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Abstract

The resonance spectrum of the nucleon gives direct infoomatn the
dynamics and interactions of its constituents. THi®rs an important
challenge to the theoretical models of nucleon structureluding the
emerging Lattice QCD predictions, conformal field theoaed more phe-
nomenological, QCD-based approaches. Although the vanoadels
predict diferent features for the excitation spectra, the experinh@mta
formation is currently of too poor quality to ftierentiate between these
models.

Pion photoproduction from the nucleon is a powerful prob¢hefspec-
trum as most resonances are expected to couple to the piay deannel.
However, cross-sections alone are not sensitive enoudlotoidentifica-
tion of the underlying excitation spectrum, as the resoeamave energy
widths larger than their separations. A major worltbe is underway to
additionally measure polarisation observables in the yetdn process.
For a model-independent analysis a “complete” set of stragld double-
polarisation observables needs to be measured in expganmolving
polarised beams, targets and a means of determining reedi¢gon po-
larisation. In particular, the beam asymmetry is a critwmla¢ervable for
the constraint of partial wave analyses (PWA) used to ekthecnucleon
excitation spectrum from the data.

Almost all of the available world data on the beam asymmeay lbeen
taken on the proton, with the neutron dataset sparse, camgaonly three
experiments at fixed angles and in a limited photon energgeaarThe
lack of extensive data on the neutron is a major deficiencylifésrent
resonances have venyfidirent electromagnetic couplings to the proton and
neutron. As a result, the data from the two targets will haasy different



relative contributions from, and sensitivities to, the @pem of nucleon
resonances. Moreover, neutron data is essential for therategn of the
isoscalar and isovector components of the reaction ancleltu

This thesis presents a very high statistics measurememe gitoton beam
asymmetry on the neutron with close-to-complete angulae@me and
a wide range of invariant mass (1610 — 2320 MeV) extending tve
third resonance region, where the excitation spectrum igcpéarly ill
defined. The experiment was conducted at the Thontéerden National
Accelerator Facility (JLab) using a tagged, linearly psied photon beam,
a liquid deuterium target and the CEBAF Large Acceptancespmeter
(CLAS). The quality and quantity of the data has allowed &aiimnt mass
resolution of 10 MeV and an angular resolution of 0.1 in thgiwe of the
centre-of-mass pion production angle,

Good agreement is evident in the regions where there is latiemverlap
with sparse previous data. Comparison of the new data is mébehe
two main partial wave analyses, SAID and MAID. Significardgatepancy

is observed at backwagdvith SAID (across most of the energy range) and
MAID (up to ~ 1750 MeV) and also below 35° in 6 with both analyses.

This extensive new dataset will help significantly to coaistpartial wave
analyses and will be a crucial part of the current woftd® to use meson
photoproduction to tackle long-standing uncertaintiethanfundamental
excitation spectrum of the nucleon. As a first step towaridsthie refitting

of the SAID partial wave analysis incorporating the new deda carried
out and shows very significant changes in the propertieseofrtagnetic
P11, P13, D13, D3s, F15, G17 andGyg partial waves.
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Chapter 1

Introduction

1.1 Brief history of the hadron

1.1.1 A plethora of particles

The study of the nucleon has occupied fundamental physicroost a century and
played an important role in its history. The discovery of pneton, named perhaps in
subconscious anticipation after the Greek word for thet*fimsmerged in 1919 from
Rutherford’s scattering experimenitd.[ Thought at the time to be a fundamental con-
stituent of the nucleus, it was joined some thirteen yeaes k& the neutron, identified
by Chadwick in 19327]. Soon after its discovery, Heisenberg proposed that the si
ilarities in the neutron’s and the proton’s mass suggestthi®y are two charge states
of a single particle 3], which he called the nucleon, an early indication of a soon-
emerging symmetry. This completed a deceptively simpléupecof the atom — a
nucleus of protons and neutrons surrounded by an electoud §#]. Yet it begged
the question: what holds the nucleons together? A new forl® evidently at play
and in 1935 Yukawa quantised the unimaginatively-namewfigf’ force in terms of
the exchange of a new mediator particle, the meson, betwagaons §]. He calcu-
lated its mass based on the short range of the strong foraléarrder of 1 fm) to be
~ 150 MeV/c?, which 12 years later was identified with the pi@.[

The 77 years that followed the Bohr model of the atom, howgwaved more
turbulent than anyone had anticipated. Early identificeaitbnew particles relied pri-
marily on cosmic rays and was therefore limited to relagieng-lived specimen.
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1. INTRODUCTION

However, the development in accelerator technolagynhich started in the 1930'’s
soon allowed intense, focussed beams of particles to bein$edd-target and, later,
collider experiments. As a result, the pantheon of appr&mdamental particles ex-
panded colossally. Significantly, a whole group of “strdnugarticles appeared on the
scene in the late forties, such as Kfe(1948),K* (1949) and the\ (1950} [9]. Faced
with the puzzle of their relatively large creation rate amd glarmingly slow decay,
Gell-Mann [LO] and Nishijima [L1] both postulated the existence of a new quantum
number called “strangeness3, which had to be conserved in the strong interactions
in which the strange particles were created, but could blatéd in their weak decay.

By the 1960’s the zoo of particles had grown out of all projorteliciting from
Enrico Fermi the comment to his student “Young man, if | cawichember the names
of all these particles, | would have been a botanist?][ Particle physics was indeed
beginning to look like taxonomy, with proliferating attetafo classify according to
mass, charge and other quantum numbers.

1.1.2 The Quark Model — emerging symmetries

A tremendous theoretical breakthrough came in 1961 whenrayu®ell-Mann and
Yuval Ne’eman independently proposed a way of geometyi@ahlanging the lightest
hadrons, recognising their correspondence to membere@t{3) symmetry group
[13]. This discovery was riding on the back of previous attentptdescribe the par-
ticle reactions in terms of symmetries. Amongst them, Stloeerg had proposed as
early as 1938 the conservation of baryon numtrt¢ explain the stability of the
proton, which, as the lightest baryon, had no otBet 1 state to decay intolH].
Heisenberg’s identification of a proton and a neutron as tates of a nucleon had led
to the introduction of isospir, a quantum number by analogy with spin, but pertain-
ing to the state of the nucleon (with proton haviag= % and neutrorz = —%, of the
nucleon’sl = % isospin). Rotations in isospin space (just as those in space) were
thus seen as a representation of the SU(2) symmetry, deddriboperators analogous
to the Pauli matrices.

1Given the dfficulties, sometimes, of identifying specific “discovery’peas, it is perhaps best to
reference Kuhn and his discussion of “discovery” as a proaes rarely a single “Eureka!” everd][
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1.1 Brief history of the hadron

Gell-Mann took this idea further and assembled hadronseo§#ime baryon num-
ber, angular momentum, parity®) and similar masses into super-multiplets, arrang-
ing them along axes of strangeness and isospin (Rigsand 1.2, where electrical
chargeQ relates to the isospin vig = Q — (S + B)/2). In his Eightfold Way for-
mulation, the lightest known family d = 1 particles formed a hexagonal array with
two occupying theQ = 0, S = —1 point, collectively known as the baryon octet. It
belongs to the eight-dimensional representation of the8pghoup, consisting of a set
of SU(2) isospin sub-groups. The lightest mesdds=(0) fall into the corresponding
pseudoscalar meson nonet (a combination of an octet andlat3jrwith heavier ones
forming new super-multiplets. The ten heavier baryonsrabgeinto a triangular de-
cuplet (ten-dimensional SU(3)), the apex of which, &e finally brought triumphant
verification of the scheme when it was discovered in 1963 pased on Gell-Mann’s
predictions.

Figure 1.1: The two lightest baryon (B = 1) multiplets — spin-3 octet, containing proton and
neutron, on the left and spin-g decuplet on the right. Image courtesy of Wikimedia Commons.

The arrangement of the hadrons into individual represemsbf the SU(3) group
raised a question about this symmetry’s implication. In4d.@&ll-Mann and Zweig
[16] both proposed that hadrons were a bound state of fundaizanticles called
quarks, which came in three flavours of “up”, “down” and “strange” ot@tions in
flavour space were then represented by a group of eight reatimccorrespondence
with SU(3), although the symmetry was not complete due tcsthall diferences in

1The name was coined by Gell-Mann, who took the spelling fershund from the phrase “Three
quarks for Muster Mark” which he found in James Joydééimegans Wakgl7].

3
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=0

T

Figure 1.2: The two lightest meson (B = 0) multiplets — spin-0 nonet, containing the three pions,
on the left, spin-1 nonet on the right. Image courtesy of Wikimedia Commons.

the masses of thefiierent flavour quarks. Each quark, it was postulated, cainaes
tional quantum numbers of charggfer up, —£ for down and strange), spig)ands
baryon number, while strangeness is only assigned to taeggrquark (with a quan-
tum number of -1). The quark model, as it became known, stidfitgideach baryon
was formed of three quarks, each meson of a quark and antk-gqa&. The three
guarks and their anti-quarks, arranged into trianglescatbie same axes of isospin
and strangeness as the hadrons, form the fundamentakdimeasional representa-
tion of SU(3) (Fig.1.3), which in combination leads to the known meson and baryon
multiplets.

d u S
SZ0 e s=1
-
Q=3
u d
S=-1-.....~/ L O0N S=0
"o=-1 o=_2 0= 1
Q= 3 Q 3 Q 3

Figure 1.3: Eightfold Way arrangement of lightest quarks (left) and antiquarks (right).

Three heavier flavours of quarks have since been added tadsfication: charm,
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1.1 Brief history of the hadron

bottom and top. Evidence for their existence came in theoglees of thecc J/y
meson (1974) 18], the bb (1977) L9 and the observation of top quark decays
at Fermilab in 199570]. The symmetry was extended to SU(4), SU(5) and SU(6)
with the addition of each new flavour, but became more and nmoperfect due to
the increasingly large ffierences in the masses of the quarks — the bare bottom quark
mass, for example, is an order of 1000 times greater thareiteeup quark mass, while
the top quark is some 42 times heavier sfill].

Experimentally, however, the quark model had remained ongfound for some
time. No individual quark had ever been observed and thenafi quark confinement
to the only knowngqq baryon andgq meson bound states bothered experimentalists
and theorists alike. Moreover, the fermion nature of thekgiappeared to violate the
Pauli Exclusion Principle, for example thé™* being auuucombination. This inspired
O. Greenberg to propose in 1964 that quarks possess anotr@ug) number, colour,
of which there are three choices — red, green and [#de [The fact that colour was
not experimentally observed in nature implied the conditlzat only colourless com-
positions of quarks were allowed. The combination of aleéhcolours, by analogy
with optics, results in no colour at all — as must be the casmaih baryon. Colour
and its corresponding anti-colour also produces a coleutral particle (as in a me-
son). The strong interaction could then be represented [{g)Sbtation matrices and
reinterpreted as acting on colour charges.

