts with the a nucleon
in the nucleus. In fact the potential field of the nucleus, which is usually given

by an optical potential, distorts the nucleon wavefunction.
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Figure 2.16: Photon asymmetry of p(y, K7)Y. The solid curve indicates the
updated model and the dotted curve shows the older model.

Kaon-nucleus interaction

Unlike the 7N interaction, the KN interaction is rather weak on the hadronic
scale. Due to strangeness conservation, there are no hyperon resonances in the
KN system, nor any inelastic channels, with the exception of (K, K°) charge
exchange on the neutron. The large medium effects due to tNN — NN an-
nihilation and A propagation in the m-nucleus system are absent from the K-
nucleus scattering. As a result, the low-energy KN interaction can be under-
stood through a simple background scattering with a smooth energy dependence.

To generate the distorted waves for this approach, they solved the Klein-
Gordon equation using a first-order optical potential constructed from the ele-
mentary KN amplitudes. For K°, they used the same potential as for K* as
a starting point, as little is known about the K%nucleus interaction, though, in
principle, the information could be obtained by measuring kaon charge exchange
on nuclei. They went on to state that improved optical potentials like the one
developed by [60] should be used in future studies, but felt that the potentials

they used for their exploratory study were sufficient.
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Hyperon-nucleus interaction

Due to insufficient data, there were very few optical potentials that could describe
hyperon-nucleus scattering. For their analysis, they used the global optical model
by Cooper et al. [61,62]. When their model was applied to bound nuclear systems
they found it gave a reasonable description of the experimental data [63]. After
this they slightly adjusted the model parameters in order to more quantitatively
reproduce the data. For the X case, the model was also constrained by existing
information from >~ atoms and from XN scattering. The distorted hyperon
wavefunctions were then generated using the Schrodinger equivalent potentials.

The group presented their results in two different kinematic schemes, the
quasifree and open kinematic regimes. They also limited themselves to coplanar
arrangements where the hyperon was on the opposite side of the kaon (¢y =
180°).

Quasifree kinematics

The quasifree kinematics closely resembled the two-body kinematics in free space,
except in the case being described the reaction was occurring on a bound nucleon
with finite momentum. The quasifree kinematic scheme had the feature that the
energies of the outgoing particles varied in the whole angular range, making it
maximally dependent on the final-state interactions and minimally sensitive to
the details of the nuclear wavefunction.

They presented calculations of the kaon angular distributions for the observ-
ables for *C(7,KY)"B, ;. at E, = 1.4 GeV and reaction missing momentum, py,
= 120 MeV /c, where B, s represents the final nucleus in its ground state. Figure
2.17 shows the effects of final-state interactions. It shows four different calcula-
tions for the coincidence cross section (d*c), the photon asymmetry (A, ), and the
hyperon recoil polarisation (Ay): in Plane Wave Impulse Approximation (PWIA)
where plane waves were used for the outgoing kaon and hyperon, in DWIA with
hyperon final-state interactions (FSI) turned off, in DWIA with kaon FSI turned
off, and in full DWIA.

The results show that the angular distributions were peaked in the forward
direction and that the magnitudes of the beam asymmetry and hyperon recoil
polarisation were sizable and should be measureable in experiments. The PWIA
results agreed qualitatively with model results from [64], with the differences
being attributed to Abu-Raddad and Piekarewicz’s use of an older elementary
amplitude.

On its own, the kaon FSI caused small (~10%) reductions in the cross sections
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and had little influence on the polarisation observables. With just the hyperon
FSI, larger (up to 40%) reductions were seen in the cross sections for the KX
channels than for the K'A channels (up to 20%). They expected such behaviour
in the cross sections however, since, by construction, the > potentials are stronger
than the A ones. When the interference of both FSIs were present, the kaon and
hyperon distortions appeared to combine with a degree of destructive interfer-
ence in the KA channels. Conversely, in the K3 channels, the combined FSIs
constructively interfered with each other in a way producing an enhanced DWIA
cross section, compared to when only the hyperon FSI was present. They con-
cluded from this that the kaon and hyperon distortions interfered with each other
in a complicated pattern, which made the extraction of the hyperon-nucleus po-
tential more difficult. The influence of the kaon FSI was also apparent for the
polarisation observables. Consequently, the net effects of the FSIs on the cross
sections were comparable in all six channels. They noted that the beam asymme-
try was more strongly affected by the FSIs in the KX channels, particularly the
K™Y~ , whereas it had little effect in the KA channels, but that the effects may
be too small to be detected experimentally as the cross sections in the regions of

large effects were correspondingly small.

Open kinematics

In the open kinematical regime, p,, was allowed to vary freely. They presented
their results as a function of photon energy for the same reactions.

Figure 2.18 shows the effects of FSIs under the open kinematical regime.
Including both the kaon and hyperon FSIs led to a reduction (up to a factor of
two) of the cross sections. They also found that in most cases, FSI significantly
affected the shape of the polarisation observable distribution. This indicated that
the findings in figure 2.17, that the polarisation observables were independent of
the F'SI, remains valid only under certain kinematical situations. The conclusions
regarding the relative contributions to the FSI to the cross sections from figure
2.17 still hold true, but the role of the kaon FSI is now different as compared to
the quasifree kinematics in that it constructively interferes with the hyperon FSI
in almost all cases. The double peaks in the cross section of the two A channels
are of kinematic origin; they arise from the range of values p,,, which crosses the
maximum of the p-shell single-particle wavefunctions twice.

After all aspects they investigated were considered, the group found differ-
ences between the PWIA and DWIA results that indicated the importance of
both kaon and hyperon final-state interactions. They found that the hyperon
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FSI lowered the differential cross sections on the order of 20-40% while the polar-
isation observables could change by more than a factor of two. They expect that
precise measurements if the quasifree kaon production process, complemented
with direct scattering wherever possible, should enhance understanding of the
Y-nucleus interaction in the future.

They pointed out that several ingredients for this reaction have to be known
more precisely before any quantitative conclusions about the hyperon-nucleus
potential can be drawn. The K'-nucleus interaction has been studied in great
detail with sophisticated descriptions available that can reproduce K'-nucleus
elastic scattering data. The kaon FSI, despite being relatively weak in strength,
plays a nontrivial role. It can interfere with the hyperon FSI to reduce or enhance
the combined FSI effects and future investigations of this reaction should include
improved kaon wavefunctions.

They found a narrow kinematic window where the F'SI did not affect selected
polarisation observables. To access this range requires keeping close to quasifree
kinematics with moderate missing momentum (p,, < 150 MeV /c) and photon
energies below F, < 1.4 GeV. Within this kinematic region, the beam asymmetry
turned out to be insensitive to final-state distortion for the K'A channels while
for the KX channels the hyperon recoil polarisation was found to be insensitive.
They found polarisation observables that were free of distortion would provide
an excellent tool for uncovering effects of the formation, propagation and decay

. . * . .
of higher-lying N* resonances in exclusive channels.

2.5 Summary

The field of strange meson photoproduction has undergone something of a revival
in the last 15 to 20 years, and this is mainly due to the development of high lu-
minosity, high duty-factor accelerators and large acceptance spectrometers. This
renewed interest has coincided with an increased focus on resolving the issue of
missing resonances, with recent quark model predictions that some of these miss-
ing states should couple more strongly to KA and K3 final states [2]. Mart
and Bennhold developed an isobar model in an attempt to reproduce the early
cross section results from SAPHIR, and from this model it appeared there was
some evidence for one of these missing states. More recent model calculations
however, were able to likewise reproduce the SAPHIR results but by using a dif-
ferent approach to handling the non-resonant background terms that excluded

any missing resonances. Both these approaches highlighted a major problem in
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attempting to extract resonance information from a limited data set. Particularly,
they suggest that new photon asymmetry data should be sensitive to contribu-
tions from previously missing baryon states. The possible inclusion of new states
has also been suggested by further model calculations that include higher spin
contributions, with all approaches indicating the need for new data to firmly
confirm or deny their existence.

Another issue that has been demonstrated by recent analyses is the lack of
consistency between cross section results measured at both SAPHIR and CLAS.
Multipole calculations by Mart and Sulaksono show a clear dataset dependence
upon which specific resonances are predicted to couple to the KA channel. This
extremely undesirable situation necessitates further measurements to be added
to the world database to test the consistency of the two sets of cross section data.
Beyond this, the same CLAS data set used to make the cross section measure-
ments also gave the first evidence of a fully polarised A when using a circularly
polarised photon. The result of this has significant ramifications for the contem-
porary theoretical understanding of the process of strangeness photoproduction
with a model hypothesis being developed involving quark spin. The analogous
results from this and other analyses involving linearly polarised photons should
provide a test of this hypothesis and could potentially indicate new physics in the
production of strange quarks from a photon.

The work contained here will improve the understanding of how the final
observables are affected by re-scattering effects in the final state interaction. It
will go on to help establish the validity of the quasifree approximation, a crucial
step for K'Y photoproduction from neutron channels. When the results of this
analysis are taken in conjunction with their theoretical interpretation they should
provide some further insights into the process of strangeness photoproduction.
Beyond this, when the observables from this analysis are looked at in concert
with past and future CLAS analyses [12,17,52,65,66] they will be able to help
construct a model independent framework of any missing states without any phase
ambiguities. Ideally, this will aid the resolution of the missing resonances issue
and help establish the correct degrees of freedom to be used in the resonance

energy region.
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Figure 2.17: Effects of final-state interactions under quasifree kinematics for the
reaction *C(v,KY)!"B, g at E, = 1.4 GeV and p,,, = 120 MeV. The four curves
correspond to calculations in PWIA (dashed), in DWIA with only kaon FSI
(dotted), with only hyperon FSI (dash-dotted), and the full DWIA (solid). The
top graph in each plot shows the cross sections, the middle graph shows the
photon asymmetry (denoted by A,) and the bottom graph shows the hyperon

recoil polarisation (denoted by Ay).
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Figure 2.18: Effects of final-state interactions under open kinematics for the
reaction *C(7,KY)" B, at 0 = 30°, 6y = 35° and recoiling kaon kinetic energy,
Ty = 450 MeV. The four curves correspond to calculations in PWIA (dashed),
in DWIA with only kaon FSI (dotted), with only hyperon FSI (dash-dotted) and
the full DWIA (solid). The top graph in each plot shows the cross sections, the
middle graph shows the photon asymmetry (denoted by A,) and the bottom
graph shows the hyperon recoil polarisation (denoted by Ay).
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Chapter 3
Experimental Setup

This chapter describes the apparatus and detector components used during the
g13 run period (Oct 30th 2006 to June 30th 2007) to investigate the YD(p) —
KA and yD(p) — KX reactions. The gl3 experiment [17] was performed
at the Thomas Jefferson National Accelerator Facility (JLab) in Newport-News,
Virginia, using the CLAS spectrometer and a linearly polarised tagged photon

beam.

3.1 JLab, Hall-B

JLab operates an electron accelerator, CEBAF (Continuous Electron Beam Ac-
celerator Facility) [67], which utilises superconducting RF cavities to accelerate
bunches of electrons to high energies. A schematic is shown in figure 3.1. The
beam from the injector is accelerated through a racetrack shaped recirculating
beamline, with two linear accelerators joined by two 180°arcs with a radius of 80
m. The linacs can boost the beam energy as it is circulated in the accelerator up
to five times, achieving energies in the region of 6.0 GeV. The beam, however,
can be extracted at any of the complete passes with 1.2 GeV per pass. By using
RF separators at the entrance to each hall it is possible to deliver so-called “beam
buckets” (electron bunches) of different polarisations and currents to the three
target halls simultaneously. The accelerator can offer beam currents as high as
120pA in Halls A and C whilst at the same time delivering currents as small as
1 nA to Hall-B. The operational luminosity of Hall-B is limited due to the rate
capability of the CLAS detector system and the photon tagger tolerance.
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Figure 3.1: Overview of the CEBAF facility and its main components.

The gl13 experiment took place in Jefferson Lab’s Hall-B and used a tagged
Bremsstrahlung photon beam and the CEBAF Large Acceptance Spectrometer
(CLAS) which is a large acceptance (~70% of 47 steradians), multi-layered, multi-
sectored detector. The photon beam was linearly polarised using the Coherent
Bremsstrahlung (CB) technique, and was incident on a liquid deuterium (LD:)
target and the particles resulting from the subsequent photoproduction reaction
were detected in the CLAS detector. In figure 3.2 below we can see a schematic
representation of experimental Hall-B showing the relative positions of the CLAS
detector and the photon tagger.

The remainder of this chapter describes the various detector systems and sub-

systems, along with other apparatus used in Jefferson Lab’s experimental Hall-B.
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Figure 3.2: Representation of the layout of experimental Hall B showing the lo-
cations of the CLAS detector and the photon tagging spectrometer in the bottom
right of the picture. The red line indicates the path travelled by the photon beam
in Hall-B, where it enters from the bottom right of the diagram and is terminated
by the beam dump, located in the top left of the diagram.

3.2 Coherent Bremsstrahlung Facility

The linearly polarised photon beam used in the gl3 experiment was produced
using the Coherent Bremsstrahlung (CB) technique, where the incident electron
beam is scattered off of an appropriately oriented diamond radiator [68]. The
mixed photon and electron beams then pass through the photon tagger where the
photon beam continues undeflected whilst the energy degraded electrons in the
electron beam are steered out of the beam using the magnet and onto the tagger
hodoscope where the energy of the electron can be measured and subsequently
the energy of the photon can be determined. The layout of the CB facility in
Hall-B is illustrated in figure 3.4, indicating the relative positions of its main
components. A brief description of the CB process is given below. A more in-
depth treatment of the CB process is detailed in reference 68|, while reference to
its specific use at JLab can be found in references |50,51].

In the Bremsstrahlung process an electron incident on a suitable radiator is
decelerated by the electromagnetic field of the radiator’s nuclei and ends up emit-
ting an energetic photon. When an amorphous radiator such as carbon is used,

then the Bremsstrahlung produced photons exhibits and energy spectrum that
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falls off with increasing photon energy (see figure 3.3 top). Alternatively, if a
radiator with a regular lattice structure, such as diamond, is chosen then the
Bremsstrahlung photons are produced at discrete fractional energies correspond-
ing to specific momentum transfers of the electrons in the crystal nuclei. The
energy spectrum of these produced photons exhibits the characteristic coherent
peak structure. If the diamond is appropriately oriented with respect to the elec-
tron beam direction then one particular reciprocal lattice vector can be isolated
in the crystal radiator. Photons produced in this way then have a high degree
of linear polarisation, in particular for those photons within the coherent peak
(figure 3.3 middle). The diamond orientation is controlled using a goniometer
which allows for finely tuned movements of the diamond to be made in all six
degrees of freedom. The layout of the beamline is shown in figure 3.4 and shows
all the main components of the beamline, which are: the goniometer and diamond

radiator, the tagger, the collimator, the target and CLAS.