1.1.3 Quantum Chromodynamics

The field theory of Quantum Chromodynamics (QCD) initialgvdloped along the
lines of Quantum Electrodynamics (QED), with the field bemgdiated via the ex-
change of gluons, spin 1 bosons, coupling to conserved colarges. In the simplest
form of the interactiong — q + g, although the colour of the quark may change, it
must be conserved at the vertex. The gluon must thereforg aatolour and anti-
colour charge, and can thus couple to other gluons via tloagtiorce. This field
theory fits neatly into the SU(3) formalism, where the eiglfedent types of gluons
represent the eight generators of rotations in colour space

The strength of the strong interaction is governed in therghby the dimensionless
coupling constantys. Experimental determination ofs suggests that, unlike the case

5
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in QED, it depends strongly on the separation of the coloargds (Figl1.4, where
the energy scale is a measure of the separation achievesngequence of which it
is known as the running coupling constant.

0.5
a(Q) _ _
aa Deep Inelastic Scattering
041 oe ¢*c” Annihilation ]
¢ Hadron Collisions
® ® Heavy Quarkonia
03+
02+
0.1
=QCD «s(Mz) =0.1189£0.0010

1 100

" Q[Gev]

Figure 1.4: Strong coupling constant as a function of energy, comparison of world data points
from different experiments and QCD calculations (yellow band) [23].

The QCD picture of the hadron is more complex than one cangistf only the
valence quarks (which determine the type of the particleyl mcludes significant
contributions from the “sea” of gluon-gluon interactiomgdaquark - anti-quark pairs
popping in and out of existence (Fi.5). The important role of these is evident in the
mass diference of a hadron and its valence quarks, the latter agoguot only ~ 1%
of the hadron’s mass.

The quark-quark interaction possibilities are illustdhby the Feynman diagrams
in Fig. 1.6, where a quark emits a gluon, which can then emit and absorb quark
- antiquark pairs and gluons before being itself absorbedrmther quark, resulting
in a vacuum anti-screeningfect. The probability of more loops being involved in
the interaction rises with the particle separation and ealthtional pair of vertices
contributes another factor af. Higher orders can therefore no longer be ignored (as
in the treatment of QED with its small coupling constantvo%), which results in the
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1.2 Theoretical approaches to the hadron

Figure 1.5: Artist's impression of a meson showing the valence quarks and quark - anti-quark
pairs in the background (Image courtesy of Jefferson Lab).

phenomenon of asymptotic freedom, where the strong foreeeek deep inside the
hadrons but rises very sharply as interaction distanceases.

Bound combinations of more than three quarks are theoligtigassible within
QCD and experimental searches for exotic combinations wf, five or six quarks
(called tetraquarks, pentaquarks and hexaquarks) havedagged on for decades.
These, however, have not been established.

The study of quantum chromodynamics therefore splits afiyjunto the high en-
ergy, very short distance regime, where Feynman calculdgarturbation theory is
applicable, and the world of the low energy region of confieatn the bound states
— baryons and mesons. Hadron structure poses a formidaalierte for both the-
orists and experimentalists alike, while holding the keyptw understanding of how
QCD manifests itself in the non-perturbative regime.

1.2 Theoretical approaches to the hadron

Theoretically, the phenomenon of confinement cannot beedoin terms of non-

perturbative QCD. The hadron is a complicated compositeablgnd its description
presents a considerable theoretical challenge. Apprsaateeseparated into QCD-
based calculations (such as those on the lattice), whers aaye to be found to yield

7
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Figure 1.6: Feynman diagrams showing multiple loop contributions to the quark-quark interaction.

testable predictions about the behaviour of the hadrongphadomenological, QCD-
inspired models where the hadron is described in terms ddtitaant quarks. This
section outlines the basic theoretical tool kit of non-pdyative QCD.

1.2.1 Tools in QCD
1.2.1.1 Lattice QCD

Some significant success in describing the hadron has bekwitia Lattice QCD
(LQCD) calculations, where space-time is quantised in $asha grid along which glu-
ons and valence and sea quarks are allowed to propagatestReaedictions about
their behaviour can then be extracted by letting the gri¢isygetend to zero. This ap-
proach is incredibly intensive in terms of computationalvpoand it is only recently
that supercomputers large enough to yield testable predgchave been built. Very
good precision has been obtained for systems containinglagearks €, b andt) [24],
however, computational power increases dramatically wittecreasing quark mass
and LQCD becomes patrticularlyfficult for the light quarks. Nevertheless, LQCD
has been successful in calculating the masses of ten ligltoha pP5], along with
other properties of hadronic structure, such as the detay ohther~ andK mesons
[26]. Predictions for both ground and some excited state pt@sasf the nucleon have
also been made in the recent ye&q[[28], [29]. Great advances in this approach are

8



1.2 Theoretical approaches to the hadron

expected in the next decade.

1.2.1.2 Chiral Perturbation Theory

An effective theory which has provided some promising resultshsaC Perturba-

tion theory, a reformulation of QCD in which the fundamertagrees of freedom are
hadrons rather than quarkd]. Based on chiral symmetry, it assumes massless quarks
and can therefore only realistically be expected to deschbk interaction of hadrons
based on the lightest quark set (up, down and strange). $weadual quarks do

not figure as degrees of freedom in the theory it is also sdarthe matter of hadron
resonances, but has been usédatively to describe three-nucleon forces and some
aspects of the hadronic interactidi], [32], [33].

1.2.1.3 Conformal field theories

Some rather successful predictions, to within 10 — 20% aaogyin the low-energy
regime have also come out of the AQED formulation B4], [35]. It consists of a
series of models built up on the AMS-T correspondence, yielding calculations on the
conformal boundary of a multi-dimensional anti - de Sitiease, where mesons are
identified with multi-dimensional strings and baryons vathitonic excitations similar

to the Skyrme model3g].

1.2.1.4 Sum Rules

A method which interpolates between the analytical higergy perturbative limit

of QCD and the low energy non-perturbative region, wheraeksof freedom are
hadrons, is based on the sum rule approach. This relies amsthef dispersion rela-
tions, in which a nucleon correlator, related to the quankesu, is used to determine
the spectral function of hadron excitatiol®]. The Gerasimov-Drell-Hearn sum rule
[39], [39], for example, directly relates fierences in polarised cross-sections to the
mass and magnetic moment of the resonance. There is a ceeréeg of experimental
efforts to establish and look for deviations from these sunsrj4lg].
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1.2.2 Phenomenological Hadron Models
1.2.2.1 Constituent Quark Models

Many of the experimentally testable predictions about thecsure of the hadron have
been the result of phenomenological models based on thegligthing characteristics

of QCD, such as confinement, asymptotic freedom and coastifyuarks. The group
of non-relativistic constituent quark models (CQM) treat hadron as consisting of
just the valence quarks. The individual “bare” quark madgsms QCD predictions
are very small for the lightest set of SU{juarks (a few MeW? for the u andd,

~ 100 MeV/c? for the strangeZ1]) and inconsistent with the observed masses of their
bound states. The basis of constituent quark models restssoiving this inconsis-
tency by assigning ‘f€ective” mass values to the quarks, which add up to form the
masses of the lightest hadron octet and decuplet (Fiy. This approach is remark-
ably successful, and even the simplest models show goodragre with data on the
magnetic moments of the nucleord].

T | T | T
Rapid acquisition of mass is

0.4

0.3

—— m =0 (Chiral limit)
— m=30 MeV
— m=70 MeV

M(p) [GeV]

01—

Figure 1.7: At high quark momentum, in the perturbative QCD region, quark mass is very small.
As quark momentum reduces, however, the “bare” quarks become “dressed” in a gluon cloud,
effectively acquiring mass. Constituent quark models operate in this regime. The different curves
show scenarios for different “bare” quark masses, m[42].

The earliest of the constituent quark models have been rwmtst in the 1960's
and were based on a simple harmonic oscillator potentiathvhesulted in a non-
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1.2 Theoretical approaches to the hadron

relativistic Hamiltonian expressed, in internal co-oates of the quarks, as two in-
dependent oscillators. This model formed the basis of doest models to follow
[43]. The de Rujula, Georgi and Glashow (DGG) mod#&l][was a dynamical exten-
sion of the potential model with three quarks, and deriveddghark mass formulae
based on a short-range one-gluon exchange (OGE) intemado@itween them and a
long-range confining potential. This was very successfxplaining the hyperfine
splitting of theA - N masses. A few years later, Isgur and Kdib][extended the har-
monic oscillator model to include an anharmonic pertudyatéind a hyperfine term in
the Hamiltonian, which resulted in improved calculatiohsh® masses and widths in
the spectrum, but stered from too many degrees of freedom, resulting in many more
nucleon resonances being predicted than were observed.

Recently, models which describe the quark in terms of twaeksy of freedom
based on a quark and diquark picture have been revisld The motivation for re-
ducing the number of degrees of freedom comes infilegteo resolve the discrepancy
between the greater number of resonances predicted by nodsisrthan are observed
experimentally. The diquark formulation has seen someesscin calculating masses
of low-lying resonancesy[/].

1.2.2.2 Soliton Models

A conceptually diferent approach was to construct soliton models of the hadimich
focussed on the confiningtect of the potential and represented it as a colour dia-
electric vacuum. This developed into a series of “bag” meaélthe hadron, which
were pioneered by Bogoliubov in the 19604d]. In the model, the quarks are seen
as massless andtectively free inside the bag, while infinitely massive odésit, con-
fined in a deep potential well. Although the model provideaacellent prediction of
the Roper resonance state (with mass 1440 MeV, which is ¢itphar interest as its
mass appears to be lower than the total masses of its camtquarks), it was far too
simplistic. The MIT Bag model49] went beyond this and incorporated asymptotic
freedom and relativistic interactions into the picture eTuarks were seen as having
small masses, bound by weak forces in a perturbative vacuosiae the bag (whose
radius was now dynamically determined), while its extewass kept at a lower, non-
perturbative vacuum energy into which the quarks were rowald to propagate.

11



1. INTRODUCTION

The bag models discussed abovéeted from a violation of chiral symmetry at
the surface of the bag. To address this, a pion field was intexdlinto a bag to model
the Goldstone boson and conserve axial current under dharadformations of the
new Lagrangian density. One such successful model, thedg|8ag Model pQ],
“dresses” the valence quarks of the MIT bag model in a piondloThe chiral bag
model was also extended to chiral solitons, such as for eleathp Skyrmion model
[51].

1.2.2.3 QCD exotica

Exotic states, having more than three quarks, have alsofredicted from symmetry
considerations and are, for example, allowed in the chotitien models p2]. These
postulate the existence of an anti-decuplet of exciteddrasyates, in which the three
states representing the vertices of the decuplet triangleeguired, by implication
from their quantum numbers, to have a five-valence-quarkposition B3], [54]. The
remaining partners of the anti-decuplet are not exoticdoetpredicted to have very
narrow widths. Experimental searches for the pentaquatiesthave not been con-
clusive p5], however some evidence has emerged frgproduction ¢f the neutron
which may be suggestive of the signal of a non-strange meaoflike anti-decuplet in
the region of 1680 MeV46]. This is currently strongly debated.

1.3 Experimental study of hadronic structure

The rest of this chapter gives the experimental context smements of observables
which inform us of nucleon structure, with particular emgisan those relating to the
topic of this thesis. It introduces the picture of the hadearerging from experiments
as well as the importance, methods and challenges invoivedta interpretation.

1.3.1 Emergence of the parton model

The dawn of experimental study into the structure of the emicldates back to the
early 1950’s, when the first experimental indications ohits point-like structure be-
came apparent. The first glimpses inside came from measuatemecross-sections
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1.3 Experimental study of hadronic structure

in elastic e-p scattering, which provided information oe tiharge and magnetic mo-
ment distribution of the proton. The scattering crossisaatan be expanded in terms
of the electric and magnetic form-factor&¢ and Gy, respectively), which relate,
via a Fourier-transform, the spatial charge and magnetimemd distributions of the
probed particle to the momentum transf€¢, during the scattering. In the lo@?

( < 20 MeV?/c?) regime, the dterential cross-section is dominated By and gives
convenient access to the root mean square charge radius pfdton, which has been
measured at 0.8& 0.01 fm [57]. In the intermediate energy regime (0.02 Gg¥

< @? < 3 GeV?/c?), theGe andGy, contributions can be separated by exploring the
differentQ? and scattering angle dependence of the two terms. Thesesukcent
decades have led to the concept that there could be a simptde€tidescription of the
nucleon form factors:

Ge(Q%) ~ Gum(Q)/up (1.1

wherey, is the proton magnetic momeriif]. However, a rapid decrease of the ratio
of electric to magnetic form-factors with increasi@g has been recently observed in
the higherQ? regime. The interpretation of the results is currently dethdout may
suggest dterences between the spatial distributions of charge andhetiagtion in
the nucleon.

Further evidence of what experimentally became known apdhen distribution,
came in the sixties from inelastic lepton scattering at SUAE. Although the “par-
tons” were identified with quarks by advocates of the quarklehat was not widely
accepted for a number of years and, for historical reasbeg)ame has stuck. Inelas-
tic lepton scattering from a nucleon can be viewed in termsladtic scattering from
an individual quark, followed by the recoiling quark and tiest of the target parti-
cles combining into other hadrons. Thetdrential cross-section can be parametrised
in terms of two structure function§,(x, Q%) andF,(x, Q%), wherex is known as the
scaling variable and represents Qit > M? (M being the mass of the target proton),
the fraction of longitudinal proton momentum carried by #teick quark. The struc-
ture functions at fixeck were shown to be approximately independen@3f[60] (a
feature known as the Bjorken scaling or scale invarianchichvsuggests that the scat-
tering takes place from point-like partons inside the pnotthe Callan-Gross relation
of the structure functiond~; = F,/2X) suggests that the partons are s@iparticles,
supported by the observed data and in agreement with th& quadel. Observation
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of a slight break of the scaling invariance is made in deefastie scattering (DIS),
where the momentum transfer is high enough for scatteritgke place also from the
“sea” quarks, introducing a weak dependence of the stradtunctions onQ? [61].
Information of the transverse momenta of the quarks candengid from transversity
distributions, also in DIS. The combined data leads to Gaisexd Parton Distribu-
tions (GPDs), where the momenta, charge and magnetic meroéttie partons are
incorporated into a single picture of the partidie]

The parton model continues to function as a good first appration when terms
relating to anti-quarks are introduced, however expertaleseparation of quark and
anti-quark contributions, as well as measurements of pat@arges, rely on neutrino
scattering which became possible with the creation of meutyreams at CERN in the
early '70s p3]. A break of scaling invariance is observed again at |&dewhere the
struck quark emits a gluon which carrie§ some of the momentum. A3? increases,
gluon-emission corrections become more significant. Miegisents of the scaling de-
viation, which are induced by the sea, thus provide inforomadn the strong coupling
constant and are consistent with predictions from QCD.

1.3.2 Hadron spectroscopy
1.3.2.1 The importance of nucleon resonances

The ground state properties of the nucleon as explored stieland deep inelastic
scattering provide valuable information on its structuHowever, as is the case for
many composite systems in nature, the detailed characteowfthe object can be
excited gives additional crucial information on the dynesnof its constituents. The
bound quark state of the baryon is of particular interest jusi because baryons are
the building blocks of known matter, but also because it is ohthe simplest sys-
tems in which QCD is manifest. Baryon resonances are statbe daryon with the
same valence quark composition buffeiiences in quantum numbers — for example
isospin, orbital angular momentum and spin — and, becausleeoffarge excitation
energies can poses venyl@rent invariant mass to the ground state. The resonance
spectrum is therefore characterised by a classificatioarimg of quantum numbers.
Thus an excited state would be given, in full (en)L, »; whereX describes the type
of baryon,mits rest mass (in MeX¢?), L is the lowest orbital angular momentum the
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1.3 Experimental study of hadronic structure

excited baryon must have to decay into its ground state Wwelemission of a pseudo-
scalar meson antland J are the isospin and total angular momentum respectively.
The naming convention reflects both the quark compositiahthe isospin, such that
u, d quark baryons are called if they have isospii, A if it's isospin 2. If one of the
quarks is replaced by a strange, the excited state is callgih isospin 0 an& with
isospin 1, and so on. The spectroscopic notation is usedéolabell: S, P, D, F,
G, H, etc, for the corresponding= 0, 1, 2, 3, 4, 564]. For example the\(1232P3;3
resonance has an invariant mass of 1232 j¢&\isospinZ, total angular momentum
% and must have an orbital angular momentum of at least 1 toydeaaground state
nucleon. The importance of determining the resonance igpedf the hadron rests on
the direct correlation between the number of excited sttdgheir quantum numbers
with the dfective degrees of freedom of the system. As such, this iseztdiest of
hadron models.

All known nucleon resonances have excitation energies altfoat of the light-
est mesons (pions) and so decay predominantly via the strdegaction with the
emission of a meson. Due to the associated time-scale fmigprocesses, they are
incredibly short-lived (typicallyx 10724 s), which results in large energy widths, on
the order of 100 MeV. This is wide compared to the typical spgof different reso-
nances, therefore most of them have considerable overlkaginmtheir identification
experimentally dficult. This is illustrated in the cross-section data (Hi@) for var-
ious meson decay channels in proton photoabsorbtion, inhylpart from the large
peak at the\ corresponding to a photon energy, Jéf ~ 350 MeV, only small features
from groups at higher resonances are visible.

1.3.2.2 Experimental challenges

Of the plethora of models developed over the years some aretegive broad agree-
ment with the currently experimentally established resseapectrum, others predict
only certain states — all of those still realistically catesied having some significant
experimental support. A crucial issue of every model, havgg the determination of
the number of degrees of freedom of the system, which bradetigrmines the possi-
ble resonant states of the hadron. This has long been anassaetention, as some of
the resonances predicted vary from model to model and a gueaber of them have
still not been experimentally observed (Table 1). The dqoesrises — is this due to
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Figure 1.8: The total cross-sections for free proton photoabsorbtion (black data points), showing
the three resonance regions. A number of meson channels contributing to the total cross-sections
are shown in colour [65].

limited experimental capabilities, or to the fact that thesesonances are simply not
there, predicted by models which do not correspond to naftre issue of “missing”
resonances has driven the experimental quest over a nurintbecades.

The large experimental uncertainties on a significant numlgartial decay widths
for the observed resonanceX] is another long-standing problem in the study of the
hadron. Discrepancies in the interpretation of the data fapplying diferent reaction
models complicate the matter further. These can only bdwedavith a large dataset
of precise measurements, which will both constrain the rsoe®re stringently and
reduce model-dependence in the interpretation of the dagealh. This world €ort
has developed real pace in the past five years and the daenf@ésn this thesis will
be a crucial component of this programme.

1.3.2.3 Electromagnetic and hadronic probes of the nucleon

Most experiments aimed at the study of the resonance specisa either hadronic or
electromagnetic probes. Beams of baryons, notably protlaugerons and alpha parti-
cles, require very high energies to reach a resonance amtariass and the interaction
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Resonance

KH

CM

Kent

GWU

BnGa

N1/2+ (14‘0)
Ng/2- (1520)
Ny/>- (1535)
Ny/2- (1650)
Ns/2- (1675)
Ns/2+ (1680)
N/ (1700)
Ny/2+ (1710)
N2+ (1720)
Na/>- (1860)
Ny 2+ (1880)
Ns/2+ (1890)
N2+ (1900)
Ny/>- (1905)
N7+ (1990)
Na/>- (2080)
Ny/2- (2090)
N1/2+ (2100)
Ns 2/(2200)

1410+12; 135+10
1519+ 4; 114+ 7
1526 7; 120:20
1670+ 8; 180+20
167+ 8; 120+15
1684 3; 128+ 8
1731+15; 110+30
1723+ 9; 120+15
1710+20; 190+30

1882:10; 95:20

1880+20; 95+30
2005+150; 350+100
208@-20; 265:40

205@:20; 20Q:30
2228+30; 310+50

1440+30; 340+70
1525+10; 120+15
155@-40; 24Q-80
1650+30; 150+40
1675+10; 160+20
168Q:10; 12G:10
1675+25; 90+40
1700+50; 90+30
1700+50; 125+70
1880+100; 18G-60

1970+50; 350+120
206@-80; 30Q-100
218@-80; 35Q:100
212575; 260100
2180+80; 400+100

1462+10; 391+34
1524+ 4; 124+ 8
1534 7; 151+:27
1659+ 9; 170+12
1676+ 2; 159+ 7
1684 4; 139 8
1737+44; 250+230
1717+28; 480+330
1717+31,; 380+180
1804:55; 45G:185
1885:30; 113:44
190387; 49G:310
187917; 498:78
192&59; 414:157
2086+28; 535+120

1485+ 1; 284+18
1516+ 1; 99+ 3
154% 1;188+ 4
1635+ 1; 115+ 3
1674+ 1; 147+ 1
168G 1; 128 1

1750+ 5; 256+22

1436+15; 335+40
1524+ 5; 112+10
153Q-30; 21Q:30
1705+30; 220+30
1670+20; 140+40
166% 6; 102:15
1740+20; 180+30
1720+30; 330+60
1875-25;105:25
188@:-40; 22060
188@-30; 250:50
191550; 22065

216@-40; 34QG:65

2060+30; 340+50

KH

CM

Kent

GWU

Hendry

Ny/2-(2190)
No/2+ (2220)
No2- (2250)
N11/2-(2600)