Radiator and Goniometer

The choice of radiator for the linearly polarised photon experiments is important
as this determines the quality and stability of the produced photon beam. Any
defects present in the crystal radiator can have adverse effects on the CB process.
This is because the background production of unpolarised photons can become
significant, resulting in a beam with a lower degree of relative polarisation.

The main consideration for the choice of a CB radiator is that it must have
a regular crystal lattice structure as the incident electron must be scattered in
a radiator whereby the recoil momentum can be taken up by the entire crystal
as opposed to the individual atoms [68|. Diamond is the most common choice
for a CB radiator because of its small lattice constant and relatively high Debye
temperature. This high Debye temperature means that the amplitude of the
thermal motion of the atoms in the lattice is small and the lattice structure is
relatively unaffected by thermal effects [69).

Another important consideration when selecting a CB radiator is the thickness
of the radiator as this has an effect on the angular divergence of the beam. When
an electron passes through a crystal radiator there is a spread in the direction
of the electrons due to multiple scattering effects, defects in the crystal lattice
and divergence of the initial electron beam. This angular variation of the beam

must be considered as any alteration in the orientation between the primary
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Figure 3.3: (top) Energy spectrum of Bremsstrahlung photons produced from

1
an amorphous radiator (incoherent). The 8 dependence of the spectrum can

be seen. (middle) Energy spectrum of Bremsgtrahlung photons produced from a
diamond radiator (coherent). The coherent peak structure can be seen. (bottom)
Enhancement spectrum of coherent/incoherent with the different peaks and the
relevant reciprocal lattice vectors they came from.
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Figure 3.4: Schematic layout of the beamline in Hall B showing main features
involved in the coherent Bremsstrahlung facility.

electron beam and the diamond will result in the coherent edge shifting to a
different energy. This implies that an electron angular variation will result in a
broadening of the coherent peak structure and hence reduce the maximum degree
of polarisation [70,71]. During g13b, a 50 um diamond was used to produce the
linearly polarised photons. The holding mount (the goniometer) for the diamond

radiator is shown in figure 3.5 and the degrees of freedom are shown in figure 3.6.

Figure 3.5: The goniometer [72| shown under test conditions with the radiator
ladder visible in the centre.
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Figure 3.6: Schematic representation of the goniometer’s degrees of freedom.

Photon Tagging Spectrometer

The photon tagger in Hall-B is used for tagging Bremsstrahlung produced pho-
tons over 20-95% of the incident electron energy range [73|. Bremsstrahlung
radiation occurs when an incident electron is decelerated in the presence of an
electromagnetic field. During this deceleration, the electron compensates for the
accompanying energy change by emitting a photon with an energy equal to the
energy lost by the deceleration. The electromagnetic field is produced by the
nuclei in the radiator material. The concept of tagging describes the process
whereby the detected energy of the degraded electron is associated with a par-
ticular photon, and the energy of the photon that was produced (and can then
go on to initiate a reaction in the target) can be calculated from the following
relation: £, = FEy — Eo where Ey is the energy of the incident electron beam
determined by the accelerator and F./is the energy of the degraded electron that
was detected in the photon tagger. The tagger is crucial to determining a timing
coincidence between particular photons and events and also provides a timing
coincidence for the other detector subsystems.

On the exit side of the radiator there is a mixture of an electron and photon
beam. The beams then arrive at the photon tagger where the photon beam
passes undeviated to the target [73] and the electron beam is steered out of
the beamline through the tagger via the tagging magnet. The uniform dipole
field of the tagger magnetic yoke focuses the the energy degraded electrons onto
the scintillator hodoscope and full energy electrons onto the tagger beam dump.

The photon tagging system uses a dipole magnet that operates over a photon
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energy range of 20 ~ 95% of the initial electron energy. The hodoscope has
three requirements. It provides accurate momentum information for the detected
electron to allow the photon energy to be determined to the required resolution.
It also provides timing information that is accurate enough for coincidences to
be made with any subsequent events triggered by the photon in a downstream
detector. It is also important that the hodoscope provides sufficiently good timing
resolution to allow the identification of the exact 2 ns beam bucket in which an
event occurred. To achieve these aims, the hodoscope itself is made up of two
different planes of scintillator detectors known as the timing and energy planes,
(T and E-planes respectively). They are both highly segmented and have their
working surfaces normal to the beam trajectory. A side view of the tagger is

shown in figure 3.7.
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Figure 3.7: Schematic representation of the tagger, showing the relative positions
of the E and T-counters. Figure from reference [73].

The hodoscope consists of 61 overlapping T-counter scintillators used for tim-
ing measurements. These are then divided into 121 T-bins including the original
T-counters and the overlaps between them (~ 10%), the overlaps being used to
provide a higher resolution. To be able to associate a tagged photon with the
appropriate 2 ns beam bucket the T-plane resolution has to be better than 300
ps. Each scintillator is 2 cm thick and can provide a timing resolution of around
50 ps, ten times better than the 500 ps timing resolution of the E-counters. This
is achieved by making them thicker than (2 cm compared to 4 mm) and situated

further from the dipole magnet than the E-counters, shown in figure 3.7. The
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T-paddles were also arranged in two separate groups with the first 19 paddles
covering the photon energy range of 75% to 95% of the incident electron energy
being narrower than the remaining 42 paddles covering the rest of the photon
energy range [73]. The paddle array was built to be orthogonal to the electron
trajectory so as to reduce the effects from particles that were back-scattered.

Each T-counter scintillator has two photomultiplier tubes (PMTs) and a
pipeline multihit time-to-digital convertor (TDC). The multihit TDCs allow each
T-counter to register many photons for each trigger. However, since most of the
photons are close in energy, it can be difficult to “tag” the correct one if two or
more arrive within the same beam bucket (2 ns). Such events, though, are easily
identified. In order for a valid tagger event to be registered there must be a co-
incidence between a T-counter and its associated E-counters. T-counter signals
are read out from both ends using fixed light guides and PMTs.

Similarly, there are 384 E-counters of 4 mm in thickness used for energy
determination, which can be likewise divided into 767 E-bins. The overlaps in
this case is on the order of one third of a paddle again being used to provide a
higher resolution. The widths of each of these plastic scintillators varies between
6 and 18mm depending on position so as to produce constant momentum bins of
around 0.003E, and they are 20 cm long and 4 mm thick. In the hodoscope the
E-plane lies above the T-plane and with the E-plane close to the exit flange of
the magnet vacuum box. This minimises the effect of multiple electron scattering
as they pass through the exit window and helps to optimise the resolution. The
paddle array was also built to be orthogonal to the electron trajectory as it passes
through the focal plane, again to reduce the effect of signals from back-scattered
particles [73].

Each E-counter has only one PMT and a standard TDC. Signals from one end
of the E-counters are read out via a light guide connected to an optical fibre and
this optical fibre is connected to the PMT. As constant fraction discriminators
are used in the tagger PMTs no time-walk correction is required.

The outputs of each of the tagger TDCs are grouped together in blocks of four.
These blocks are then ORed together in a module known as the tagger master

OR. This signal then goes on to form part of the CLAS trigger (see section 3.5).
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Figure 3.8: Scale drawing of a short hodoscope section. Shown is the orientation
of the E and T-Plane scintillators with some typical electron trajectories superim-
posed. The figure shows the “venetian blind” geometry of the hodoscope. Figure
from reference [73].

Active Collimator

The active collimator is located directly downstream of the photon tagging spec-
trometer and is shown under test conditions in figure 3.9. The collimator has an
aperture of 2 mm in diameter and is located 22.9 m downstream of the diamond
radiator. The device is composed of 13 nickel disks, each having an outer diam-
eter of 50 mm and a thickness of 15 mm. Each disk has a small aperture bored
through its centre and they are stacked into a cylindrical sheath of stainless steel
with a 4 mm cubic scintillator sandwiched between them. This measures the rate
of eTe™ pairs produced by photons outside the 2 mm core incident on the first
nickel disk. This makes online monitoring of the count rates in the scintillator
possible, which can be translated into shifts in beam position. These shifts are
identified as asymmetries in the measured rates from the photomultiplier tubes
located at different positions around the scintillator.

The main purpose of the active collimator is to enhance the degree of linear
polarisation, P,, within the coherent peak. As described in [68] the natural
emission angle of CB decreases with increasing photon energy. For incoherent
Bremsstrahlung the angular distribution is independent of the photon energy.
This means that by tightly collimating the photon beam, it is possible to enhance
the relative contribution of CB and thus enhance the relative degree of linear

polarisation.
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Figure 3.9: The active collimator shown under test conditions before it is installed
in the beamline.

3.3 G13 target

The target for g13 consisted of a 40 cm long, undiluted LDy (liquid deuterium)
target (6.5 g/cm?). The liquid deuterium was kept at around 10K throughout
running. Liquid hydrogen was used for certain normalisation and calibration
runs. The target was placed 20 cm upstream of the centre of the CLAS detector,
at Z=-20 cm. The cell was made of Kapton and a representation of it is shown

in figure 3.10.

Figure 3.10: Representation of the 40 cm long LDy g13 target cell.

3.4 The CEBAF Large Acceptance Spectrometer
(CLAS)

The CLAS [74,75] detector at JLab is a multi-sector and multi layered detector

with an nearly full 47 solid angle coverage. It is made up of a six coil super-
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conducting magnet and each layer is designed to detect different information of
a particle’s track through the detector, beginning when a reaction occurs in the
target placed in the centre of the detector.

Starting from the detector layer nearest to the target there is the start counter,
used to provide information on when exactly a reaction occurred. After this there
is the first region of the drift-chambers (DC), then in the second region of the
drift-chambers there is a torus magnet. This provides a toroidal magnetic field
and can either bend a particle’s trajectory inwards or outwards. With the third
region of the drift chambers the momentum of the particle can be calculated
from the arc traced out in the DC. Cerenkov counters (CC) are used for electron
identification, time of flight (TOF) scintillation counters to determine particle
momentum and electromagnetic calorimeters to determine particle showers. All
these different subsystems in layers combine to give information on a particle’s
charge, momentum, mass and velocity. The toroidal field generated by the mag-
nets focusses particles of one charge (inbending) into the beamline direction whilst
those of the opposite charge are outbent onto the detector. During g13 the mag-
netic field had a negative polarity resulting in positively charged particles being
bent inward towards the beamline while negatively charged particles were bent
outward and away from the beamline |74, 76-78|. An illustration of the CLAS
detector is shown in figures 3.11 and 3.12. The following sub-sections describes

the various sub-systems of CLAS.

Figure 3.11: The CLAS detector in Hall B.
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Figure 3.12: Schematic representation of the CLAS detector showing the various
regions and layers present.

3.4.1 Superconducting Torus Magnet

Six superconducting coils mounted around the beamline produce the toroidal
magnetic field in CLAS [74]. It is this configuration of the field coils that creates
the six different sector structure of CLAS. The presence of these coils also reduces
the acceptance down to ~70% of the full 47 solid angle coverage. These coils
are mounted with 60° degree separation and the particle’s momentum is always
transverse to the field generated by the coils. The maximum field intensity that
can be generated by the magnet is around 2 T with the main component in the
azimuthal direction. Close to the coils however, the field can deviate slightly
from the pure azimuthal. The circular inner shape of the coil serves to reduce
such deviations and any reaction products tend not to experience any significant
azimuthal kick when crossing the inner boundary of the system. The toroidal
geometry also has the advantage of maintaining a field free region in the centre
that can be used for the operation of a polarised target.

The magnet used to generate the field is approximately 5 m in length and 5
m in diameter. During gl3 the magnet ran with a current of -1497 A, a field
setting chosen to maximise the acceptance of negatively charged particles as the
main channels in the g13 proposal [17| contain more negatively charged particles.

This comes at the cost of losing more positively charged particles through the
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beamline hole at forward angles. The coils are designed with 4 layers and 54 turns
of aluminium-stabilised NbTi/Cu conductor and are cooled to temperatures of
4.5 K by forcing super-critical helium through cooling tubes located at the edge
of the windings.

When experiments require electron running instead of photon running, a mini-
torus can be placed around the target to prevent Mgeller electrons from entering

region one of the drift chambers.

Figure 3.13: Picture of the bare torus coils extracted from the CLAS detector.

3.4.2 Start Counter

The start counter (SC) [79] detects charged particles from interactions in the
target and produce a signal that indicates the start time of the interaction. This
signal then allows us to measure the time of the hadronic interaction by correlating
the signal with the correct electron beam bucket. A diagram of the sub-system
is shown in figure 3.14.

The SC surrounds the target in the centre of CLAS and is constructed of six
pieces of scintillator connected in a coupled paddle arrangement which provides
three effective sectors of scintillator in the forward direction. There are 24 EJ-
200 scintillator paddles in the device. Each coupled paddle is oriented so as to
geometrically map onto two sectors of CLAS. The signal from any charged particle
detected within the scintillator is read out via an acrylic light-guide connected to a
photomultiplier tube (PMT). The PMT is connected in the backwards direction to
give six channels that correspond to the six sectors of CLAS. The six channels have
charge-to-digital and time-to-digital convertors (QDC and TDCs respectively)

that provide energy and timing information of the interaction in the scintillator.
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The scintillators in each paddle have a 502 mm long straight section with a
tapered end called the 'nose’.

Timing resolution of ~290 ps for the long straight “leg” part and ~320 ps for
the “nose” part of the SC can be achieved with calibration and the SC has the
same angular coverage as that of the TOF subsystem. The timing information
from the SC simplifies the identification of the RF beam bucket from which the
associated reaction photon was produced. SC information combined with time-
of-flight and drift chamber information is used to provide a means of particle

identification.

Figure 3.14: Representation of the start-counter subsystem. The target can be
seen in the centre in purple.

3.4.3 Drift Chambers

The drift chambers (DC) [77,80] in CLAS are used to detect and measure the
trajectories and momenta of charged particles passing through the detector. The
drift chambers are arranged in three regions and are placed between the coils of
the superconducting torus. With the coils in place the DC system has around
80% azimuthal angle coverage while having a polar angular range from 8° to 142°.

Each of the three drift chamber regions is divided into six equal parts by the
torus coils, ultimately leading to eighteen different sections of the drift chambers
in total. The three radial locations are referred to as “regions”. Each region of
the drift chamber covers 60° in the azimuthal (¢) angle and is constructed in
such a way that the curvature of the wire plane in each region is parallel to the
magnetic field, providing maximum sensitivity to the track momenta. Each region
of the drift chambers consists of two superlayers which themselves are comprised

of six wire layers or planes. The first (or axial) superlayer is arranged axially to
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the magnetic field whilst the second (or stereo) superlayer is arranged with a 6°
offset in its orientation to the axial superlayer. The stereo superlayer provides
the azimuthal measurement of the track trajectory. The chamber bodies support
the wires running between the two endplates and the midpoints are arranged into
layers of concentric circles, with the wire positions shifted by half the nominal
wire spacing in successive layers [74]. The wire layers are arranged such that they
produce a regular repeating pattern of hexagonal cells.

An hexagonal cell consists of one sense wire maintained at a positive voltage
with six surrounding field wires maintained at a negative voltage. The diameter
of these cells differ in each region of the drift chambers; region 1 cell diameter
is 0.7 cm, region 2 cell diameter is 1.5 cm and region 3 cell diameter is 2.0
cm. The resolution of these different diameter cells ranges from ~310 - 380 um.
The DC sense wires are made from 20 pum diameter gold-plated tungsten. A
small diameter was chosen as it limits wire tensions and operating voltages while
the gold-plated tungsten ensures chemical inertness. Field wires are fashioned
from 140 pum gold-plated aluminium alloy. Aluminium was used because of its
long radiation length and therefore its ability to minimise multiple scattering.
Altogether, the DC system consists of 35,148 sense wires. The drift chambers are
filled with a gaseous mixture comprising 90% argon and 10% carbon dioxide.

When in operation, a potential is applied to the layers of the drift chamber.
As a result, any charged particle passing through the drift chambers ionise the
gas molecules and the electrons produced from this avalanche onto the positive
sense wire in the cells. The particle’s drift distance (and therefore position) can
be determined by measuring the drift time of the electrons onto the positive sense
wire. Multiple measurements of the particle’s drift distance as it passes through
all three regions of the drift chambers allow tracking of the particle’s trajectory.

For effective tracking the individual chambers detect multiple hits for each
track and automatically decide which ones represent the most likely trajectory
of the particle. In region 1 (innermost layer) the particle’s initial direction upon
entering the drift chambers is detected whilst in region 3 its final direction when
leaving the drift chambers is detected. Region 2 of the drift chambers contains
the region of highest toroidal field strength in the detector and so the particle’s
momentum can be determined from the track curvature in this region. The tra-
jectory of the curvature of the particle depends on its charge and the polarity
of the magnetic field. The drift chambers are designed to make positional mea-
surements of the particle track with a resolution of a few microns. This allows

measurement of a particle’s momentum between the range 0.2 and 2.0 GeV. This
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portion of the particle detection is known as "tracking’.
The region 2 and 3 drift chambers are shown in figure 3.15 in their installed
positions along with a representation of a particle track passing through two of

the superlayers.

Attachment

Region 2

Figure 3.15: Region 2 and 3 drift chambers (left) shown in their installed positions
on the torus cryostat [75]. Particle track passing through two of the drift chamber
superlayers (right).

3.4.4 Time of Flight Scintillation Counters

The time of flight (TOF') subsystem [81] covers the fiducial volume of the CLAS
detector. This corresponds to lab angles within the range from 8° < © < 142°

2. This active region is covered by using

and in total covers an area of 206 m
57 scintillator paddles for each of the six sectors and with the last 18 paddles
coupled into 9 logical pairs, resulting in a total of 48 logical counters per channel
per sector. Each of the scintillators is 5.08 cm thick although their respective
lengths and widths alter depending upon their actual position. The minimum
length is 32 cm, found at forward lab angles (~ 8°) and the maximum length is
445 c¢cm found at a lab angle of ~ 76°. The widths vary from a minimum of 15 cm
at forward angles and 22 cm at larger angles. The dimensions of the scintillator
paddles in relation to its position achieves the best compromise between spatial
coverage and best timing resolution. The intrinsic timing resolution for the TOF
subsystem is determined using cosmic rays and for g13 it was found to be 80 ps
for the short scintillators and 150 ps for the longer scintillators. The TOF system
in CLAS was designed to provide good segmentation for flexible triggering and

prescaling, and excellent timing resolution for particle identification. One of the
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main system requirements is that it must be able to separate kaons and pions up
to a momentum of 2 GeV /c.

The scintillator paddles are manufactured from Bicron BC-408 scintillator.
This choice of material optimises timing resolution by allowing for a relatively
fast response time with low light attenuation. A schematic representation of the
TOF paddle arrangement can be seen in figure 3.16.

Each of the scintillators has a PMT attached at either end [74] and the signal
is read out by both a QDC and a TDC and can be used to generate prompt
signals for the CLAS level 1 trigger. For any particle travelling through the CLAS
detector, the flight time of the particle from the target to the TOF subsystem
is used to determine its velocity by measuring the flight time between itself and
the start counter (3.4.2). This velocity, along with the momentum determined
previously from the drift chambers, is used to calculate a particle’s mass by
using the relation p = ymu. It is standard practice in CLAS analyses to utilise
the mass calculated from the TOF subsystem in order to produce preliminary
particle identification, as was done with this analysis.

For neutral particles, their identification happens with information from the
electromagnetic calorimeter layer which is described in section 3.4.5. By de-
tecting ionising radiation the TOF bars can detect charged particles. The TOF
scintillation bars work by detecting the light signal given off from an atom of the
scintillator material de-exciting after a particle from a target reaction has excited
it. The light signal is then amplified in the PMT attached to the bar and read
out by the electronics in the base. There is a proportional relationship between
the intensity of the light, and therefore the size of the electronic signal eventually
recorded by the base, and the amount of energy loss of the particle. Timing
differences give information about the position of the particle from which a mass

can be calculated.

Figure 3.16: Schematic representation of one sector in the TOF paddle arrange-
ment.
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3.4.5 Electromagnetic Calorimeter

The electromagnetic calorimeter (EC) [82] is used primarily for the detection of
neutral particles such as photons with energies greater than 0.2 GeV and neutrons.
The EC is also able to detect electrons with energies greater than 0.5 GeV [75].
Each of the six sectors of CLAS has an electromagnetic calorimeter subsystem
covering a polar angle of 8° < © < 45° and consisting of thirty-nine sandwiched
layers of scintillator and lead. Each layer of scintillator is 10 mm thick whilst
each layer of lead is 2.2 mm thick.

The scintillator-lead sandwich construction of the EC is show below in figure
3.17. 1t is apparent from the figure that each layer has the shape of an equilateral
triangle, this is in order to cover the hexagonal geometry of the CLAS detector.
Also apparent in the figure is the successive 120° rotation in the scintillator strip
orientation of each layer (labelled here the u, v and w planes). The recurring three
plane configuration produces stereo information on the position of the energy
deposited in the scintillator. The calorimeter also makes use of a “projective
geometry” layout, whereby the area of each successive layer increases linearly
with distance from the centre of CLAS.

Particles interacting in the lead-scintillator sandwich layers lose energy by ra-
diating a Bremsstrahlung photon (which, in turn, induces e”, e pair production
and therefore more Bremsstrahlung production down to ionisation energies) typ-
ically within one radiation length and produce an energy shower. We can then
identify an interacting particle based upon the energy detected in the scintilla-
tors. In order to reconstruct a valid hit in the EC, it is necessary to have energy
deposition in all three views of a module. The energy and time of the hit can
then be determined by measuring the path lengths from the particle hit position
to the readout edge.
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Scintillator bars

U - plane p
Lead sheets

V - plane p

W - plane p

Fiber Light Guides
(front)

Fiber Light Guides
(rear)

Figure 3.17: Diagram of the three differently rotated layers (each one offset by
120°) of the EC. Each layer contains 13 layers of scintillator.

3.4.6 Beam Position Monitors

The Beam Position Monitors (BPMs) are used to monitor any shift in direction
of electrons and/or photons along the beamline. This is important for any exper-
iment, such as gl3, involving photon running so as to ensure that the electrons
from the accelerator are correctly incident on the diamond radiator and that the
photons pass through the collimators. These BPMs are positioned at three differ-
ent locations on the beamline. 2C21A sits just upstream of the goniometer while
2C24A is situated just upstream of the tagger and 2HO1A is just downstream
of the tagger |74]|.The electron beam induces a current in wires adjacent to the
beamline and it is this current which is measured by the BPMs. The current
varies depending on the position of the electron beam in relation to the sense
wire and therefore allows the BPMs to correctly determine and record the place-
ment of the electron beam within the beamline. The information from the BPMs

is written into the data stream every 2 seconds.

3.5 Trigger and Data Acquisition System

The trigger system in CLAS uses logic signals from the various detector subsys-

tems in CLAS to determine whether to initiate the digitisation and readout of
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the QDCs and TDCs or whether to perform a fast clear/reset. The trigger con-
figuration is set up so that it maximises the number of events of interest recorded
whilst also minimising those resulting from detector noise or accidentals. The
configuration of such a trigger is tailored to the conditions and needs of an in-
dividual experiment. Depending on event rates in the detectors and the system
live-time the trigger can be configured to a highly specific final state configuration
of particles or be left to be fairly loose triggering.

CLAS has two levels of trigger (level 1 and level 2) which pass or reject
events depending on the trigger configuration. The level 1 trigger processes digital
signals, via memory lookup, from the outer subsystems such as the TOF or the
EC, whilst the level 2 trigger utilises tracking information from the drift chambers
to perform a stricter cut on the acceptability of an individual event. The final
component of the trigger is the trigger supervisor.

The level 1 trigger [83] is initiated by the logic from the start counter and is
configured to make a decision based on some combination of tagger master OR,
TOF and start counter logic. It then uses a lookup table to identify true charged
particle tracks by matching between hits in the TOF and hits in the start counter
corresponding to the same sector.

The level 2 trigger uses tracking information from the DC, looking for suitable
particle tracks before declaring an event valid. The system is designed to give
fast information on a physics event of interest in concert with the level 1 trigger,
as well as providing a stricter constraint on which events are read out.

The trigger supervisor takes all level 1 and level 2 trigger inputs and produces
all common start and stop signals, busy gates and resets required by the detector
electronics.

The particular configuration for g13 was such that only level 1 was used and

an event detected in a single sector would initiate the trigger.

3.5.1 Data Acquisition

After the trigger supervisor the process of data acquisition (DAQ) and convert-
ing events into an analysable format can begin. Jefferson Lab uses a system of
data acquisition known as CODA [84]. The DAQ receives data from the various
detector systems and this is digitised into VME and FASTBUS crates in the hall
before being collected by VME readout controllers [74]. These digitised values are
then tabulated in a way that each event has a unique identifier number associated
with it. These data arrays, or event fragments, are then buffered and sent to an

online acquisition computer. Here the event fragments are processed in the Event
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Builder which collates each fragment and converts the resulting data word into
BOS [85,86| format. After this the Event Transport transfers the complete event
to shared memory where it can be used for online monitoring or data analysis.
Figure 3.18 below shows an online reconstruction of a hadronic event from the
CLAS Event Display (CED). Finally, the Event Recorder writes the event to a
RAID! array from where it is transferred to the JLab Tape Silo via a fibre link

and where it now becomes available for offline analysis.

Figure 3.18: An online reconstructed hadronic event in CLAS, displayed using
CED (CLAS Event Display).

The maximum event rate is 8 kHz and maintained a DAQ livetime of ~85%.
Summary

The CEBAF accelerator uses superconducting technology to deliver a high
quality and luminosity beam of electrons to three separate end stations in Jef-

ferson Lab. These halls, with their complementary detector setups, allow a

'RAID - Redundant Array of Independent (Inexpensive) Disks. D. A. Patterson et al,
SIGMOD Conf. 1998
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broad spectrum program to be conducted within the lab. Hall-B’s coherent
Bremsstrahlung facility enables a secondary beam of linearly polarised photons
to be produced by scattering the initial electron beam off of a diamond radiator.
Devices in the beamline such as the beam position monitors and the pair spec-
trometer then allow the beam quality to be monitored and enhanced throughout
the running of an experiment. It is this unique setup, alongside the CLAS detec-
tor’s high acceptance for charged particles that makes Jefferson Lab’s Hall-B the
ideal facility to investigate spin observables in strangeness photoproduction.
This chapter detailed the experimental apparatus and setup used during the
gl3 experiment at Jefferson Lab’s Hall-B. Before any analysis can be undertaken
however, it is necessary to calibrate the various detector subsystems just described
in the previous sections in order to convert the output into a meaningful physical
format (e.g. time, position, momentum). The next chapter describes the process

of calibrating the subsystems and the data reconstruction.
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Chapter 4
Data Processing and Calibrations

In order to perform physics analysis of the experimental data acquired during the
run period, it is necessary to convert the raw signal information from the detector
subsystems into meaningful physical values. These physical values come in the
form of timing, position, energy and momentum of the detected particles. The
first stage of this conversion process is done by undertaking two tasks in parallel.
One task being the data reconstruction, also known as cooking, and the second
is to calibration of the individual detector subsystems. Each detector subsystem
has an offline software package designed to produce calibration constants which
used by the cooking process. Many iterations of these parallel tasks are required

in order to refine the data into the final form necessary for physics analysis.

4.1 Run Conditions and Data

Table 4.1 shows a summary of the run conditions for the gl3 experiment.