214@12; 39G:30
2205:10; 365:30
226815; 30G:40
257450; 40G:100

220G:70; 50Q=150
223@-80; 506:150
225@-80; 400:120

212% 9; 55050

2152-2; 484+13
2316:3;633:17
2302:6; 628+28

214@-40; 27G:50
230G-100; 45150
220G-100; 35@:100
2700£100; 90G-100

Ni32(2700)  261245; 35G:50 - - - 300@-100; 90G-150
KH CM Kent GWU BnGa

Az (1232) 1232 3; 116: 5 1232 2;120: 5 1231 1; 118t 4 1233 1;119: 1 1234 4; 114t 5

A3/2+(1600)  152215; 22G:40 1600:50; 300:100  1706-10; 430:73 - 1620-80; 350:100

Aq/2-(1620) 161@ 7; 13918 1620Q:-20; 14020 1672 7; 154£37 1614:1; 71+3 165Q:25; 250:60

Ag/2-(1700)  168@70; 23G-80 171G:30; 28Q:80  1762:44; 600250  168&3; 182:8 164Q:40; 270:60

Aq)2+(1750)
Aq/>-(1900)
As2+(1909
Ayj2+ (1910
Agy2+(1920)
As/>-(1930)
Ag/z— (1940)
Az/2+ (1950)
As/2+ (2000
A1 2/(2150)

1908&30; 14G:40
1905+20; 260+20
1888+20; 280+50
186&10; 22G:80
190%15; 195:60
1913 8;224+10
2200+125; 400+125

189Q-50; 17G:50
1910+30; 400+100
1910+40; 225+50
192@-80; 306100
194Q-30; 32G:60
194@:100; 20@:100
195@:15; 34Q:50

220@:100; 206-100

1744.36; 30G:120
192@-24; 263:39
1881+18; 327+51
1882+10; 229+25
2014:16; 152:55
1956-22; 533140
205%110; 46G:320
1945 2; 300t 7
1752+32; 251+93

1856+ 2; 321+ 9
2068+2; 543+10

1921k 1; 271+ 1

1800+50; 370+110

199G:35; 33G:60
199@-40; 41G:70
1895:20; 26G:40

KH

CM

Kent

Hendry

Az/2-(2200)
Ag/2+ (2300)
Agy2-(2350)
Az/2+ (2390)
Ag/2-(2400)

Aq1/2+(2420)

Aq3/2-(2750)

Ass 27 (2950)

221510;400:100
221#80;30Q:100
2305:26; 306:70
242560; 30Q:80
246850;48G:100
241617, 346:28
279480; 350:100
299@:100; 333100

220@-80; 450:100
240@:-125; 425150
240:125; 40G6-150
235@:100; 30@:100
230@-100; 33G:100
240:125; 45G-150

223353; 773187
2643141, 895432
263229; 692:47

228@-80; 40G:150
245@-100; 50@:200

220@-100; 45@:200
240G:60; 46Q-100
2650:100; 50@:100
2850:100; 70@:200

Table 1. Breit-Wigner masses and widths (in MeV) of N and A resonances as extraded using five
different partial wave analyse®].
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kinematics is complicated by significant final state intéaars (FSI) between the three
or more hadrons in the final state. Meson beams, on the othelr have smaller FSI
contributions as there are fewer baryons in the final staie pgon beams have been
used very successfully to probe isospin degrees of freedwhdatermine significant
parts of the resonance spectru@®]] However, the data is coarse in invariant mass
resolution and, since the pion has spin zero, carries ldrptdarisation information.

A number of resonances are, moreover, predicted to coupyevaakly to the pion
channel, with a large branching ratio into other meson céssuch aaN — 7N for
example, and the quality of pion scattering data is nligant to give sensitivity to
their existence.

Electromagnetic production of mesons is generally acceggehe way forward to
better establish the resonance spectrum and its propastiesll as providing a means
to excite and study the nucleoi7. This process gives access to electromagnetic
transition amplitudes of the photon which yields informaton the spin-flavour cor-
relations of quarks. The cross-sections are, however, sntaller than for hadronic
probes and there are background contributions from noonesg terms. Reaction
models therefore have to be applied in the interpretatidch@tiata.

The nucleon can be probed electromagnetically either wighuse of virtual pho-
tons in the interaction of high energy beam electrons wigmiincleon, a process known
as electroproduction, or by using a beam of high energy featlqms in photoproduc-
tion.

The possibility to vary momentum transf€p?, for a fixed energy transfer in elec-
troproduction allows the transition form factors of resoces to be extracted. This is
active current work for the well-establisha@1232) andS;;(1535) states8]. How-
ever, the variation of the EM coupling wit¥ is not established for the vast majority of
resonances and complicates the use of this reaction totdigga other excited states.
Therefore, real photons wit? = 0 are the electromagnetic probe of choice to study
the complete spectrum.

1.3.2.4 Polarisation in meson photoproduction

The power of photoproduction in the study of the nucleon masees is greatly en-
hanced when polarisation information is also availableec8pally, meson photo-
production experiments using (any or all of) a polarisedniepolarised target and
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1.4 Measurement of Beam Asymmetry

having the capability of measuring the polarisation of theoil nucleon can be car-
ried out. In the case of pseudoscalar meson photoprodyetimtal of 16 polarisation
observables stem fromftierent combinations of beam, target and recoil nucleon po-
larisations. Combinations of these observables can beddia diterent amplitudes in
a partial wave expansion of the transition matrix descgliive excitation of a nucleon
from its ground to an excited state. These partial wave aeal{PWA) typically apply
reaction models to separate the resonant and background bett it has been shown
[69] that a measurement of a carefully chosen set of eight [sat@oin observables is
suficient to determine the PWA amplitudes unambiguously. Gtutembers of this
set are the dierential cross-section and the three single polarisatiseiwables (mea-
sured in experiments where just the polarisation of the héanget or recoil nucleon is
known). Moreover, as a consequence of the isoscalar (i303@ind isovector (isospin
1) nature of the electromagnetic interaction, measuresraiolarisation observables
from both isospin partners, the proton and the nucleon,eayeired.

It is an enormous experimental challenge to obtain a “cotapket of observables
due to the technological fliculties in the construction of polarised targets and mea-
surement of the recoil polarisation, although recenthagpgogress has been made in
the area and a number of experiments into just those doulbeigation observables
are currently under way6g].

1.4 Measurement of Beam Asymmetry

The measurement presented in this thesis is of the polamnsabservable beam asym-
metry,X, in charged pion photoproduction from the neutron:

y+n—-p+na

The experiment was carried out as part of a large experirhpridggramme in the
study of the hadron spectrum, aiming to make the crucial stgwoviding new, pre-
cise measurements on both the proton and the neutron, ofearandje of single and
double polarisation observables with good invariant maslslaeson production angle
resolution. Achieving this will allow long outstanding igss in our understanding of
the nucleon spectrum to be addressed, such as the case ohidseiy”’ resonances,
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the large uncertainties on the decay widths and the diseosgmin the interpretation
of the data using dlierent analysis models.
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Chapter 2

Pion Photoproduction

2.1 Introducing the pion

The pion is the lightest known meson and has an up-down valgnark composition.
Its root mean square charge radius has been measured at 0.66 fm [70]. Having

an isospinl = 1, it is an isospin triplet and therefore comes in three ahatgtesn*

(I3 = 1), 7 (I3 =-1) andr® (I3 = 0). Their respective valence quark combinations are:
ud, du'and (iU — dd)/ V2. The masSof the charged pions is 139.57018(35) Me¥/
and that ofr® is 134.9766(6) MeYt?. The pion is an pseudoscalar particle, meaning it
has negative parity and zero spiif (= 07). The neutral pion has a very short lifetime
of 8.4(6)x1071" s, corresponding to a maximum path lengttof 25.1 nm, and decays
mainly electromagnetically into

7T0—>’y+’y

with a 98.8% branching ratio. The charged pions have a muabelolifetime, 7,
of 2.6033(5x10°8 s, corresponding to a path length@f = 7.8045 m. Their decay
channels are almost exclusively (99.988% branching ratio)

- ut+yy,

oty
The comparatively long lifetime of charged pions makes ggpole to detect them
directly in experiments. This cannot usefully be done indthse ofi°, whose existence

LAl numbers quoted in this section are from the Particle Cztaup (PDG) P1].
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2. PION PHOTOPRODUCTION

is characterised by the detection, in electromagneticricagters, of the two decay
photons from the dominanf — 2y channel.

2.2 Pion photoproduction

This section outlines the most commonly employed theakfmrmulation of pion
photoproduction from the nucleon and its relation to expentally measurable quan-
tities.

2.2.1 Formalism

Figure 2.1: Diagram illustrating the kinematics of a reaction with two particles in the initial state
(four-momenta k and p;) and two in the final state (four-momenta q and ps).

A process in which two initial particles, such as a real phaod a nucleon (with
four-moment& and p; respectively) scatter into two particles in the final stédeex-
ample a pion and another nucleon (four-momengad p; respectively as illustrated
in Fig. 2.1), can be described in terms of the three Lorentz-invariaamd&lstam vari-
ables ['1], s, t andu, where

s = (g+ pf)2
t = (pi—ps)
u = (pi-0q? (2.1)
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2.2 Pion photoproduction

and the four-momentuny, is defined in terms of particle enerdy, and its three-
momentunyp, as usual:

p = [Ep] (2.2)

Using momentum-energy conservation
K+p = q+ps (2.3)

and the definition of Lorentz-invariant mass

p-p = Ef—-p;-p; = Ny (2.4)

the Mandelstam variables can be linearly combined to gieesthm of masses of the
four particles involved:

4
S+t+u = Zmz (2.5)

It is evident from momentum-energy conservation that ohiee¢ of the four-
momenta are independent and convention dictatdslie use ok, g and a combined
four-momentum for the nuclei

p = 50+ p) (26)

as the independent kinematic variables. A similar argungeapplied to the Lorentz
invariants: since any of the three Mandelstam variabledeaxpressed in terms of the
other two, the scattering process is described by functbosly two of the variables.
These are usuallg andt, which in the centre of mass of the initial (and final) state
equal the invariant mass squared of the systé/f) @nd the momentum transfer in
the scattering process, respectivel][ Moreover, for a fixeds scenariot is a linear
function of cog), whered is the scattering angle in the centre of mass frame. It is
therefore usual to consider scattering functions simptgims ofsand cosiné.

2.2.2 Photoproduction amplitudes
2.2.2.1 Momentum representation

The diferential cross-section describes the distribution ofteced particles in a solid
angledQ surrounding the scattering centre, and can be writtenimderf the scattering
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amplitude,As, which is a function of the momenta of the particles involeedi the
scattering anglé [73]:

do
— = |AJ(S cost)? 2.7
) |As(s, cosb)| (2.7)
From a quantum-mechanical point of view, the process isritextin terms of a scat-

tering matrix, S, which relates the initial and final statéthe system such that
O = KFISIP (2.8)

wherell;; is the probability of a statg) scattering into statgf ). The elements of the
scattering matrix can be expressed, in the Bjorken and Doeilvention f4] and for
the case of pion photoproduction, as:

2

fIS|i) = i S
(fIsli) = on - EEEE

12
6" (P - Pi)( ) (Tl (2.9)

(27T)2

whereP; and Ps are the total initial and final four-momenta respectivé¥,is the
nucleon mass and is the transition matrix for the proces&y. The transition matrix
determines the photoproduction amplitude in the relation

dQ:kZ

where the sum runs across all photon polarisations and rtiagpuantum numbers of
the nucleon states.