‘ Running Condition ‘ Linear Polarisation ‘
Torus Current —1500 A
Trigger two-sector, no tagger
Beam Current ~ 10 nA
Tagged Photon Energy Range 1.1 —2.3 GeV
Radiator diamond (50 pm)
Target LDy and LH,
Target Length and Diameter 40 cm and 40 mm
(max diameter)
Target Position 20 cm upstream of
CLAS centre

Table 4.1: G13 running conditions.
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G13 used different electron beam energies to produce different energies of
polarised photon beam (= 1.1 > 2.3 GeV, in steps of 200 MeV). This meant that
different electron beam energies (and thus polarisations) could have contributed to
the same coherent peak setting. This then required the calculation of a weighted
mean polarisation of each coherent peak and polarisation plane setting. The
polarisation plane depends on the diamond orientation in the goniometer and
is defined to be either parallel (PARA) or perpendicular (PERP). The PARA
or PERP refers to the orientation of the Bremsstrahlung photon’s electric field
vector with respect to the horizontal. Where an amorphous radiator was used the
polarisation plane is defined as AMO (for amorphous). The polarisation plane
was altered between PARA and PERP after every run and AMO was only used
during certain special runs.

Given the running conditions above, ~ 120 TB of data were collected, satis-
fying the required targets given in the proposal [17]. The data are summarised

in table 4.2 for production on the LD, target.

‘ ‘ ‘ Triggers ‘ ‘ Mean Pol. ‘ ‘
E. (GeV) E, (GeV) | PARA PERP PARA PERP
3.302, 3.914, 4.192 1.3 3.7x10% | 4.3 x 108 0.75 0.71
4.065, 4.475 1.5 1.9 x 10 | 1.7 x 10° 0.70 0.74
4.065, 4.748 1.7 2.2 x10% | 1.8 x 10? 0.71 0.73
5.057 1.9 3.6 x 10° | 2.7 x 10° 0.74 0.78
5.057, 5.157 2.1 3.0 x 107 | 2.6 x 10? 0.70 0.70
5.157 2.3 2.8 x 10° | 2.9 x 10? 0.71 0.71

Table 4.2: Electron beam and photon beam settings with total triggers for each
polarisation plane setting and mean polarisations.

4.2 CLAS Data Output

Output (see section 3.5.1) from the CLAS detector subsystems is transferred and
collated on an event-by-event basis within a dynamic memory structure known as
BOS (Bank Operating System) [85,86]. Each detector subsystem within CLAS
has at least one BOS bank containing the relevant raw output. These banks are
then accessed using the appropriate function calls when required for calibration
or cooking. Typically, the output of each data run is split into files of ~ 2 GB in

size, and one standard data run (~ 2 hours for g13) gave rise to ~ 50 — 60 data
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files. During uniterrupted production running it was possible to take ~ 10 — 12

runs per day.

4.3 Data Reconstruction / Cooking

The process of data reconstruction or cooking [87|, converts the raw BOS bank
outputs (see section 3.5.1) into reconstructed or cooked BOS banks. A cooked
BOS bank is a collection of data words containing detector subsystem which is
now in physical format (e.g. position, time, momentum). This process utilises a
software package called RECSIS (REConstruction and analySIS package). The
raw data are first calibrated appropriately, depending upon the detector subsys-
tem, resulting in a set of calibration constants. Each of these constants is stored
in a centralised MySql [88] database and linked to RECSIS via an experiment-
specific run index. Once a set of calibration constants is deemed to be adequate
they are then used to adjust the reconstructed physical information in the BOS
banks and one iteration of the data cooking is complete. This adjustment of the
bank information accounts for factors such as detector position, trigger times and
offsets of each detector subsystem with respect to the others.

For the gl3 experiment there were two overall passes of the cooking, each
consisting of multiple versions, before the calibration constants were finally de-
cided to be of high enough quality for physics analysis. Pass refers to the current
iteration of the overall process, while version refers to the current status of the
calibrations. Data processing in this fashion is very computationally intensive
and took ~ 12 months of constant running on the JLab computing farm with

~ 20000 raw input and ~ 80000 subsequent output files.

4.3.1 Quality Monitoring

One vital component of the data reconstruction process is the monitoring of the
subsequent outputs. During gl3 a package called CSQL [89] was implemented,
which allows for the storage and visual monitoring of the cooking process results
via a web interface. The package was linked to RECSIS and during processing,
various outputs of interest were monitored over whole versions. As a result,
data runs requiring further refinement could be easily identified. One example
of a CSQL monitoring plot, showing the number of reconstructed K+ and K~
particles per event, can be seen in figure 4.1 below. The main purpose of the
monitoring process is to check for any drift of calibration constants, and illuminate

any other detector problems throughout the experimental run.
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Figure 4.1: An example of a CSQL monitoring plot from g13 cooking. The plot
shows how many K* and K~ particles we were getting, per event and as can
be seen, we are reconstructing ~ 4% K* and ~ 8% K~ particles per event.
The physical interpretation of this is that out of our overall data set, ~ 4% are
events involving a K and ~ 8% are events involving a K~. Particles may be
mis-identified at this point though but this is be accounted for at later stages of
the analysis.
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4.4 Subsystem Calibrations

Timing calibrations are of particular importance with CLAS, since timing is the
basis for all particle identification (PID) and the determination of particle mo-
menta. Further to this, the determination of the correct beam bucket, from
timing, is necessary to correctly identify the event photon. In this section brief
overviews of the calibration principles and methods for each of these subsystems
is presented. More detail is given in relation to the calibration of the photon
tagger, for which the author was responsible.

The overall calibration procedure has the following steps:

1. Calibration of the start counter and alignment to the time of flight (TOF)

from scintillator paddles.

2. Calibration of the photon tagger, the beam RF time and alignment to the
TOF.

3. Calibration of the TOF.
4. Calibration of the drift chambers.
5. Calibration of the electromagnetic calorimeters with respect to the TOF.

These steps are repeated many times until satisfactory calibration constants are
converged upon and physics data reconstructed. In order to ensure these con-
stants are satisfactory over the entire experimental run range, calibrations are
conducted on reference runs which are chosen at regular intervals spanning the
entire run range. Given the necessity for high quality particle identification and
accuracy of reconstructed masses, both invariant and missing, these reference

runs are taken frequently.

4.4.1 Start Counter Calibration

The calibration of the start counter (see section 3.4.2) is performed in two stages,
followed by the alignment of the start counter time to the time of flight subsystem.
The first stage of the calibration process involves internally aligning each pair of
coupled paddle scintillators, whilst the second stage aligns the three pairs with
respect to each other.

When a hit is registered in a pair of coupled paddles, two TDC timings result
(Ty and Ty). For real physical events, the time difference between these two

timings should be a constant. These real events are then selected and the time
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difference (77 —1T5) distribution is plotted. By then adjusting a constant associated
with each paddle, the time difference can be centred on zero. This internal
alignment procedure is carried out for all three coupled paddle scintillator pairs.

The next stage requires alignment of the now internally aligned paddle pair
with respect to each other. In order for this to be done, an external reference
time is required with which to compare the start counter time of each paddle pair.
This external reference time is provided by a tagger T-counter, and so for each
coupled paddle pair the start counter time is subtracted from the T-counter time.
Again at this point, the constants for each coupled paddle pair are adjusted (but
now by the same amount) so as to align the the main peak of this time difference
distribution with the main peaks of the distributions from the other pairs. This
timing difference alignment however, need not be centred on zero as this is simply
an internal calibration of the start counter subsystem and is accounted for in the
photon tagger time and time of flight calibrations. Once all three pairs have
been calibrated in this fashion, the start counter is considered to be calibrated.
Calibration plots for the start counter are shwon in figure 4.2.

The final stage in the calibration of the start counter is to determine a constant
time offset, known as st2tof. As was discussed in sections 3.4.2 and 3.4.4, it is
necessary to align the start counter time with the time of flight subsystem in
order to obtain accurate time of flight measurements, since the start counter
provides the event start time. Aligning of the start counter to the time of flight is
achieved by subtracting the vertex time of a track as measured by time of flight,
from the vertex time of the track as measured by the start counter, and aligning
the resulting distribution’s offset to be aligned on zero. The final evaluation of
st2tof cannot be done until both the drift chamber and time of flight calibrations
are completed. Consequently, the st2tof value changes after each iteration of the

overall calibration procedure as was previously described (see section 4.4).

4.4.2 Photon Tagger Calibration / Beam RF

Calibration procedures for the photon tagger (see section 3.2) and beam RF are
detailed in Refs. [73,90]. This section contains a brief description of the tagger
calibration process, along with some representative plots of the calibration for
the g13 experiment.

The concept of the photon tagger calibration can be described as follows.
The TDC values from the E-counter and T-counter PMTs are required to be
converted into times. This is done by calculating and storing some calibration

constants (ps/channel) for each TDC. These values are then used to convert the
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Figure 4.2: Start counter calibration plots showing before calibration (top) and
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TDC channels into times. Once these times have been determined, geometrical
matching between E-counter hits and T-counter hits is performed. This matching
is only performed if the E-counter and T-counter hits represent a certain com-
bination, based on the overlap of the E and T focal planes in relation to typical
electron trajectories, as shown in figure 4.3. This combination must be one in
which the electron did not scatter after interacting with the radiator foil. At this
same stage of geometrical matching, a timing coincidence between the E-counter
hit and T-counter hit is also required. Determination of the final timing involves
using the T-counters, which are individually corrected for offsets, to identify the 2
ns beam bucket. Finer (< 2 ns) corrections to this timing are achieved using the
RF machine time. The remainder of this section details the procedures involved

in this calibration.

i, RO W e

Figure 4.3: Schematic representation of a portion of the tagger hodoscope. The
orientation of the counters in both the E and T planes can be seen, as can the
overlap of the E-counters and T-counters relative to the electron trajectories.

The tagger calibration process can be broken down into several discrete stages,
each of which produce calibration constants for use in the reconstruction/cooking

process.

1. T-counter TDC Left-Right slope calibrations.

[\

. Base peak calibrations.

w

. RF timing adjustments, C/s.
4. Tagger to time of flight offset.

Once the tagger has been calibrated, an output bank called TAGR is produced
in the cooking output. This bank contains time, energy and T and E-counter
information. It should be pointed out that in order for a tagger event to be
properly reconstructed, E-T coincidences are matched using a lookup table. This

E-T coincidence is required, via hardware, to be within 20 ns. The bottom left
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Tagger Histograms
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Figure 4.4: Tagger calibration output plots for a well calibrated run. (Top left)
LR balance alignment, (top middle) tagger t-counter time minus RF time versus
T-counter, (top right) RF calibration check, (bottom left) tagger t-counter time
minus e-counter time versus E-counter, (bottom middle) tagger time minus RF
corrected tagger time and (bottom right) tagger time minus start counter time
versus T-counter.

plot of figure 4.4 shows this coincidence, T-counter time minus E-counter time
versus E-counter number (E-id). When a hit falls within this coincidence window,
the timing of the photon is determined by the T-counter time and the RF.

At this point one can look at the RF offset calibration. The machine RF
time is measured via a PMT placed at the entrance to Hall B. The TDC signal
resulting from this (RF TDC time) is pre-scaled by a factor of 40 resulting in a
signal with a period of 80 ns. An optimum RF calibration should have the time
difference between the tagger time, TTAG, for all 121 T-counters, minus the RF
corrected tagger time (TPHO) equal to zero. In the bottom middle of figure 4.4
we can see this difference plotted after the calibration process. Each stage of this

process is detailed in the following subsections.
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T-counter TDC Left-Right Slope Calibration

The timings from the left and right TDCs from each T-counter need to be cor-
rected. To do this we compare the the time calculated by both TDCs and then
correct them relative to each other and the RF, on a counter by counter basis.
The calibration software for the photon tagger measures and plots two slopes,
Orr and [Bgp, from which the correction can be determined. These slopes are
defined below:

<t —trp>
Orr is the slope of % Versus tomean

Orr is the slope of t,,can — tep VErsus tean

where t;, and tg are the measured left and right TDC times respectively, t,can

<tp+1ir> ) .
#) and t., is the electron bucket time

is the mean of these two times(
which produced the photon.

To calculate the new or corrected slope constants (the multiplicative factor
required to convert a TDC channel to ns), S, and Sk, we use the following

relations:

1
(1 = Brr)(1 = Brr)

Sp =5, % ~ 51 X (1 + Brr)(1 + Brr), (4.1)

1
(14 BLr)(1 — Brr)
where Sp and Sy are the newly calculated slopes for the left and right TDC

SR =8, X ~ 5. X ~ (1 — ﬂLR)(l —+ 61{}7), (4.2)

slopes respectively and s; and s, are the pre-calibration slopes for the left and
right TDCs respectively. A calibrated T-counter should exhibit a flat slope at a

tr—t, >
'R ersus tmean and < tmean — tep >

<
time difference of zero when plots of
Versus t,,eqn are examined. A well calibrated set of TDC slopes is illustrated in
the top left of figure 4.4. All T-counter slopes are shown using an arbitrary scale,

the times are in ns.

Base Peak Calibrations

The TDCs in the tagger operate in what is known as common-start self-triggered
mode. This means that they start to measure time when either the CLAS level
1 trigger fires (common-start) or when a hit is recorded on a T-counter (self-
triggered). Since either the left or right TDC registers the first time and become
the trigger, the base peak calibration constant is the mean position of the TDC

peak. As a result of this, the actual time measured by the T-counter TDCs is
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the TDC time with the base peak constant subtracted, and therefore corrected
for the signal delay.

The constants are evaluated with the following definitions for each individual
T-counter 7; (i = 1...61):

< Peak(L); >=<TDC(L); > — <T(L/R); >, (4.3)

< Peak(R); >=<TDC(R); > — < T(R/L); >, (4.4)

where Peak(L); and Peak(R); are the new constants (absolute peak positions)
for the T-counter TDCs (left and right respectively), TDC(L); and TDC(R);
are the measured TDC times for the left and right respectively and T(L/R); and
T(R/L); are related to the relative time delays between the left and right (right
and left) TDCs. This relative time delay is used to account for certain physical
factors, for example, the fixed cable delays. Provided the hardware alignment
is good enough, then the timing window for coincidences can be made shorter
and therefore improve the real to random ratio. Even with perfect alignment,
however, the timing window still has a width at least as wide as the resolution of

a single channel.

RF Timing Adjustments, C!s

After these previous stages have been completed we must now identify the correct
RF beam bucket from which the reconstructed hit was obtained. The available
RF time is actually given relative to the trigger time, ¢tgr. The information it
provides then, is related to the phase shift between the machine RF time, with
a period of 2.004 ns, and the trigger. The time of the tagged photon, trpgo, is

given by the equation:

trr = trPHO + Kevent X 2.004, (4.5)

where keyens is the REF beam bucket offset and determined on an event by event
basis. The method of determining ¢rpgo is now explained.

To improve the timing alignment from the previous section (4.4.2), a reference
detector is decided upon. For experiments involving photon running this is the
start counter, and so it was for g13. The start counter is typically chosen as
this is the first subsystem which detects reaction products in CLAS. By using

a reference time, tggpp, from the chosen reference detector, the T-counter mis-
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alignment at the trigger level can be determined and corrected for. This is done
by the application of a constant for each T-counter, C/*#F (i = 1...121), defined
by the following:

CZ-REF =< tfnean — trEF >, (46)

CFEF — (<« Dy > 4+ < T} >)— < Dgpp >, (4.7)

where t% . is defined as before, D; is the delay from the production of a tagged
photon until the signal output of the T-counter, T; is the delay from the output
signal to the trigger and Dgpp is the delay from the production of a photon to
the TDC stop signal.

So far this stage has used the start counter for a reference time, but a more
ideal solution would be to utilise the accelerator RF timing as a reference as this
is more accurate and has a resolution of ~ 80 ps. However, to be able to use the
RF as a reference, the RF phase shift for each T-counter has to be determined

and accounted for by the constant C/¥"| defined to be:

CHF =< Dy > 4+ < T > — <ty > +k; x 2.004, (4.8)

where k; is and integer which takes a different value for each T-counter. The top
middle plot of figure 4.4 shows the tagger time minus RF time distribution across
all T-counters, which is used to calculate CfF".

Now that we have obtained values for C#FF and CF¥ we can now compute
the value of k; and therefore the exact C; calibration constant for each T-counter.

This is done using the following relations:

CREE _ CRF —< Dppp > + <ty > —k; x 2.004, (4.9)
Ci=<D;>+<T, > — <tgy >, (4.10)
Cy = CFF — k; x 2.004. (4.11)

Once the procedures described above have been completed, two times for an
event are now available in the TAGR bank, which (after the tagger has been
aligned to the time of flight subsystem, see section 4.4.2) can now be used in
further physics analysis. The first is the tagger time reconstructed on an event
by event basis, t7raq, and the second is RF bucket real time, considered to be

the actual photon time, t7pyo. These are defined as follows:

%"TAG = tinean - Ci? (412)
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trpgo = tprp — kz x 2.004. (413)

The photon tagger timing and the beam RF timing are now considered to be

calibrated and aligned.

Tagger to Time of Flight Offset

When photoproduction data are being analysed, the time attributed to the tagged
photon should be defined to be the time it takes the photon to reach the centre of
the CLAS target, which is the assumed interaction point. This time is relative to
the CLAS detector subsystems and can be defined, since the RF timing and the
T-counter signal are now independent of each other. The principles and methods
used to determine this tagger to time of flight offset, known as tag2tof, are the
same as those for st2tof, explained in section 4.4.1. This timing convention in
the physics analysis of data is accounted for by the addition (within the TAGR

bank) of the tag2tof constant to the trrac and trpgo values.

Tagger Energy Calibration

The energy calibration of the photon tagger is achieved using a model of the
design geometry of the scintillation hodoscope (384 overlapping E-counters) and
a two-dimensional field map of the pair spectrometer (PS) dipole magnet. The
tagged photon energy spectrum is measured in coincidence with ete™ pairs as a
function of the PS magnetic field and by taking advantage of the internal linearity
of the PS, the energy of the tagging system can be calibrated. The absolute energy
scale was determined using the eTe™ rate measurements close to the end-point of
the photon spectrum.

The PS consists of an aluminium pair production converter, eight scintilla-
tor paddles and a large aperture dipole magnet. The system is located 10 m
downstream of the photon tagger radiator. The aluminium foil, which is 1073 ra-
diation lengths thick, is positioned 5.77 cm upstream of the dipole magnet within
its magnetic field. The scintillators are positioned symmetrically on each side of
the beamline and are arranged such that the PS can detect eTe™ pairs over the
full tagger energy range. The PS also contains two pairs of microstrip detectors
covering an area of 400 mm?. These microstrips allow for better determination
of eTe™ position.

The PS operates on the principle that when a photon interacts with the alu-
minium foil converter it will produce an e*e™ pair. The magnetic field then

sweeps these pairs out of the beamline and into the spectrometer scintillator and
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microstrip detectors. The PS can then be used to determine the energy of the
ete” pair from their hit positions and can thus be used to infer the energy of the
interacting photon.

In detail, the tagged photon energy, Eiqqy, is measured in coincidence with
ete” pairs detected in the PS at different PS magentic field settings. The photon

energy measured in the PS, F. 4., is given by the following relation:

Ecalc - Ee* + EWeJr (414)

where E.- and E.+ are the energies of the electron and positron respectively,
as determined from the reconstructed lepton trajectories and the PS magnetic
field. During these special calibration runs, the data acquisition was triggered by
a coincidence signal between the scintillation counters in the PS corresponding to
the detection of an e™e™ pair. For each triggered event, the information from the
pair spectrometer and microstrip detectors, as well as the photon tagger E and
T-counters was recorded. The ratio, R = E 4./ FE}qg9, can then be calculated for
each E-counter on an event by event basis. Ultimately, this ratio can provide an
independent energy calibration of the photon tagger E-counters, and a correction

factor which can be applied to the photon energy at the physics analysis stage.

4.4.3 Time of Flight Calibration

The time of flight calibration [81] process is an essential part of determining the
quality of the charged particle identification and the mass resolution (see section
3.4.4). Moreover, it is at this point in the overall calibration process where the
start counter, photon tagger and time of flight timings are aligned relative to
each other. The TOF calibration has several stages, each of which is given a brief

description in this section. The stages are as follows:
1. Status and pedestals.
2. TDC calibration.
3. Time-walk correction.
4. Left-Right PMT alignment.
5. Energy loss and attenuation length calibration.
6. Effective velocity calibration.

7. Counter to counter delay calibration.
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The status of a scintillator is flagged for subsequent stages of the TOF calibration
process, regardless of whether or not one or both sides of the scintillator are dead
and the pedestals, which are ADC channels corresponding to zero, are measured
using a pulse trigger.

The T'DC' calibration takes the form of a channel to time (ns) conversion.
The response of the TDC to special pulser runs is analysed for different start-
stop delays of the sent pulse. The resulting TDC channel vs. time distribution
is fitted with the following function:

t=co+aT + cT?,

where ¢y, ¢; and ceare the determined calibration constants, 7" is the TDC
channel number and ¢ is the time in ns.

Tivme —walk corrections as a function of pulse height are determined for each
PMT by performing special laser runs. It is because of the height-dependent rise
time of an analogue pulse that this correction is necessary.

The Left— Right PMT alignment of each scintillator is the next stage of the
TOF calibration. This alignment and the resulting left-right time offsets allow for
the determination of hit position within the scintillator. The hit position from the
TDC left and TDC right are then plotted for each scintillator on a sector-by-sector
basis. This sector based distribution should be symmetric around zero, that is to
say the x-projection of the left and right edges (edge; and edgeg, respectively)
for each scintillator should be symmetric around zero. Any left-right time offset,

At, arising is calculated via the following relation:
At = (edger, + edger)/veyy,

where v, is the effective velocity in the scintillator material with a nominal
value of 1.6 x 10% ms™.

The next stage of the calibration process is the calculation of energy loss,
0FE/dx, in the scintillator, and the attenuation length of each scintillator. Rea-
sonable timing calibrations are required for this stage in order to select pions for
the energy loss calibration. Loose timing cuts are used to identify pions and the
geometric mean position of the Minimising Ionising Particle (MIP) is measured
for each scintillator using the pulse height outputs of the left and right ADCs.
The MIP pulse heights are then normalised such that a particle incident normally
at the centre of a scintillator bar has a pulse height equivalent to 10 MeV. The
attenuation length is then calculated by determining the relation between the

amount of light arriving at each PMT and the hit position along the scintillator.
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The second-to-last stage is the calibration of the ef fective velocity, vess. The
hit position along a scintillator with respect to the centre, y, is determined using
timing information from both ends of the scintillator. Moreover, position y can be
determined from tracking information. Therefore, a fit to the difference between
the left and right timings (¢, and tz) vs. y, can be used to determine v.s; and
the position offset, y,fsset, for each scintillator, using the relation:

_ Vess
2

) (tL - tR - yoffset)a

where t;, and tg are the adjusted times from the left and right PMTs respec-
tively. This calculated value is then used in the next TOF calibration loop at
stage 4.

In the final stage of the TOF calibration the counter to counter delays are
calibrated. Each of the time of flight subsystems 288 scintillator counters must
have their timing aligned with the start counter and photon tagger subsystems.
Pions are selected by cutting on the energy deposited in each scintillator and a
distribution of vertex time from time of flight minus vertex time from the start
counter/ photon tagger is produced. The main peak of this distribution is then

fitted, and an offset can be determined which centres the peak on zero.

4.4.4 Drift Chamber Calibration

The drift chamber (section 3.4.3) calibration [77,80] is required to accurately
reconstruct the path a particle travelled through CLAS. This track reconstruction
is based upon the measurement of the position of a particle within the drift
chamber cells and is performed in two stages. The first stage is Hit Based Tracking
(HBT) and the second, Time Based Tracking (TBT).

Hit based tracking is based upon a least squares fit of a track to hit wire
position and is calculated when at least three out of five superlayers register
a hit. The track segments resulting from the HBT are then linked across all
superlayers in a region and all three regions in order to reconstruct the particle’s
track. HBT, however, has poor momentum resolution (~ 3 — 5% for a 1 GeV /c
track) due to the radially increasing diameters of the cells and the possibility of
holes in the drift chamber. Holes are defined to be areas in a chamber with dead
wires and they result in less than the maximum 34 layers registering track hits.

For the second stage, time based tracking, we require a measurement of the
drift time. Here, information about the particle’s flight time from the target to
the time of flight scintillators is used to augment the drift time. A lookup table

is then used to convert these augmented drift times into drift distances within
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the cells, then, within each cell, these positions are fitted in order to determine

the track parameters. The drift time, 4,4, is defined as:

tdrift = tstart +to — trpc — tflz'ght - tprop - twalk:

where tg44 is the start time of the event, ¢, is the time delay of the wire,
trpc is the raw measured time of the TDC, t 41,45 is the flight time of the particle
to travel from the reaction vertex to the wire, t,.,, is the propagation time of
the signal along the wire, and ¢, is a time-walk correction made for short drift
times differences in ionisation of slow and fast moving particles. The implication
of this last term is simply that minimum ionising particles produce smaller sig-
nals, resulting in larger time smearings. It should be pointed out that ¢y, is
constructed based upon coincident signals from the photon tagger, start counter
and time of flight subsystems for photon experiments such as g13. TBT improves

the momentum resolution for a 1 GeV /¢ track to ~ 0.5%.

4.4.5 Electromagnetic Calorimeter Calibration

The aim of the electromagnetic calorimeter (section 3.4.5) calibration |82] is to
find an agreement between the vertex time of a track measured by the electro-
magnetic calorimeter and an independent vertex time of a track as measured by
the time of flight subsystem. This means that the EC vertex time minus the
TOF vertex time distribution should be centred on zero. It is necessary that the
EC time is well defined as this is essential in discriminating between photons and
neutrons where detected particle’s velocity is what identifies one from the other.
It should be noted that not the entire energy of the neutron is deposited in the
calorimeters. The calibration of the large angle electromagnetic calorimeters is

done in a similar fashion.

4.5 Photon Polarisation

In order to obtain the degree of photon polarisation for any event we must first
determine the coherent edge position, and the relationship between photon en-
ergy and polarisation when the coherent edge is at any position for any given
polarisation plane. The photons are linearly polarised using the CB technique, as
described in section (3.2). To maximise the degree of polarisation in the photon
energy range of interest, the crystal is adjusted to position the coherent peak in

the appropriate position in the photon energy spectrum. For example, figure 4.6



80 Chapter 4. Data Processing and Calibrations

shows the enhancement spectrum as set up for polarised photons in the 1750 -
1950 MeV range. To obtain the degree of polarisation as a function of photon
energy this enhancement spectrum from TDC fits is compared to an analytical
Bremsstrahlung (ANB) calculation , which allows the user to adjust the beam
divergence and other relevant parameters. A more detailed treatment of these
parameters is given in [51]. Once the optimum agreement between data and
calculation is found a set of polarisation lookup tables is generated; each table
corresponds to a slightly different position of the coherent peak within the region
of interest. This allows an event by event determination of the photon polarisa-
tion. The enhancement spectrum is regenerated for every 2 ns of data, and fitted
with a 4th degree polynomial to determine the position of the “coherent edge”
(figure 4.5) and hence select the appropriate lookup table for that 2 ns chunk of
data. Such a technique is essential to allow for some drift of the coherent peak
around its mean position due to small changes in the angle between the electron
beam and the crystal lattice. The typical variation in the coherent edge position
over a run is shown in figure 4.7.

Having now got mean polarisation values for each electron and photon beam
and plane setting in gl3a, the polarisations were then scaled according to the
number events for each plane setting at each electron beam energy, resulting in an
overall weighted mean value of the linear photon polarisation for gl3a. These were
the final values that were used to extract the beam asymmetry measurements for
this analysis. The degree of linear polarisation achieved for the different coherent

peak settings was ~ 72 — 78%.
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Figure 4.5: Enhancement plot.
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Figure 4.7: A typical variation of the coherent edge position over one run. While
the position remains very steady, beam trips can be seen as individual spikes.
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Figure 4.6: Collimated tagger scaler spectra compared with the ANB [91] cal-
culation for the 1.9 GeV coherent peak position (top). The calculated photon
polarisation versus energy (bottom).

The systematic uncertainties associated in obtaining the polarisation from
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the ANB method arise from four main sources. These are the dependence of the
polarisation on the tagger E-plane; the limit between the theoretical and data
comparison; the changing height of the coherent peak and the uncertainty from
the TDC spectra normalisation. The first effect arises because as many as six
E-bins can be associated with each T-bin for which the polarisation is calculated.
This can introduce an uncertainty in the true position of the coherent edge which
can cause a change in the mean polarisation. The second effect arises from their
being a range of parameters which will give equally good comparisons between
the data and the calculation. The varying height of the coherent peak is caused
by instabilities in the position of the electron beam and can give rise to a shift
of the coherent edge position (see figure 4.5). This change of the apparent height
of the coherent peak can produce an associated change in the polarisation due
to varying numbers of the photons that are under the peak. The last case comes
as a result of the signal noise in the TDC spectra that may cause errors in the
normalisation procedure.