(2.10)

Most generally, the matrix T is given in terms of the nuclet@cgomagnetic cur-
rent,J,, and the photon polarisation vectey,

T = &d, (2.11)

Following the formalism developed by Chew, Goldberger, Lavd Nambu 76], the
transition currend for photoproduction can be expressed, in the centre of massef
of the final state, in terms of the spin operadoand the unit vectors of the photon and
pion momentak and§, as:

47TW(

J = i6F, + (0-k)oxq§)Fr + ik(c-§)Fs + ik(o- k)iﬂ) (2.12)
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2.2 Pion photoproduction

where

Qv
Il

o-(0-4)q

= k-(k-9)q

and (s, t) are four structure functions, alternatively known as CGaidplitudes.
These amplitudes describe photoproduction as a functi@aoflt, and therefore in
terms of momentum transfer, however it is also possible poeient the process in
terms of angular momentum transitions by an expansion o$titueture functions as

partial waves in derivatives of Legendre polynomidcosp). This results in the
following four multipole series{7]:

N

F, = i (IMi, + Ei.) P, (cost) + ((I + 1M + E,_) P/_, (cost)
1=0
F, = i ((1+ DMy, +1M,_) P{(coss)
1=1
F; = i (Er. = Mi,) Pi7y(cost) + (Ei- + Mi_) P’ y(cost)
1=1
F, = i (Mi, — Ei. — Mi_ — EL_) P{'(cost) (2.13)

Il
N

where the multipole amplitudes are labellgdfor magnetic ande for electric transi-
tion, the subscript refering to the orbital angular momenty of the final state and its
total angular momentunj,= | + % Since the ground state nucleon in the initial state
has a definite spin and parity, the excited nucleon resosamitieshow up in specific
partial waves depending on their guantum numbers. Mwsfor example, represents
a transition into a final = 1 state with total angular momentum % = % The multi-
pole additionally depends on the isospin-transition congm of the photoproduction
process, the details of which are described in the follovgiction.

2.2.2.2 Isospin representation

In the case of pion photoproduction, the isospin of theahgtate is entirely due to the
nucleon,l; = % while in the final state it is the combination of the nucleo @ion

isospin (, = 1) and can therefore be eith%or % The isospin transition can be under-
stood in terms of the electromagnetic Hamiltonian, whicé Ihath an isoscalar and an
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2. PION PHOTOPRODUCTION

isovector part. The former always results in a net isosindition of O, resulting in a
final state with total isospih = % The multipoles parametrising this transition compo-
nent are labellet® andE®. The isovector part, however, enables an isospin change
of either O or+1, resulting in a total final isospin of eithéror g These transition
components have associated multipoles labeVié andE®.

In order to arrive at the separation of theéfeient isospin-transition multipoles in
the photoproduction process, an alternative expressidheofransition matrixT, is
required. The matrix can be expanded, in the Born approximgaas a sum of Lorentz
invariant operator$/; with their corresponding amplitudés(s, t):

T = ) AlSHM (2.14)

The M; operators themselves are functions of the photon polarisaector, particle
momenta and Dirac matrices, while the invariant amplitulesan be expressed as
combinations of nucleon isospin transition operatQrsvhere the sign o& indicates,
as dictated by conventio@ ] [ 79], the opposite sign of the pion isospin:

A = AD @ + AP g0 + AO T, (2.15)

The amplitudes\™ are related to the isospin amplitud&” (determining the partic-
ular isospin-transition components of the photoprodupimcess) via:

1) (3) (1) (3)
oA o 2A)
A=A e A (2.16)

while A.(O) corresponds, as in the nomenclature for the multipoleszer@anet isospin
transition resulting from the isoscalar component of teetbmagnetic field.

The physical amplitudes for the four possible pion - nucleombinations of the
initial and final state particles in the pion photoproductpgrocess are therefore ex-
pressed in terms of the isospin amplitudes#s:

Ayp— mt) = V2A0 4 \/Z%(l) ) \/‘2?,?@
Alyp— pr®) = A® 4 ? N 2,03\(3)

A(n— pr) = V2AO - \/?(1) N \/_2;\(3)

Ayn->nm® = -A9 % n 22(3) o1
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2.2 Pion photoproduction

Itis evident from Eq2.17that a separation of the isospin transition amplitudesiregu
measurements of photoproduction from both the proton amdétron channels.

The invariant amplitudeg\(s,t) can be related to the CGLN structure functions
Fi(s,t) via the following expressiongpl:

- W-M E& k-q
Tio= (A oy Be = A) + (W= M)A
_ W+M gk k-q
Fo = o swame (A wrm AT A)+ (W M)A
W+M gk [e
T3 = 1 >w E((W—M)A2+A3—A4)
_ W-M ¢ J[e
Fi = 1 5w o (= W+ M)A +As - A,) (2.18)
where
e = E+M
e = Ef+M

andE; (Ey) is the energy of the initial (final) nucleoiM, W, k andq are as previously
defined. A separation of individual isospin amplitudes aeéd through a full set of
measurements on both the proton and the neutron can thenpbedam Eqgs.2.18
and2.13to identify the diferent isospin-transition multipoles which contributehe t
photo-reaction and thus determine the quantum numberg oéonant states encoun-
tered.

2.2.3 Polarisation observables

The four CGLN structure functionski(s,t), arise from the four possible combina-
tions of photon helicity (two transverse states for realtphs) and nucleon spin. A
full determination of the structure functions thereforgquiees experiments involving
measurements of polarisation. For comparison with re$wdta polarisation experi-
ments, however, a more enlightening expression of thetsteifunctions is in terms
of helicity (or transversity) amplitudes.

Using the notation ofg§9], one can define four independent helicity amplitubles
S1, S, andD, which represent helicity transitions (flips) from the iaitinto the final
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2. PION PHOTOPRODUCTION

state. The pion has zero helicity, the photeh therefore a net single helicity flip, for
example, involves noffective change in helicity of the nucleon. These transitemes
represented by the amplitud8g andS,. A double-flip is represented Hy, while N

is the no-flip amplitude. Due to parity symmetry, photon ¢igfi does not &ect the
differential cross-sectiorY§], therefore only nucleon helicity transitions are consid-
ered. These can be related to the invariant amplitdgd€® leading order irs) in the

following way [72]:

A — 2mA, 2m /-t V-t 2m\( S,
Ac+tA, | | 0 V-t —t 0 D (2.19)
2mA — tA, t 2mv—t -2m+v—t t N '
Ag 1 0 0 -1 )\ S

wheremis the nucleon mass ands the momentum-transfer Mandelstam variable.

The four complex helicity amplitudes can be combined todyeetotal of sixteen
experimentally measurable quantities, which are callddrgation observables'[].
These arise as eight complex amplitudes combining the tiwaityestates of the pho-
ton, two of the target nucleon and two of the recoiling nuolé® x 2 x 2). Since
physical observables must be real quantities, the comphgtitudes can be separated
into a real part and a phase, resulting in sixteen observabltotal: the diferential
cross-section, a set of three single-polarisation obb&gavhere either the beam or
the target is polarised or recoil nucleon polarisation issueed X, T andP respec-
tively), and twelve double-polarisation observables, rereetotal of two polarisation
measurements is made. The set of double-polarisation\aiigdes arises from four
combinations each of beam-targ&, H, E andF), beam-recoil Q, O,, C, andC,)

and target-recoilTy, T, Lx andL;,) polarisations§9].

The expressions of the polarisation observables in terrhglafity amplitudes are
given in Table 2, where the more instructive transversipyesentation is also shown.

The four complex transversity amplitudds, are defined as linear combinations of
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2.2 Pion photoproduction

helicity amplitudes thusq9):

by = %((Sl+82)+|(N D))
b, = %((Sl+32) i(N-D))
by = %((sl—sz) i(N+D))
by = }((Sl—Sz)+|(N+D)) (2.20)

In this representation, the three single polarisation nladdes and the dierential
cross-section are expressed only in terms of magnitudebeofimplitudes. Their
phases can be determined from the remaining double-pafiesobservables.

The diferential cross-sections, which enable the experimented@ion of polar-
isation observables from the above groups of experimeat® the following expres-
sions (in the centre of mass frame of the final state) for theetlyroups of double
polarisation experiment$9]:

e Beam - target:

d0'_d0'

do — daf,
+P, (T = PLP cos() ) + P,(P.G sin2¢) - P.E)) (2.21)

(1 — P cos(2) — Py (PLH sin(2¢) — PoF)

e Beam - recoil:
do do

PTaa = daf,
—PL SiN(2¢) (00 + O0) = P (Ceox + Coor))  (2.22)

(1+0,P—PL cos(@)(E +0o,T)

e Target - recoill:

do do

PTaa = dal,

(1+ 0P+ P (Tyoy + Too) + Py (T + 207,

—P, (Lo~ Lor))  (223)

where @4, P,, P,) is the polarisation vector of the targ&, andP,, are the degrees of
linear and circular photon polarisation respectivelis the angle the transverse linear
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2. PION PHOTOPRODUCTION

Usual Helicity representation Transversity representation dEixpent

symbols required

do/dt NP +|Si* +Sal* + D [baf* + 0ol + [baf* + [baf® (= —; =)

z 2R(S:S2 - ND") Ibaf? + |bal? — [bgl® — [baf*  {L(3,0);—; -}
=yl

T 23(S:iN* - S;D%) oy |* = [bof? — baf® + [bal*  {—; ;)
{L(5,0); 0y}

P 23(S2N* - S;D%) oy[* = [bal? + [baf” = |04 {=; =5y}
{L(3,0);y; -}

G -29(5:S; + ND") 23 (b1 b; + byby) {L(£%):Z2 -}

H —29(S:D* + S,NY) —2R (b.b; — boby) {L(i%); X; —}

E S2l* = IS1” = IDP* + IN* 2R (b1 b + b,b}) {cz -}

F 2R(S,D* + SiN*) 23 (b1b; — boby) {c:x; -}

Oy —-23(S2D5 + S1N¥) —2R (b1b; — bob3) {L(£%); = X}

0O, —-23(S,S; + ND) —23(bsbj, + byb3) {L(£%); = Z}

Cy —2R(S,;N* + S;D%) 23 (b1l — byb3) {c;—; X}

C, S22 — 1S1* = IN? + [DI?  —2R(b;b}, + boby) {Cc;— 7}

Ty 2R(S1S; + ND") 2R (b1b5, — bsby) {—; X X'}

T, 2R(S;N* + S,D%) 23 (b.b5, — bsby) (= X7}

Ly 2R (S;N* — S;D%) 23 (b1 b5, + bsby) {—;z X}

L, S1l” +1S21* = INI* = ID? 2R (bybj — bsby) (- 77}

& Notation is{P,; Pr; Pr} where:
P, = polarisation of bearrl.(¢) = beam linearly polarised at angld¢o scattering plane,
C = circularly polarised beam;
Pt = direction of target polarisation;
Pr = component of recoil polarisation measured.
In the case of the single polarisation measurements we aledlge equivalent double polarisation
measurement.

Table 2. Helicity and transversity representations of thiaiisation observable§{].
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2.3 Partial Wave Analyses

polarisation vector makes to the reaction planeand the density matrix of the recoill
nucleon. The axes of measurement, in accordance with thed Baisvention 79], are
defined in Appendix A.

Experiments where measurement of the polarisation of oméyad photon, target
nucleon or recoil nucleon is possible give access ®andT observables respectively.
These, however, are not enough to determine amplitudes higaously. Double-
polarisation experiments, where both of photon - targetaarc(BT), target - recoill
nucleon (TR) or photon - recoil nucleon (BR) polarisatiores@measured are therefore
required to access the remaining observables.

Experimentally, some of these measurements are extrerhalfenging to per-
form, and not all are required for a determination of the amgés. The question
of which ones are crucial, and how best to choose the rest éws hotly debated
over a number of decades. It has been shown that a measurehadingingle polar-
isation observables is always requiré®]] however there is a choice regarding the
double-polarisation measurements which will completesttitdo enable unambiguous
determination of the amplitudes. Disagreement in theditee BO], [81], [82] was
initially settled by Barker, Donnachie and Storrow who skadvin 1975 that a “neces-
sary and stiicient” condition for determining the amplitudes to an olgohase and
discrete ambiguities is that they do not all belong to theesaet of BT, BR or TR§9)].

A further two measurements, again taken such that of the Gubleé-polarisation ob-
servables, no more than three come from the same set, elenidizcrete ambiguities.
Although these selection criteria were examined again bgtéte and Workman in
[83] and were found to be more complicated, Chiang and Tabalowstl soon after
that only four appropriately-chosen double-polarisatidaservables are fiicient to
achieve the same goal, although with more restrictions éir tthoice. Their paper
[84] details the method of selection.

2.3 Partial Wave Analyses

Interpretation of the data in terms of the resonant behawbthe nucleon relies on
theoretical models. Most approaches start by a param@nsaf the invariant tran-
sition matrix T in terms of a resonant and a background term. Tikeminces in
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2. PION PHOTOPRODUCTION

treatment arise from the amplitude decomposition of thesag and the subsequent
fits to the experimental data.

In the Hamiltonian formulation, the reaction can be desdiin terms of a free
term, Hy, pertaining to kinetic energy operators of the particle®ived and an inter-
action termV which is composed of a background and a resonant contriutio

H = Ho+V = Hot P+ of (2.24)

The background is due to processes resulting in a nucleaomfeal state without a
resonance being created in the transition.
TheT-matrix for an interaction taking stasanto stateb is generally expressed as:

Tao(W) = Vap+ Y Vac ge(W) Teo(W) (2.25)

where the sum is over all possible paths via statiést result in the final state their
contribution being determined by the propagaigkV), defined as

ge(W) = (clg(W)lc) (2.26)
The propagator, in momentum space, typically takes theviatlg form:
1
g(p) = FomETiE (2.27)

wherep andm are the four-momentum and mass of the intermediate staiectreely.
An expansion of the expression into the real and imaginarissows that for the
on-mass-shell case of a physically observed resonanceewhe nv¥, the real part of
the expression reduces to zero and the propagator takesrthef
—ig
WP = G (2.28)

showing an imaginary peak in the on-mass-shell case. Omatsige of a resonance
therefore, and an indication that a particular resonarné $tas been observed, is the
combination of a zero in the real part and a maximum in the imeagy part of the
transition amplitude via that intermediate state.

The T-matrix of the interaction can itself be split into a resaonand background
contribution through

T = TL+TH (2.29)
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2.3 Partial Wave Analyses

allowing a separate treatment of both, the details of whaaty rfom model to model.

A number of partial wave analyses (PWA) have been developextract reso-
nance parameters from the data, variably applicable to itffiereint electromagnetic
meson-production channelg7. Two models are most relevant to pion photoproduc-
tion, MAID and SAID, developed by the Mainz and the George Nifagton University
groups respectively, and the approaches of both are desgurssnore details below.

An issue which complicates the relation of determined rpalés to quark mod-
els is the fact that reaction models, although designed tta@&xmultipoles from ex-
perimental observables, cannoffdrentiate between properties of the “bare” reaction
vertex and a dressed one, where rescatteffifegts play a role. Anfd-shell pion, for
instance, may be produced in a non-resonant process wigglttuples to the nucleon
and leaves it in an excited state. To separate out the batexyelynamical reaction
models have been developed, which strive to separate hathature from reaction
mechanisms governing the interactions in the various delsaginels. Much progress
has been achieved for ti€1232) resonance3p], but work is ongoing to describe the
higher energyN* states. It has been claimed that a number of establisheoizeses”
may in fact be dynamically generated by resonance mecharjéi

Coupled channel analyses attempt to look at the resonamic@lof its final states
and their potential coupling by final state rescatteringsp@rsion relation approaches
use the partial wave decomposition of thematrix in terms of the CGLN and isospin
amplitudes to extract resonance parameters from fits of tiigpole amplitudes§7).
As with dynamical models, the data is best described at l@nergies, in thé reso-
nance region.

2.3.1 MAID

The unitary isobar MAID model, developed by the Mainz gro8@ [employs the Ef-
fective Lagrangian Approach (ELA) in an attempt to link piyatoduction observables
directly to the degrees of freedom from various quark mqdeith the advantage of a
smaller resulting number of parameters in the mo@é].[MAID is based on a single-
pion channelxzN, reducing the sum over possible channels in Eg5to the single
T,n contribution with its corresponding,y propagator. It is separated into resonant
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2. PION PHOTOPRODUCTION

and background terms as in Ej29

TRW) = o} (W) + V(W) gan(W) Ten(W) (2.30)

and the corresponding term for the background g0} [Both parts are decomposed
into partial waves with associated amplitudes chara&eéry the four quantum num-
bers of the transition: its orbital and total angular morag(tl), isospin () and the
type of electromagnetic coupling in the transition (magneWl, or electric,E). The
background part of the physical amplitudes, provided byd#mmposition o’ﬂ'yB,r(W),

is modelled with the Born approximation, in which a singkrfrle intermediate state
is assumed, requiring no quantum corrections (such as dio®ps in the Feynman
diagrams of the process). It relies on eight parameterstermee the partial wave
contributions, which are extracted from a fit to experimedéda.

The partial wave expansion of the reson@nmnatrix term assumes a Breit-Wigner
form and includes a selection of the best-verified resormnbethe current MAID-
2007 version included are 13 resonances below 2 GeV havungstar rating in the
PDG. This results in a total of 52 coupling parameters whaihloe expressed in terms
of helicity and isospin amplitudes and determined from afthe available data. The
ability to modify the fit by “switching on” or “¢f” certain resonances in the partial
waves allows an investigation of the contributing resorssaties by a comparison with
the data.

A similar model applicable tg-production has also been developgaAID).

2.3.2 SAID

The multi-channel SAID model, developed by the Centre foclar Studies at George
Washington University, does natpriori assume certain resonances, nor is it neces-
sarily limited to therN channel. Rather, resonance couplings, in terms of anguwar m
mentum and isospin quantum numbers, are extracted frombadaed determination
of multipoles using both an energy-dependent and an enedgpendent parametri-
sation. ItsT-matrix photoproduction amplitude is again assumed to bena af a
Breit-Wigner and a background terr@l]:

koo WoIT, (2.31)

)1/2
kq Wg - W2 - |WOF

Te = A(L+iTa) + Ag(
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2.4 Summary

in which A, andAg are background and resonant parameters respectively, with

kil N E, qn
AR = =|- Pn | — (2.32)
AP
wherek, andq are the pion and photon momenta at the resonance en&ggy;and

I, are functions of the full widtliy; 1 is the pion mas<, is the pion laboratory kinetic
energy for the interactiom+ N — vy + N; andp, is a free parameter. The background
term is expanded as a sum of a pseudoscalar Born partial wava set of Legendre
polynomial terms with associated free parameters, whieldatermined by fitting the
data. Multipoles can then be extracted by a fiTof close to the resonance position.

2.4 Summary

Experimental measurements of yields and angular distabsitgive access to fier-
ential cross-sections and polarisation observables,| &étilof which is required for
the unambiguous determination of helicity amplitudes. sehean be related to the
invariant amplitudes, functions & and cosing), for the separation of the isospin
contributions of which data on both isospin partners, theqr and the neutron, are
required. An understanding of the invariant amplitudes!, #ueir expression in terms
of the CGLN structure functions, can give information onitingtipole transitions tak-
ing place. These provide direct information on the quantummivers of the resonant
states encountered.

Multipoles cannot be extracted directly from the data, haveas the expressions
carry no sensitivity to separate background and resonanttilbations in interaction.
This can be done by applying various reaction models to tha, dgpically in the
form of partial wave analyses. fberent approaches yield sometimes drastically dif-
ferent results, with the same data being interpreted asishgavertain resonances by
some partial wave analyses but not others (see Table 1 imtieduction). No fully
constrained analysis has yet been possible and interpretstthe data is still model-
dependent to various degrees. As a result, the nucleonaeserspectrum is only reli-
ably determined in the first resonance region, leaving opstipns both on whether
many resonant states have indeed been observed and wihethigsing” resonances
feature in the spectrum at all.
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2. PION PHOTOPRODUCTION

The work of this thesis is therefore set in the context of exiiag the measure-
ments of polarisation observables in a wide kinematic rasfgevariant mass and
meson production angle, and obtaining data on the expetaiiemore challenging
neutron channel. This is particularly topical as the woridaget on the neutron is
currently pitifully sparse. The details thereof are dismgsin the following chapter.
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Chapter 3

Past Measurements

There have been, to date, eight previous experiments whiengriation on the photon
beam asymmetry from the neutron in the channel

y+N—-p+a

has been obtained. Five of them fall in the first resonance®megnd as such are at
photon energies below those of the present work, which sother third resonance
region and above for photon energy £1600 MeV. These earlier measurements were
conducted at Stanford in 1964 and 19%2][ [93], Kharkov accelerator in 197®{,

and the Tokyo tandem accelerator in 1970 and 198} [96]. Their measurements
collectively cover the photon energy range 225 — 770 MeV.