All these effects were considered in a previous analysis [51] which found the
combined systematic uncertainty in the photon polarisation to be £4.3%. Further
to this, it should be noted that there does appear to be some systematic effect
when trying to calculate the photon polarisation at energies right on the coherent
edge. This is due to the comparison between the data and calculation not being
reliable at these energies. To fully calculate the systematic contribution from this
it will be necessary to study the photon polarisation using a high statistics single
pion analysis. Such a study is outwith the scope of this work but is currently being
undertaken. This additional information will either improve the comparison with
the higher statistics available or will be able to quantify the systematic uncertainty
and therefore allow it to be accounted for. For the purposes of this analysis, a

slightly larger 5% systematic uncertainty will be used.

4.6 Summary

Once the processes described in this chapter have been completed, the data are
then considered to be fully calibrated and in a format which can now be used for
physics analysis. The information contained within the data is used for initial
particle identification and the construction of 4-vectors. These particle 4-vectors
allow for the physics analysis of events of interest within the data. The initial par-
ticle identification and event selection, along with the results of the data analysis,

are presented in the following chapters.
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Chapter 5
Data Analysis

This chapter describes the details of the analysis of the vd — K pr~(n) channel
from the g13 experiment. In this channel the neutron has been reconstructed by
missing mass (yd — pKT7~) from the corresponding 4-vectors of the detected
particles. The analysis is presented for the conditions of the g13 experiment that
have been described in 3. The steps described follow the order of the analysis
as it was performed and the results for the complete range of photon energies
covered during g13 (1.3 - 2.3 GeV in 200 MeV steps) are presented.

5.1 Particle Identification and Event Selection

5.1.1 TOF Mass Cuts

The first step in identifying the yd — KTA°(n) — KTpr~(n) and vd —
K+3%n) — KTA%(n) — K*pr—y(n) reactions is to select only those recorded
events that contain the appropriate number of charged particles in the final state,
in this case, three particles, plus the additional constraint of there being a min-
imum of one hit registered in the photon tagger. The neutron only spectates in
this reaction and the neutron detection efficiency and momentum resolution of
the CLAS detector means that reconstructing the neutron by missing mass re-
sults in better statistics. This means that only the three charged particles (K™, p
and 77) are detected in CLAS and the neutron is reconstructed from the missing
mass of yd — KTpr~(n). The primary cut to be implemented in the analysis
was a cut based purely on the mass squared as calculated by the time of flight
detector subsystem (3.4.4) and was dependent upon the charge of the detected

particle. The criteria were as follows:

e Detected non-zero charged particle must have a valid drift chamber track
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and either an associated valid time of flight hit or an electromagnetic

calorimeter hit.

e Selected time-of-flight mass squared range depending on particle charge as

follows:

— Positively charged particle, 0.49 < mass? < 1.44 (GeV/c?), possible

proton identification.

— Positively charged particle, 0.1 < mass* < 0.49 (GeV /¢?), possible KT

identification.

— Negatively charged particle, 0 < mass® < 0.1 (GeV/c?), possible 7~

identification.

At this point the hadron identification is only preliminary as there is not yet
any clear distinction between kaons and pions. The TOF masses for all particles

detected in this reaction can be seen in figure 5.1 below.
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Figure 5.1: TOF mass? plot after simple selection criteria on the number of event
particles allowed. It shows that the mass cuts can identify reasonably well the
isolated protons but still they still exhibit some uncertainty over the kaon and
pion separation. The sharp cutoff regions indicate where the cuts were placed
to identify each particle and there are an equal number of counts in each region
between the cutoffs.
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When an event potentially contains Ktpr~ according to these criteria, it is

then allowed to pass on to the further stages of event selection.

5.1.2 Photon Selection

The second stage in the event selection process is that of identification of the
corresponding event photon. Where an event has more than one photon (tagger
hit), the actual event photon is identified to be the one whose time is closest to
the event vertex time, the so-called “best” photon. This is done by minimising
the time difference (Dif f) between the proton vertex time and the photon vertex

time according to the relation:

Diff = (TOFtime(p) — (TOFpath(p)/c x fe(p))) — (time + (2(p)/c))  (5.1)

where:

Be(p) = p(p)/ \/ P*(p) +m2y,(p) (5.2)

using the PDG mass for the proton and the measured momentum.
Where:

TOFtime(p) =proton TOF time,

TOFtime(p) =proton path length to the TOF,
Veime =€vent photon vertex time,
z(p) =z — vertex position of the proton,

c =the speed of light.

If an event was found to have more than one photon in the same minimal
vertex timing difference window (one 2 ns beam bucket) it was rejected. This
occurs less that 1% of the time so the statistics that were lost because of this was
negligible. This timing difference is shown in the top plot of figure 5.3.

At this point the tagger energy correction is applied to the identified photon.
The correction is derived from the pair spectrometer and this accounts for E-
counter to E-counter non-linearities, taking the form of a multiplication factor to

E.,, the photon energy.
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5.1.3 Mis-identification of mesons

At this point in the analysis it is prudent to assume that a number of the reaction
particles have been mis-identified with particles having a different mass but the
same charge. In order to remove these mis-identified particles from the rest of
the analysis, the momentum based on the drift chamber track is retained, but
the mass is re-assigned to the PDG value of a viably mis-identified particle. The

considered mis-identifications were as follows:
e Possibly identified K as a mis-identified 7.
e Possibly identified K as a mis-identified p.
e Possibly identified 7~ as a mis-identified K.

In all of these cases the 4-vector is subsequently re-calculated along with the
missing mass squared (M M?) of the system and cuts are applied to remove events
where it can be seen one of the reaction particles has been positively mis-identified
according to the regime described above. The x-axis of each of each plot shows
the undetected spectator neutron for KA or the neutron plus photon in the case
of the KXY channel. The undetected photon contributes to the smearing of the
missing mass squared of the plots. More explicitly, the M M? (K Tpr~) is assumed

to conform to one of the following arrangements:

Case 1: MM?*(ntpr™)

From figure 5.2 it can be seen that there are events where a 7% has been mis-
identified as a K. These events are been rejected by the cut MM? (7 pr~) <
0.98 MeV. These events correspond to the concentration of events visible on the
lower left of the figure at the mass squared of the missing neutron on the y-axis.
The actual missing neutron that is associated with K" pr~ events corresponds to

the upper right concentration in the figure.

Case 2: M M?(ppr™)
Figure 5.2 also shows events where a proton has been mis-identified as a K.
In this case, the events are rejected by the cut M M?(ppr~) < 0.55 MeV and in

the figure these correspond to everything occurring below the red line.

Case 3: MM?*(KTpK~)

In the final case from figure 5.2, we can see events where a K~ has been mis-
identified as a m—and here the events are rejected by the cut MM?*(KTpK~) <
0.55 MeV.
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Figure 5.2: case 1: MM?*(K* pr~) vs. MM?(ntpr~), case 2: MM?*(K* pr~) vs.
MM?(ppr™), case 3: MM?(K*pr~) vs. MM?*(KTpK™).

5.1.4 Hadron - Photon Vertex Timing Cuts

Before the vertex timing cuts are applied a cut of 300 MeV /¢ minimum momentum
is applied to the identified hadrons in the reaction channel. This 300 MeV/c is

the minimum detection momentum in CLAS.
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Generally, if the timing calibrations of the detector subsystems are well de-
fined, the vertex time of the hadron would be the same as that of the photon
(i.e. their difference would be centred on zero, see top plot in figure 5.3). The
slightly asymmetric shape of the distribution comes from the fact that the de-
tected protons and pions have a detached vertex. This arises since the original
decaying hyperon has time to appreciably move before it decays into the proton
and 7~ that are finally detected. The vertex time difference apparent in peaks
at 2, 4, and 6 ns means that the associated identified photon was from a (2 ns)
beam bucket 1, 2, or 3 earlier than the event proton. The best photon was then
selected and the resulting peak from the distribution was fitted with a Gaussian
function and a +30 cut was applied.

The bottom plot in figure 5.3 shows the proton-photon vertex timing after the
“best” photon selection, and the timing cut has been indicated. Figure 5.4 shows

the result of applying the timing cuts to the K Tand the 7.

5.1.5 Hadron - Hadron Vertex Timing Cuts

The final constraint placed on the timing was a cut on the vertex time between
the various identified reaction hadrons, more specifically, the proton-kaon (°%)
and the proton-pion (2™) vertex times. As with the hadron-photon vertex timing
described in the previous section (5.1.4) the peak was fitted with a Gaussian
function and cut on +30 was applied. Figure 5.5 (top) shows the effect of the
timing cut for the Kt whilst figure 5.5 (bottom) illustrates it for the 7.
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Figure 5.3: (top) t&'7 for all photons, t7 after “best” photon selection with +3¢
cuts indicated by red lines.
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Figure 5.5: tP5" (top) and t£™ (bottom), after “best” photon selection, with
430 cuts indicated by red lines.
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5.1.6 Invariant Mass Cut

The final step in identifying the correct reaction particles involves a cut on the
[p + 7] invariant mass so as to correctly identify those particles that came from
reactions involving a A. These should reconstruct to a A invariant mass and by
subsequently fitting a Gaussian to this invariant mass distribution a +30 cut is
used to identify the correct particles. This is shown in figure 5.6. At this point
in the analysis, all the particles required for the vd — KTpr—(n) exclusive

reaction have been identified and are now used in further analysis.

I -
c L
310000 —
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8000 —
6000—
4000—
2000—

_IMI\'\“*—L L
P.08 1.09 1.1 1.11 1.12 1.13 1.14 1.15
< Invariant Mass (pTt) [GeV/c?]

Figure 5.6: Invariant mass of p + 7~ with +30 cuts indicated by red lines. PDG
mass indicated by green line.

5.1.7 Energy Loss / ELOSS

A charged particle’s original momentum at its production vertex is larger than
that which is measured in the drift chambers. The reason for this is that a
charged particle deposits some of its energy in the target cell, the target walls,
the beam pipe, supporting structures and the start counter. The amount of this
energy loss, or ELOSS, must now be accurately determined and the measured
momentum appropriately corrected. By passing the particle’s 4-momentum and
vertex position, along with the geometry of the gl3 target cell, into the ELOSS
routine [92], the correction is determined. The momentum correction distribu-

tions (Ap vs. p) for the proton, the 77and the K are shown in figure 5.7 below.
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As can be seen, more energy is deposited by a low momentum particle and conse-
quently it will require a larger correction, whilst the opposite is also true for high
momentum particles. This correction was applied very early on in the analysis,
after preliminary particle identification and candidate reaction selection. The
first analysis cut to be made subsequent to the ELOSS correction was the best

photon selection.

5.1.8 Fiducial Cuts

Fiducial cuts are implemented in the analysis in order to account for and exclude
those events which have a particle detected in a region of non-uniform acceptance
in CLAS. Areas of non-uniform acceptance can be found at the edge regions of
the drift chamber sectors and also in regions where particles could interact with
the torus magnet coils. The cuts implemented here are designed to be the same
for all sectors of CLAS, and are dependent upon angle (azimuthal ¢) and charge.
These cuts are applied after the implementation of all other corrections and cuts.
For this analysis a fiducial cut on the azimuthal distributions of £5° at each
sector division in CLAS was used.

Figure 5.8 below shows the hit occupancy (¢ vs. 6 angle) for the 6 different
drift chamber sectors, for both positively and negatively charged hadrons. The
effect of the fiducial cuts on one sampled sector is also shown for positive and

negative hadrons.
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Figure 5.7: (Top) AP vs. P for the proton, (middle) AP vs. P for the 7~ and
(bottom) AP vs. P for the K.
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Figure 5.8: 6 vs. ¢ for all positive particles (top left) and all negative particles
(top right) before fiducial cuts, all sectors shown. € vs. ¢ for all positive particles
(bottom left) and all negative particles (bottom right) after fiducial cuts.

5.2 Analysis of yd — K pr~(n)

5.2.1 A and X Separation

Since the X° decays into a Ay with a 100% branching ratio, it is necessary to
separate a A produced from a X° decay from one which was produced directly.
When using a proton target, this can be done using the kaon missing mass. With
a bound proton in a deuterium nucleus however, Fermi motion will smear out
this distribution and clean separation by this method is no longer possible. It
is possible to produce some separation in the hyperons’ distributions, a process
which will be described in detail shortly, but there always remains some overlap.
This overlap will also be accounted for and the process for it described in the
following sections.

Figure 5.9 shows that by combining the kaon missing mass, as it would appear
in a yp — KTpr~ reaction (free proton), with the missing mass of a KTA
produced from a yd — K*pr~ reaction (bound proton), one can see the A
and XY peaks. The projection on the K A-axis (x-axis), shown in the bottom of

figure 5.9 show that the background is significant, and has to be accounted for in
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the analysis.

By taking this projection onto the x-axis we see the missing mass distribution
of our spectator particle. Here, the peak at ~ 0.939 GeV indicates a spectator
neutron from reactions that produced a A and a K in the final state, whilst the
flatter broader peak to the right indicates reactions that produced a Kt and a
Y% in the final state. The broadening in the latter case arises from the fact there
is an undetected photon when the X° decays into a A. The peaks are ~ 77 MeV
apart however, which corresponds to the mass difference between the two A and
Y% hyperons. By plotting this projection against photon energy, the separation of
the two peaks can be seen more clearly, this is shown in the top plot of figure 5.10.
From a combination of these two plots a cut was set at 0.965 GeV /c? was justified
to initially separate the hyperons. By performing a Gaussian fit to the spectator
neutron peak (bottom of figure 5.9) and taking a —3c cut one can define a lower
limit cut at 0.87 GeV/c? when defining the A hyperon. A Gaussian fit to the
neutron plus photon peak is unreliable however, so a cut has been placed at 1.1
GeV/c?, where contribution from the X* excited state appears to begin to have
an effect. These provide the justification for the vertical lines of the box cuts
shown in figure 5.9 used to separate the hyperons.