There are three experiments whose data, a total of 68 powadap the kinematic
range of the current measurement, which are summarisedit8 Bi The earliest of
these was conducted in 1972 by J. Alspeabal. at the Cambridge Electron Ac-
celerator 7], using an electron beam of 5.5 GeV to produce, via the psoéso-
herent bremsstrahlung, linearly polarised photons ranfyjom 0.8 to 2.2 GeV. They
used a liquid deuterium target and the Moby Dick spectromateombination with
a second detector to detect the proton andh the final state, but only measured the
asymmetry at one centre-of-momentum pion production argffe The experiment
was aimed at exploring the third resonance region contgithie F5(1688), D5(1670)

1Coherent bremsstrahlung as a source of linearly polarisetbps is discussed in detail in Chapter
4, Section 3.
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3. PAST MEASUREMENTS

and Fk7(1950) resonances, while also conducting measuremenistefential cross-
sections in the channejs-p — p+z° andy+p — n+x*. They observed no indication
of the Rs or D;5 state in the cross-section and asymmetry data from theareuiut

did see an indication of thesf-state. Both results were in agreement with the quark
models as the 5 and D5 are predicted not to couple to the neutron. Thg B;s and

Fs7 have since been well-established in other measurementsaaryca four-star rating

in the PDG R1].
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Figure 3.1: Previous = measurement points in the E, range 1.0 — 2.3 GeV.

The two experiments in the third resonance region whiclovedld were conducted
by L. Abrahamianet al. in 1979 P8] and F. Adamiaret al. in '89 [99] using the
Yerevan electron synchrotron. Both experiments used the s#etectors, and were
performed with linearly polarised photons in the energygeaf.90 to 1.65 GeV in
'79 and a slightly extended range of 0.80 to 1.75 GeV ten ykes. The polarised
photons were produced by coherent bremsstrahlung usingeMeand 3.0 — 4.5 GeV
electron beams respectively, and were incident upon a 1@wegliquid deuterium tar-
get. The pions were detected by a magnetic spectrometeawittmentum acceptance
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of Ap/p ~ 5% and a solid angle @& = 1.2 x 1072 sr. A time-of-flight spectrometer
was used to detect the corresponding recoil nucleon in taédtate of the interaction.

The first experiment obtained 12 measurements of beam asyynanéour centre-
of-momentum angles 3040, 50° and 60, with statistical errors of 3 — 5% and sys-
tematic uncertainties, mainly due to determining the degfelinear polarisation of
the photon beam, of the order of 10%. Their results were coaap@ previous par-
tial wave analyses featuring the inclusion of ten resonaitéhe third resonance re-
gion. Although they observed a qualitative correspondevite one of the analyses
(Metcalf and Walker 100), they could not comment conclusively on the correspon-
dence. Based on a comparison of earlier results measuergedm asymmetry in the
v+ p — nt + n, however, they conclude that the non-zerfiedience in asymmetries
from the two channels indicates the presence of both isasaatl isovector amplitudes
in the energy range tested, and suggests dominance of#i®50) resonance. How-
ever, since both asymmetry values disagree with thoseqteeltior the E7(1950) by
guark models, the suggestion was made that contributionsdétherl = %_’ resonances
are significant in that energy range.

The second experiment took measurements gteB, 75° and 90. A comparison
to the previous Cambridge data showed good agreement, bod®serepancies were
observed with phenomenological analyses. An investigatiohe angular dependence
in the energy region of the;{1710) resonance, which is still only assigned a three-
star rating in the PDG, showed particular disagreementdetvdata and partial wave
analyses at large meson production angles. The need wasestrior much more data
to be able to constrain the partial wave analyses and mak&eutige comparison to
guark model predictions.

The conclusions of these experiments, therefore, all goittie pressing need for
a large dataset covering the full extent of pion productiogl@a and a large range of
energies to better constrain PWA. Moreover, high staissi@ required to scan both
energy and meson production angle at a high resolution hwhigarticularly important
if any sensitivity to long-lived states is to be obtained.eTéxperiment presented in
this thesis provides 1176 new data points, spanning themm@saluction angle range
from —0.8 to 1.0 in 18 co8 centre-of-momentum bins and the invariant mass range
from 1610 MeV to 2320 MeV with a bin size of 10 MeV.

39



40



Chapter 4

Experimental Facility - Jefferson Lab

The experiment presented in this thesis was carried ouieatiomas Jéerson Na-
tional Accelerator Facility (JLab) in Newport News, Virgan USA. JLab is a labora-
tory dedicated to the study of hadronic and nuclear phys$atsrsg experiments on a
variety of targets and using both electron- and photon-lsegtrenergies up to 6 GeV.
An upgrade of the facility to 12 GeV is expected to complete®12. This chapter
focuses on a discussion of the facility and experimentdiriepies employed, specif-
ically the production, monitoring and measurement of theniea description of the
target and detectors used to identify the outflying prodattee reactions and an out-
line of the data acquisition process. The details of the ex@nt are presented in the
last section of the chapter.

4.1 CEBAF

The Continuous Electron Beam Accelerator Facility (CEBRHY. 4.1) is a racetrack
accelerator consisting of two superconducting radiotfesgy (RF) linacs 1.4 km in
length, connected at each end with recirculation arcs aldngh the electron beam is
directed by two fixed steering magnets. The acceleratoabgeat close to 100% duty
cycle, delivering a bunched beam of picosecond - wide pudsesfrequency of 499
Hz! [101]. The beam can be circulated around the racetrack up to fivesti gaining
just under 600 MeV in energy with each pass through a linacfeiint numbers

1The beam is termed “continuous” due to its short and fregpelses and in contrast to the typical
pulse duration of a “pulsed” accelerator, which is on theeoaf nanoseconds.
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of recirculations (passes) allow energies frenml.2 GeV to just below 6 GeV to be
reached. On each pass, the beam can be split by a transvessp&Btor and delivered
simultaneously to three experimental halls — A, B and C.

0.4-GeV Linac
(20 Cryomodules) -

45-MeV Injector _
(2 1/4 Cryomodules)

Extraction” ™
Elements

~
~

Stations U

Figure 4.1: Cartoon showing CEBAF and the three experimental halls. The enlargements are,
clockwise from the top: a module in the linac, a steering magnet and a part of the RF separator
[101].

Halls A and C operate at high electron-beam luminositiesqu®* cm=2s* at the
target) and are exploited in high precision electron soatieexperiments. The scat-
tered electron and reaction products are detected in legblution magnetic focussing
spectrometers. The high precision in the determinatioh®fé&solution comes at the
price of having a small acceptance for particles (less thanid each spectrometer).

In Hall A, the spectrometers are an identical paidJ] while those in Hall C are sym-
metrically positioned, fiering a larger acceptance for high momentum particles on the
one side and good detection of short-lived particles on therd103. Hall B houses
CLAS, the CEBAF Large Acceptance Spectrometer which wad unsihis experiment
and will be discussed in detail in this chapter.
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4.2 Electron beam

The electron beam passes through a series of monitoringetepliaced in the approach
tunnel and the beam dump tunnel. These measure the posittbmeensity of the
electron beam and the intensity of the photon beam. The tayfotnese devices is
shown schematically in Figt.2 and each device is discussed in turn in the following
sections.

4.2.1 Position and intensity

To monitor the position and intensity of the electron bedmreé sets of three resonant
(RF) cavities are positioned along the beam-line at varistances upstream from the
target. These are essentially non-destructive to the beamar@ used to continuously
monitor and maintain the position of the beam on approacieohall. The beam
position is adjusted through a feedback loop during detantga

The electron beam current, which is dumped after passimgigfir the tagger and
detector apparatus, is measured in the Faraday cup, whicprises a 4000 kg block
of lead placed, on ceramic supports inside a vacuum, at thefahe beam line]04].
This operates byfeectively stopping the beam and accumulating its chargeghwisi
drawn df and measured continuously during operation.

4.2.2 Beam profile

Monitoring the electron beam profile is a destructive teghaiand data taking has to
be stopped for the duration of the measurement process. dma profile is deter-
mined whenever any significant changes are made to the beaimas in the beam
current for example. There are a total of three profilerdedadtarps, along the beam
line in the hall. Each one is a set of wires (20 andus® tungsten and 100m iron)
orientated along the two orthogonal directions perpendida the beam. During mon-
itoring, the harps are slid into the beamline and moved atl®ugh the beam using
a computer-controlled stepping motor to allow a measurénaehe taken at regular
intervals across the beam. A small fraction of the electisrscattered by the wire
and the signal from the resultir@erenkov light produced in the glass windows of the
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4.2 Electron beam

photomultiplier tubes (PMTs), which are positioned fordsfrom the harps, is used
to map out the profile of the beam (Fif}.3).

harp_tagger_0d-0d-05_16:37:21 .txt PHMT Channel: tag_left
hack_x = §.3219 +/- 0.14026 hack_y = §.3215 +/- 0.14026
anp_x = 306d.67 +/- 20,4463 amp_y = 4331.44 +/- 61,2119
mean_x = 19,937 +/- 0.00062663 mean_y = 353.8121 +/- 0.001063861
sigma_x = 00776046 +/- 0000617592 zigma_y = 0.065364 +/- 000101619
10000 10000
&
P
+ Je
] |
o )
1600 " 1600
=l I
= (L
?3 ¥z 4?3 ¥
= =
2 1m 2 1m
o W o
g i|% g
1

I
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Figure 4.3: Example of a beam profile scanned along two perpendicular axes by the harps. The
profile indicates a good quality, narrow, circular beam of width ~ 70 um.

4.2.3 Polarisation of the electron beam

Measuring the degree of longitudinal polarisation of trectbn beam every few days
is of crucial importance to the physics programme which explhis information in
electron scattering or for the production of circularly mided photoris Measure-
ments are carried out with the Moller polarimeter, whiclmisved into the beam line
for the duration of the calibration measurement. The polater consists of a 2Gm
thick Permendufrfoil magnetised to produce a polarisation of surface ebastc 8%
along the plane of the foil, a set of quadrupole magnets divaars of the foil and

1This information is not necessary for the linearly poladiphotons used in the current experiment.
2A cobalt-iron alloy.
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two detectors. Beam polarisation is obtained by measuwiitf, different target po-
larisation directions, the asymmetry of the scatteredtedas resulting from elastic
Moller electron-electron scattering taking place in tbé. fThe magnets separate out
the scattered Moller electrons from the unscattered beahdaect them to a pair of
leadscintillator-fibre composite detectors positioned eitside of the beam line. The
measurement of the degree of longitudinal polarisatiorhefieam can be achieved
with a typical accuracy ok 2% [105.

4.3 Techniques for producing photon beams

There are two main mechanisms of producing beams of reabphdbr photopro-
duction experiments, Compton back-scattering and breatdsnhg, and both are used
at laboratories world-wide. The Compton back-scatteregaphique involves firing a
laser beam (typically UV or infrared) of photons at a cirtimg beam of electrons
of a known energy (for example in a synchrotron). The photbesa scatter with an
appreciable fraction of the electron beam energy. This ateithused at BNL (LEGS)
and SPring8 (LEPS) and was also employed at ESRF (GRAAL).