Having gained a separation of the hyperons according to the spectator particle
reconstruction, we can now take a projection onto the y-axis of the top plot in
figure 5.9. This axis reconstructs the missing mass of the K as if the reaction
were from a free proton and thus should leave us with the hyperon masses. By
projecting everything between the first two vertical cuts and the last two we
reconstruct missing mass distributions for each hyperon separately. These are
shown in the middle and bottom of figure 5.10 for the A and X% respectively,
with green lines indicating the PDG masses for each hyperon. By fitting the
Y0 peak with a Gaussian function one can then take a +3¢ cut on each side to
produce the horizontal cuts that complete the box cut around the X° hyperon.
This procedure can also be applied to the A distribution, but a +30 cut proves
to be too narrow and a wider cut has been implemented instead. A wider cut is
necessary in the case of the A hyperon so as to account for the combined widths
of each hyperon. Also, this peak is required to be fitted with a function later on
in the analysis, a process which will be described in detail shortly. By choosing
too narrow a cut and removing too much of the tails at either side of the peak, the
fitting algorithm can fail to produce a reliable result. The ratio of KTA events
to KX events was expected to be about 3 : 2 from estimates from the g13

experimental proposal [17] and this was observed to be the case from the data.
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Figure 5.9: (top)Aand Y separation missing mass plots. Here the x-axis shows
MM(KTA) from the deuterium target while the y-axis has MM (K ™) as it would
appear from a proton target. The red lines indicate the positions of the cuts for
the next four plots. (bottom) MMp(KTA) (x-projection of top plot) with the
relevant cuts indicated.
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Figure 5.10: (top) MMp(KtA) vs. E, with relevant cut indicated by red line and
relevant spectator masses indicated by black lines for X% (top) and A (bottom)
reactions respectively. (middle) MMp(K™) in the range 0.87 < MMp(KTA) <
0.965, for A reactions. Green line indicates PDG mass of A and red lines indi-
cate cuts. (bottom) MMp(K™) in the range 0.965 < MMp(K™*) < 1.1, for X°
reactions. Green line indicates PDG mass of ¥° and red lines indicate cuts.

5.2.2 Momentum Cut

The final cut in the analysis was on the momentum of the neutron. The neutron

momentum cut is made to keep those neutrons whose momentum is less than 200
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MeV /¢ (and are therefore spectators). Figure 5.11 shows the momentum distri-
bution versus cos#, and the momentum distribution of the identified neutrons
for each hyperon. The lower, green distribution in the right plot of figure 5.11
shows the spectator neutron momentum from X° hyperons and the taller, black,

larger distribution those from A hyperons.
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Figure 5.11: Neutron momentum distribution versus cos of spectator neutron
0 angle (left). Events corresponding to those expected to be in the final-state-
interaction region are indicated in the red ellipse and the cut at 200 MeV/c is
shown. The neutron momentum distribution (right). The red line represents the
cut at 200 MeV /¢ which removes all non spectator (Fermi momentum) neutrons.
Black line shows spectator neutron momentum from all KA events and green
line shows the spectator neutron momentum from all K+3° events.

5.2.3 Hyperon Yield Extraction

The final stage in the event selection process involved extracting the yield for the
reaction channels vd — K+tA? and vd — KTX". These yields were extracted
after kaon identification and subsequent rejection of mis-identified charged parti-
cles. Having now separated each hyperon (see section 5.2.1), the next step would
be to extract from these the beam asymmetry measurements. With a cleanly
identified beam asymmetry measurement from the yd — KTX° channel we
have one reliable result. However, in the case of the yd — K*A° channel we
have a contribution from the X% beam asymmetry to account for before we can
produce results that we can be confident are due to the A channel only. This
problem can be best highlighted by looking at the top left distribution in figure
5.10 where the X° resonance can be clearly seen to protrude significantly under
that of the A resonance. Conversely, the taller, narrower A resonance contributes

negligibly to that of the X% and is thus ignored. To be able to account for this
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contamination effect the y-projections of the A are fitted with a Voigtian func-
tion (a Breit-Wigner convoluted with a Gaussian) in such a way that the overall
Voigtian function fits the distribution by summing to smaller Voigtian functions
that should describe the individual hyperon resonance contributions. A Voigtian
function was used as this best describes the shape of a resonance. Each Voigtian
function has four parameters that can be either fixed or allowed to vary within
some constraints and these are the resonance width; the Gaussian width; the peak
position; and the height scaling factor. The resonance and Gaussian widths were
allowed to vary very slightly in the first instance in order to get some optimal
values. After this, they were allowed to vary within some tight constraints around
the optimum value. This ensured that any detector resolution or smearing effects
can be accounted for in the final distributions. Likewise the peak positions were
limited within some optimal values allowing us to ensure that the hyperons always
remained ~ 77 MeV apart in mass, this being the mass difference between the A
and the X% hyperons. The height scaling factor was allowed to vary over a much
larger range than the other parameters. By fitting the distributions over each of
the final angular bins the numbers of each A and X° contributing to the overall
measured A asymmetry could be determined. By scaling this measured A asym-
metry appropriately according to the measured XY asymmetry and the numbers
of each hyperon contributing then a corrected, true value for the A asymmetry

could be determined. An example of the fitting routine is shown in figure 5.12.
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Figure 5.12: Voigtian fitting routine example for one angular bin to extract A
and XY yields for A beam asymmetry correction.

The fitting routine was the final step to be made in the analysis before the

beam asymmetry was extracted from the kaon angular distributions. In order to

summarise these steps, table 5.1 shows the cuts applied (in order) to this analysis

of the g13 data.

‘ Applied Cut

Cut Details

Raw Events Skimmed BOS

3 charged particles with appropriate associated masses

MM?* (7t pr~) mis-ID

< 0.98 MeV /c?

M M?(ppr~) mis-ID

< 0.55 MeV/c?

MM?*(K+pK~) mis-ID

< 0.55 MeV/c?

Py > 300 MeV /c

P, > 300 MeV/c

P > 300 MeV/c
photon-kaon vertex time +30
photon-proton vertex time +30
photon-pion vertex time +30
Invariant mass (p + 77) +30

A% 29 separation

Box cuts, based on mainly £30 Gaussian fit

P, cut

< 200MeV /e MeV /¢, hyperon independent

Fiducial cuts

+5° around fiducial regions

Table 5.1: Analysis cuts.
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5.3 Beam Asymmetry

The photon asymmetry results have been extracted for as wide a range of 951\}
and FE,, bins as is possible.The photon beam used during g13 had two orthogonal
(PARA and PERP) polarisation settings, which produced almost equal number
of statistics. The easiest way to then extract the ¥ observable is to construct the
asymmetry, A, as a function of ¢ as is described in section 2.2.2. This gave us

the following expression:

_01(¢) — 72(9)
A0 = o) T o0)

By measuring in this way there is the advantage that the spectrometer’s ac-

o lin
= P)"Y cos 2¢ (5.3)

ceptance effect is cancelled out. This negates the requirement to undertake any
complicated acceptance calculations when extracting the observables which could
potentially introduce large systematic uncertainties. One thing to be noted how-
ever, is that the one instance where acceptances would not cancel each other out
is if there were any difference in the track reconstruction efficiencies arising from
differences in the beam intensities between the two polarisation states. During
the course of g13 experimental running we attempted to minimise this effect by

alternating the photon polarisation plane at constant intervals throughout.

5.3.1 Bin Selection

The particular bin widths chosen for each kinematic variable used in the mea-
surement of 3 were selected in order to maximise the information extracted as a
function of both E, and 0% . Choosing an equal number of bins for each vari-
able would seem to be the most logical choice, but a complication arises when
binning in £, since there are different discrete energy settings for one coherent
peak. Both the degree of photon polarisation and luminosity rapidly decrease
when one moves away in energy from the coherent edge. Also, due to the low
statistics remaining after all cuts had been made, it was decided best to take as
large a bin in energy as was reasonable. By taking these factors into account it
was decided to use one E, bin, 450 MeV wide per coherent peak setting. This
concept of the bin selection is illustrated for the 1.9 GeV' coherent spectrum in
the top of figure 5.13.
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Figure 5.13: The 450 MeV energy bin selection. The distribution for the 1.9 GeV
coherent peak setting is shown with the cuts indicated (top). The non-uniform
angular bins superimposed on the cos(#X ") spectrum (bottom). The majority of
the events detected in CLAS are forward angled which results in lower statistics at
the backward angles. The eight bins range from cos(#X") = -0.8 to 0.84. Angular
distributions are shown for the 1.3 GeV (pink), 1.5 GeV (yellow), 1.7 GeV (blue),
1.9 GeV (green), 2.1 GeV (cyan) and 2.3 GeV (black) settings.

As g13 involved six different coherent peak settings, each separated by 200

MeV, this resulted in six bins in total covering a continuous range in £,. To
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Figure 5.14: ¢ yield of kaons for the parallel polarised photon setting (top left) and
the perpendicular setting (top right) integrated over the full angular range. The
regions of low acceptance correspond to the locations of the torus magnet coils and
are plainly evident in the distributions. The asymmetry of the two polarisation
settings is shown in the bottom plot along with a cos2¢ fit. This asymmetry
technique removes any acceptance issues since the spectrometer acceptance is
independent of the photon polarisation state.



105 Chapter 5. Data Analysis

complement this, eight bins were chosen for cos 95; as shown in the bottom of
figure 5.13, ranging from cos 95; —0.8 to 0.84. The bin size was selected so
that the statistical uncertainty associated with the cos X" distribution for the
coherent edge position with the lowest statistics was minimised. In order to best
minimise the statistical uncertainty in the cos anj binning, non-uniform bins were
used so that there should be an equal number of counts in each angular bin for
the beam energy setting with the lowest number of statistics (in this case the 1.3
GeV beam setting, highlighted in pink in the right plot of figure 5.13). Altogether

there were 48 kinematic bins over which the photon asymmetry was measured.

5.3.2 Extraction of X

Now that the asymmetry has been established in a usable form, the beam asym-
metry, Y, can be measured by applying a one dimensional fit of the functional

form of equation 5.1 to the asymmetry over ¢:

Nl(¢) = N*(9)

A0 = T 7 v (9)

_ plin
= P"¥ cos 2¢ (5.4)

The asymmetry is measured for each kinematic bin in E, and 95; . By placing
a fit of the form of equation 5.1 over each distribution a photon asymmetry can
then be extracted. One complication however, is that the parallel and perpendic-
ular polarised data sets do not generally have the same number of events or mean
polarisation. Therefore the two datasets have to be scaled in order to account
for these differences in yield and polarisation. This gives rise to the following

modified asymmetry relation:

_ Nl(¢)—=N*(¢) PI—pPt 2pIpt
~ NI(@)+ NL(¢) Pl PL  Pl+Pr

A(9) ¥ cos2¢ (5.5)
where Pll and P+ are the mean polarisations of the parallel and perpendicular
photon polarisation settings respectively.

With the kinematic bins has been selected, the photon asymmetry, >, can
now be extracted by fitting the function from equation 5.1 to each of the ®-
distributions on a bin-by-bin basis. In figure 5.14 (top-left and top-right) we can
see the ®-distributions for both the parallel (PARA) and perpendicular (PERP)
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data sets respectively, integrated over all cos 96Km+ bins. On the bottom of fig-
ure 5.14 there is the photon asymmetry of the two polarised data sets, including
error bars. This very effectively demonstrates the power of the asymmetry tech-
nique in cancelling any acceptance related effects, resulting in a very clean cos 2o
distribution. Mean polarisations for PARA and PERP settings for each £, bin
were determined by using the polarisation tables described in section 4.5 and are
shown in table 4.2.

The results of fitting to the kaon azimuthal distributions for one £, and one

cOS 95: bin are shown in figures 5.15 and 5.16 for the 1.9 GeV setting. The photon
K+

cm )

shown in figures 5.17 and 5.18 for the KTA and K*X° channels respectively. In

figure 5.17, we can see both the corrected and the uncorrected values for the

asymmetries resulting from these fits are then plotted as a function of cos6

asymmetry. The uncorrected values are those which were measured before the
dilution of the asymmetry from the X° channel (described in section 5.2.3) was
taken into account, and the corrected values are those once the dilution was

accounted for.

5.4 Summary

A detailed analysis algorithm was created to identify the relevant reaction parti-
cles and extraction of final yields for yp(n) — KTA(n) and yp(n) — KTX°.
Preliminary cuts based on simple TOF masses were used to skim the dataset
down to a manageable size for a full analysis. In the analysis, various cuts were
introduced to reduce the background and correctly identify kaons. Once the
correct reactions had been identified the hyperon masses were separated using a
one-dimensional Voigtian fitting procedure. The final hyperon mass plots demon-
strate the success of these procedures with peaks centred on the PDG masses and
overall the whole event selection routine performed very well in extracting a final
hyperon yield.

By performing a 1-dimensional fit over the kaon azimuthal angle, it was pos-

sible to extract a beam asymmetry, >. No correction was required to the results
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Figure 5.15: cos 2¢ fits of the asymmetry over the kaon azimuthal angle ¢ for £,
— 1.9 GeV for the K*A channel. The histograms range from cos(#X") = -0.46 in
the top left, to cos(#X") = 0.7 in the bottom middle. The yellow bands indicate
the fiducial regions described earlier.

as the method used an asymmetry of of the parallel and perpendicularly po-
larised data sets from each kinematic bin. The systematic uncertainty from the
polarisation is estimeated as 5%.

The following chapter discusses the final results of the beam asymmetry mea-

surements and their implications for the quasifree approximation.
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Figure 5.16: cos 2¢ fits of the asymmetry over the kaon azimuthal angle ¢ for £,
= 1.9 GeV for the KX channel. The histograms range from cos(@fnj) =-0.46 in
the top left, to cos(6X") = 0.7 in the bottom middle. The yellow bands indicate
the fiducial regions described earlier.
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Figure 5.17: Graph of photon asymmetries at F, = 1.9 GeV as a function of
cos O for the KA channel. All the error bars are statistical and no systematic
errors have been included at this stage.

0.8

0.6

%

0.4
0.2

-0.2

-0.4

-0.6

-0.8

e b e b b b e b e b Py
02 04 06 08 1
cos(8f,)

I—‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\
: *
ol A

M

o

o
o]
o
o
\
o
I
o
N
o

Figure 5.18: Graph of photon asymmetries at E, = 1.9 GeV as a function of
coS 95: for the K+X° channel. All the error bars are purely statistical and no
systematic errors have been considered at this stage.
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Chapter 6
Results and Discussion

Having now described the processes involved in identifying the correct reaction
channels and particles (Chapter 5) and to extract and measure the beam asym-
metry polarisation observable (Section 5.3) focus is now on presentation and
discussion of the final results. The systematic uncertainties and choice of binning
that are associated with these measurements were discussed in the previous two
chapters, however it should be pointed out that only error bars associated with
the statistical uncertainties are shown in the plots. The beam asymmetry has an
associated systematic uncertainty of ~ 5%, as was discussed previously (section
4.5).

This chapter presents the final beam asymmetry measurements and they are
compared to work done previously on the free proton. Kaon-MAID model cal-
culations for the neutron are also shown to demonstrate the possibilities for the

future.

6.1 Comparison with free proton

The results have been binned identically to those on the free proton for the g8b,
CLAS experiment [7]. Figures 6.1 and 6.2 show KA as a function of cos #X " and
E.,, respectively. Also shown are the Kaon-MAID calculations for the free proton.
Figures 6.3 and 6.4 show the same comparison for KX°. In all cases, the vertical
error bars are statistical, whilst horizontally they indicate the bin width, with
the data point located at the centroid of the bin. The previous work on the free
proton from the g8b experiment only reached photon energies of 2.1 GeV and
the Kaon-MAID prescription only goes as far as this as well, whereas the current
work reached photon energies of 2.3 GeV. An important point to be noted at

this stage is that the model calculations are all for the free proton, as no reliable
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Figure 6.1: Beam asymmetries from the free (stars with red error bars) and
quasifree (circles with green error bars) proton for the KA channel as a function
of cos X " ranging from E, =1.25 GeV (top left) to 2.25 GeV (bottom right). Data
are compared with model curves from the Kaon-MAID model: core resonances
(dashed black line) and D3 included (solid red line).

model results yet exist for strangeness photoproduction on the deuteron. Given
the similarity of comparisons between results from the free and the quasi-free
proton already highlighted in section 2.4.2, it is not expected that when reliable
model calculations become available for the process on the deuteron that they
be vastly different. At photon energies near the maximum and minimum values
and some backwards angles, the associated statistical error bars are larger due to
there being fewer events in these kinematic ranges.

Only statistical errors are indicated on the plots. In both cases (g8b and g13)
the main systematic error is in the photon polarisation (and may vary systemat-
ically by up to 5% as a function of E.). The results of the free and the quasifree
are consistent over all energies and cos . Therefore, a spectator missing momen-
tum cut that rejects those with P,issing >200 MeV selects only quasifree events.
This information is crucial for data from the neutron channels, which are also

being analysed from the gl3 dataset.
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Figure 6.2: Beam asymmetries from the free (stars with red error bars) and
quasifree (circles with green error bars) proton for the KA channel as a func-
tion of E, ranging from cos X" =-0.46 (top left) to 0.7 (bottom middle). Data
are compared with model curves from the Kaon-MAID model: core resonances
(dashed black line) and D3 included (solid red line).

1300 1500 1700 1900 2100
—0.8 < cos «96Km+ < —0.1 ] -0.084405 | -0.016835 | 0.013492 | 0.080469 | 0.063979
—0.1 < cos 6’5; < 0.02 | -0.047842 | -0.023045 | -0.063305 | 0.065865 | 0.185783
0.02 < cos «96Km+ < 0.12 | -0.029733 | 0.017254 | -0.073443 | 0.103753 | -0.094384

0.12 < cos Hfm+ < 0.2 | 0.014059 | -0.003317 | -0.079196 | 0.104867 | 0.0558
0.2 < cos 95: < 0.28 | -0.035873 | -0.029182 | -0.103179 | 0.082394 | 0.104131
0.28 < cos 957? < 0.36 | 0.018246 | 0.003797 | 0.002262 | 0.04799 | 0.023826
0.36 < cos «95; < 0.46 0.18725 | 0.024076 | 0.017942 | 0.029592 | 0.007506
0.46 < cos «96Km+ <0.84 | 0.06609 | 0.060717 | 0.031326 | 0.068594 | 0.024522

Table 6.1: This table shows the beam asymmetry difference, AY, between the
quasifree and free proton (AY = Xorp — Xpp) measurements for the KA channel.
Differences for each energy bin in MeV versus cos 96Km+ can be found by reading
values vertically from the table and those for each angular bin versus energy by
reading horizontally. The highest and lowest differences are highlighted in red
italics and bold green respectively.
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Figure 6.3: Beam asymmetries from the free (stars with red error bars) and
quasifree (circles with green error bars) proton for the KXY channel as a function
of cos X " ranging from E, =1.25 GeV (top left) to 2.25 GeV (bottom right). Data
are compared with model curves from the Kaon-MAID model: core resonances
(dashed black line), S3; included (dot-dashed blue line), P included (dotted
green line) and both S5; and Ps; included (solid yellow line).

1300 1500 1700 1900 2100

—0.8 < cos 96Km+ < —0.11] 0.093994 | 0.028959 | -0.07526 | -0.01172 | -0.093941
—0.1 < cos 95; < 0.02 | 0.006466 | -0.023013 | -0.020973 | 0.071204 0.018979
0.02 < cos 96Km+ < 0.12 | 0.133621 | -0.080731 | 0.020372 | -0.027148 | 0.0801492
0.12 < cos Hfm+ < 0.2 |-0.016283 | -0.003881 | -0.008476 | 0.04296 | -0.0493765
0.2 < cos 95; < 0.28 | 0.134032 | 0.012705 | -0.03098 | 0.091119 | -0.06332389
0.28 < cos waj < 0.36 | 0.052168 | -0.01788 | -0.006291 | -0.00605 | -0.067534
0.36 < cos 95; < 0.46 | 0.084714 | -0.102126 | -0.077185 | 0.004338 | 0.003684
0.46 < cos 96Km+ <0.84 | 0.202827 | 0.057177 | -0.027702 | 0.007884 -0.03821

Table 6.2: This table shows the beam asymmetry difference, AY, between the
quasifree and free proton (AX = Xgpp — Xpp) measurements for the K> chan-
nel. Differences for each energy bin in MeV versus cos 96Km+ can be found by reading
values vertically from the table and those for each angular bin versus energy by
reading horizontally. The highest and lowest differences are highlighted in red
italics and bold green respectively.
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Figure 6.4: Beam asymmetries from the free (stars with red error bars) and
quasifree (circles with green error bars) proton for the KX° channel as a func-

tion of F, ranging from cos «96Km+

-0.46 (top left) to 0.7 (bottom middle). Data

are compared with model curves from the Kaon-MAID model: core resonances
(dashed black line), S3; included (dot-dashed blue line), P included (dotted
green line) and both S5 and Ps; included (solid yellow line).
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6.1.1 Photon asymmetry results for KA

A comparison of free proton beam asymmetry measurements to the Kaon-MAID
theory curve calculations are shown in figures 6.1 and 6.2. This model utilises
an isobar approach that includes the S1,(1650), P;;(1710) and the P;3(1720) core
resonances and can incorporate the disputed Di3(1900) resonance as well. In
the lowest (1.3 GeV) energy photon bin we find the best agreement with the
MAID model calculations. By including a D;3(1900) resonance the asymmetry
calculations are shifted to higher values so the results of this analysis would seem
to favour the exclusion of this resonance. In the plots shown, a solid red line
depicts the Kaon-MAID calculations including a D;3(1900) resonant state whilst
the dashed black line does not include this resonance. In the 1.5 GeV energy bin
both calculations yield values that are higher than the measurements made for
the asymmetry in the free proton analysis. The following energy bin of 1.7 GeV
looks to favour the inclusion of a D;3(1900) resonance, and at higher energies
the inclusion of this resonance is lent credence in the forward angle results. In
the MAID model however, the inclusion of a D;3(1900) resonant state is not on
it’s own, enough to accurately describe the apparent structures observed in the
backward and mid angular ranges.

In the work by Lee, Mart, Bennhold and others highlighted previously [16]
(see section 2.16), they concluded that there was a narrow kinematic window
where the FSI did not affect selected polarisation observables, including the beam
asymmetry. This region they stated to be close to quasifree kinematics with
moderate missing momentum (p,, < 150 MeV/c) and photon energies below E.,
< 1.4 GeV. In the current analysis selecting p,, < 200 MeV /c was found to be
appropriate and the beam asymmetry was found to agree between the free and
quasifree cases across the entire photon energy range.

The size and direction of the difference between the beam asymmetry mea-
surements varies in each bin. There are exceptions found however, in the 1900
MeV bin and the three most forward (highest cos #5") angular bins, where the
quasifree measurements consistently predict larger beam asymmetries than those
from the free measurements. Possible explanations for this may be some as yet
undetermined systematic effect in either of the two analyses or perhaps it is an
indication of some FSI the A hyperon undergoes at this energy. A systematic
effect would perhaps have been expected to be reproduced in other energy bins
and in the K'Y results and any evidence of FSI also in the K'Y results however,
and this does not appear to be the case. The largest deviation (+0.18725) occurs
in the seventh angular bin of the 1300 MeV setting, though this is perhaps to be
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expected as the statistics were much poorer (~3500) in these kinematical regions
of low energy and extreme angle. The smallest deviation (40.002262) is found
in sixth angular bin of the 1700 MeV setting, again not unexpected as this kine-
matic region had the second highest statistics (~8500 counts) in this particular
bin, superceded only by the 1900 MeV setting (~10000 counts).

Overall, the agreement between the free |7| and the quasifree proton beam
asymmetry measurements was found to be very good for the K ™A channel across
the full kinematic range. The best agreement was found at mid-to-forward angles
in most coherent peak settings. At the lowest and highest ranges of E, there was
some small differences observed at backward angles, but at these extreme energy
and angular bins the associated statistics were much poorer (~ 50% less) than

those in the mid energy and angular bins.

6.1.2 Photon asymmetry results for K >°

The results from the free proton analysis for the K™X° channel were also com-
pared to the Kaon-MAID model calculations, shown in figures 6.3 and 6.4, where
an isobar description based on the inclusion of the S11(1650), P;1(1710), P13(1720),
S31(1900) and Ps1(1910) states is used. On the whole, the models do not give
a good reproduction of the results from this analysis as the model calculations
are mainly negative, only turning positive at some backwards angle regions of
the higher energy bins. The MAID calculations for the first two energy bins are
entirely negative and so do not accurately represent the measurements from the
free proton analysis. At higher energies the model reproduces the general shape
of the data but generally with the opposite sign. In reproducing the general shape
however, it is managing to describe the backwards peak that can be seen in the
results. It failed to account for the apparent peak seen in the measurements at
forward angles though.

Like the results for the K'A channel, the differences in the asymmetry mea-
surements for the K> channel vary both in size and sign, though this time there
is no consistent over or under estimation of the free proton results. This time the
largest deviation (+0.202827) appears in the most forward (eighth) angular bin
in the 1300 MeV beam setting, which, like the KA results, is a kinematical region
of much less statistics (~1600), with the added reduction in statistics for the K'Y
channel. The smallest difference (0.003684) occurs in the 2100 MeV setting in the
seventh angular bin, again like the K A results this being the bin with the second
highest statistics (~6500) in this setting.

Again the results from previous analysis made on the free proton |7]| agreed
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generally very well with those from the quasifree analysis across the full kinematic
range. Similarly, the best agreement was at mid-to-forward angles in most coher-
ent peak settings, while, again, at the lowest and highest ranges of E, there were
some small differences at backwards angles. Like the results for the KA channel
these kinematic regions had much poorer (~ 44% less) statistics than those of the
mid-range angle and energy bins, but now also less overall events associated with
the K*X° channel since the ratio of K+A events to KX events was expected
to be about 3 : 2 from estimates from the gl3 experimental proposal [17], as was

mentioned in section 5.2.1.

6.2 Predictions for the neutron channel

It is not the focus of this work but figure 6.5 gives an illustration of the sensitivity
we could expect for the 3% channel on the neutron. This figure shows Kaon-
MAID calculations for the free neutron channel with the statistical errors from
yp(n) — K*X°(n) results of this analysis shown along the zero lines. Again,
only the statistical errors are indicated. The current results also include here
a £5% systematic error, however it is anticipated that future work will reduce
this to ~ 3%. In the case of the KXY channel, some of the predictions for the
lower energy bins on the neutron are positive, unlike the proton again where the
same energy bins predicted only negative beam asymmetry values. For the higher
energy regions however, they neutron predictions look very similar to those from

the proton, both in size and shape.

6.3 Conclusions

Given the small differences shown in this analysis between K*A and K™X° pho-
toproduction between the quasifree proton in deuterium and the case of the free
proton, alongside the results previously highlighted in section 2.4.2 for n photo-
production, it bears out the predictions that there is no difference in the beam
asymmetry results of the strangeness production process from the free proton
when compared to the quasifree case in the deuteron. Also that by selecting
those spectator particles with a missing momentum of less than 200 MeV /¢ we
are selecting only quasifree events. Thus we conclude that re-scattering effects in
the final state interaction of particles produced from a quasifree case are negligible
and produce no measurable effect on the polarisation of the outgoing hyperon.

With this information it would now be acceptable to perform similar exper-
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Figure 6.5: Beam asymmetry predictions from the free neutron for the reaction
yn — K°%° as a function of cos X' ranging from E, =1.25 GeV (top left)
to 2.05 GeV (bottom middle). Model curves from the Kaon-MAID model: core
resonances (dashed black line), S3; included (dot-dashed blue line), Ps; included
(dotted green line) and both Ss; and Ps; included (solid yellow line). Statistical
error bars from comparable (KY°) results are shown along the red zero line.
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iments as have been done on the proton to investigate the excitation spectrum,
on the bound neutron in a deuterium nucleus. Given that the quasifree approxi-
mation is valid in the case of the proton, it is reasonable to expect that this case
extends to the neutron also and such experiments would therefore yield compa-
rable results to what would be expected from a free neutron. Work has already
begun in this direction, with Kaon-MAID model predictions for the “free” neu-
tron and other analyses already underway from the gl3 experiment to investigate
these predictions in the quasifree case of the bound neutron in deuterium. To-
gether with the ongoing analyses of beam asymmetry measurements from the
bound neutron in deuterium, they offer a look ahead to what can be investigated
and tested in the near future of the field and indicate another step forward to a

complete understanding of the structure of the nucleon.
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