The bremsstrahlung technique involves firing a relatigistectron beam though
a thin radiator. The electrons undergo bremsstrahlung trmuclei in the material
structure, emitting photons with a range of energies whalwe calculated by mea-
suring the deflected electron’s energy and time of radiatiantagging spectrometer.
Using a linearly polarised electron beam results in thesfienrof circular polarisation
to the photons, while linearly polarised photons can be peed by using a highly
ordered, high purity crystal as a radiator. This technigugsied in the US at flerson
Lab (CLAS) and in Germany at ELSA and MAMI. The following sects describe
the bremsstrahlung process in more detail.

4.3.1 Circularly polarised photons

If the electron beam incident on the radiator is itself Iandinally polarised, the re-
sulting bremsstrahlung photons will posses circular pséddion. The longitudinal po-
larisation of the incoming electron beam is measured pexadigl using the Moller po-

larimeter described in Section 4.2.3. The degree of p@tois transfer to the photon
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4.3 Techniques for producing photon beams

in the bremsstrahlung process is almost 100% when the phatmny df the maxi-
mum available energy, but decreases as the fraction ofadaienergy given to the
photon reduces. This transfer can be calculated with QEDsaifidstrated in Fig4.4,
where it can be seen that for photon energies 50% of the beargygmhe polarisation
transfer is around 60%.

100 T T T T T
Pal

SCf~ a -1

1 ] i 1 1 H
0 1 2 3 4 5 6 7 .
1 S 6 7 8 kf, 0

Figure 4.4: Graph showing degree of circular polarisation as a function of momentum transfer to
the bremsstrahlung photon. The two curves are an exact calculation (a) and an approximation (c).
The figure was taken from the theoretical treatment by Olsen [106].

4.3.2 Linearly polarised photons

Linear polarisation of photons produced in the bremsatiranprocess can be achieved
using a crystalline radiator. Typically a 20 — gt thick diamond crystal of the high-
est purity is aligned and held at the desired angle to the biggmvith a goniometer
[107]. For a particular orientation of the crystal, an electreattering along a re-
ciprocal lattice vector will have a restricted momentunmsfar that can be absorbed
by the crystal. This gives rise to sharp structures in theghenergy spectrum as
can be seen in Figt.5. Since these coherent photons were produced by momentum
transfer along the fixed directions of the reciprocal lattector, the photon polari-
sation vector will lie predominantly in a single plane, riéisig in linearly polarised
photons at that energy. It is found that the highest photdarigation is achieved by
scattering from the planes described by the [022] ané][@éciprocal lattice vectors
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[108. An enhancement in the scattering, however, occurs ngtfoam the primary
reciprocal lattice vector, in this example EE]Z but to a gradually decreasing extent
also from higher order planes, such as4])4066] etc. This is seen as a series of
peaks in Fig4.5, where the total photon spectrum has been divided by thairceut
using an amorphous radiator to remove the characterisels'nm:t;)sstrahIun%1 intensity
dependence.

= Coherent edge

- - Monte carlo
= KL/ sosrsmmss Data

' [022]

/ : [044]

100 : ------------- ;;/ ............ L ‘{,J“f ‘ i I“ 5 "—~...\

Rel. Intensity

0 Ebeam
Photon Energy

Figure 4.5: Data and Monte Carlo simulation of the photon intensity spectrum produced by the
process of coherent bremsstrahlung [107].

The degree of linear polarisation of the photons dependserposition of the
coherent peak relative to the energy of the electron beam.theotypical set-up at
JLab the coherent peak is at an enexg80% of the full beam energy and the degree
of polarisation can reach up t0 80%. As a result of the angular dependence of the
coherent bremsstrahlung process, the degree of polansd¢ipends strongly on the
degree of collimation (see Section 4.3.3).

The degree of polarisation is calculated analytically9 using the initial energy
of the scattered electron and the alignment of the cryslaiive to the electron beam.
The calculation also includes realistic parameters fottiplel scattering in the crystal,
collimation, electron beam spot size and divergences.
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4.3.3 Beam collimation and monitoring

The bremsstrahlung photons are radiated in a cone alongithefahe electron beam,
where the highest degree of polarisation is along the alasgst to the original di-
rection of the electron. To select photons with the grealegtree of polarisation,
therefore, the photon beam is collimated before reachiagdtget. This is achieved
by passing it through an aperture, the diameter of which @seh to optimise the
required polarisation of the beam while still maintainingigh photon flux. Exper-
iments with unpolarised or circularly polarised beam usargd, 0.861 cm diameter
nickel block (25 cm long), which constricts the beam spotattarget to a diameter
less than 3 cm. A smaller, 2 mm bore nigkehgsten collimator is used for linearly
polarised beam, reducing the beam spokt® mm in diameter at the target. Any
showers of secondary electrons produced by the photon bétng lthe collimator
material are removed with a small sweeping magnet dowmnat[&a4].

The position and size of the beam spot is monitored via ary aftacintillator
fibres placed behind the target, which map the beam from tenstructed vertex
positions of electron-positron pairs produced along trenbpath.

Although not necessary for the experiment presented irtlikiss, a determination
of the beam flux is crucial if a photoproduction cross-secisato be measured. To this
end, a pair spectrometer is positioned upstream from tgettawhich consists of a thin
foil for electron-positron pair production. It removes apamately 1% of the photons
from the beam but produces a continuous indication of thedlunng data-taking.

4.4 The Photon Tagging Spectrometer

The photon tagging spectrometer (tagger), positioned idmaely downstream of the
radiator, momentum analyses the recoiling electronsviatig bremsstrahlung. Since
the incident electron beam energy is well known, this alltwesenergy of the brems-
strahlung photons to be determined event by event. The tagg@eC-shaped dipole
electromagnet in which the field is set up such that electvamsh do not produce
bremsstrahlung in the radiator are directed into a beam dartipe floor of the ex-
perimental hall. The electrons producing bremsstrahlumagns are dispersed in the
magnet according to their momentum (Hgo).
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Figure 4.6: The tagging spectrometer in cross-section, showing the photon beam, the paths
of scattered electrons deflected in the tagger magnetic field and the two planes of the scintillator
hodoscope [110].

Timing and energy measurements for the scattered electn@nsnade by two
planes of plastic scintillators positioned along the fqdahe in the magnet. The first
plane (E-plane) is used to determine energy informatiorherstattered electrons by
“tagging” the electron exit position from the spectrometércomprises 384 plastic
scintillator strips which are 20 cm long, 4 mm thick and rafigen 6 to 18 mm in
width. The variable widths ensure each covers the same ntameange (0.003 times
the original energy of the electron beam,).ESince the counters overlap each other
by a third of their width on each side, there is a total of 7&¥edent tagger channels
resulting in a resolution of.001x E,. The geometry of the magnet and positioning of
the hodoscope limits the tagger range to energies from 2395%wof & [110.

The second plane (T-plane) is used to obtain timing infolwnabout each recorded
electron. It is shifted by 20 cm downstream of the E-plane @mdprises 62x 2 cm
thick scintillators, the scintillation light from which irecorded in two PMTSs, attached
one to each end. The attainable root-mean-square (rms)dgiresolution from the
modules is 110 ps. The timeftBrence between the hit in the T-plane and a result-
ing hit in the CLAS detector can be used to identify the etattassociated with the
bremsstrahlung photon which produced the reaction in tigeta
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The time of creation of each photon, however, can be deteatio much greater
accuracy than the intrinsic timing resolution of the T-ctaus, since the tagger allows
separation of the electron beam bunches. These are deliaer2004 ns intervals
and the timing is determined accurately from the RF signailsnd) the linacs in the
accelerator. The beam bunches themselves are only a fewdesanid identifying
the closest RF pulse to the measured time from the taggeufters can improve the
resolution significantly.

4.5 CLAS

The CEBAF Large Angle Spectrometer, CLAS, provides partidentification and
momentum determination for particles produced followiegations of the photon
beam with the target. CLAS is a formidable structure of lagedetectors (Figd.7).
The skeleton of CLAS comprises six superconducting codatied radially around the
beamline, which produce a toroidal magnetic field. Measerdgnof the momentum
of reaction products is provided by tracking particles tigio the three layers of drift
chambers, located within the areas of highest magnetic fiefde of flight measure-
ments and fast information for event triggering is providigdthe barrel-shaped start
counter inside and the shell of scintillation counters migtshe drift chambers. The
Cerenkov counters are used to distinguish between pionglanttons while neutral
particle identification as well as energy measurements anadged by the two types
of calorimeters at the outside of CLAS(4]. The rest of this section describes each
detector system in more detail.

4.5.1 Torus Magnet

Each of the six coils of the torus magnet is wound into a kidsteggpe from 216 layers

of aluminium-stabilised NbTCu wire and fixed to a 4.5 K super-critical He cooling
cryostat (Fig4.8 and4.9). For fixed target experiments the highest momentum par-
ticles are generally emitted at forward angles. Correspmhyg to provide optimum
degrees of curvature in the tracks of charged particles;dhe were designed to have

a high magnetic field at forward angles and a lower field atelaemngles, where par-
ticle momenta are typically smaller. At the maximum desigrrent of 3860 A, the
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Jefferson Lab
CLAS Detector

Figure 4.7: Geant 3 visualisation of CLAS showing, symmetrically arranged around the beam
axis, the superconducting coils (yellow), three regions of drift chambers (blue), the Cerenkov coun-
ters (pink), the shell of time-of-flight scintillation counters (red) and the electromagnetic calorimeters

covering the forward angles (green) [104].
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field reaches 2.5 Tm in the very forward region and falls toTh® perpendicular to
the beamline04]. The centre of CLAS remains close to field-free allowing tise
of a polarised target and causing negligible deflectionsdisesiged beam.

Attachment
Points

Figure 4.8: Schematic showing the torus magnet cryostats radially positioned around the beam
axis (dashed line) and two regions of the drift chambers. [104].

Figure 4.9: Photograph of the torus magnet cryostats, showing one of the two support rings
on which they are mounted and the carbon-fibre support rods between neighbouring cryostats
(Jefferson Lab Hall B archive).
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4.5.2 Start Counter

The start counter, ST, is the first detector encountered ermpé#th into CLAS by a
particle produced in a photoreaction in the target and ples/the crucial, most accu-
rate timing information for the event, which is used in thigder decisions for data
acquisition and event reconstruction. It comprises 24 ®@J&tganic plastic scintilla-
tor paddles arranged azimuthally in six sectors aroundatyet (Fig.4.10and4.17).
They form a barrel 619.5 mm long, designed to provide fullerage of the acceptance
for a 40 cm long liquid hydrogen target. Each paddle has #$ireectangular section
502 mm long (the “leg”) and either a triangular or a trapeZomke” tapered inwards to
increase the coverage of the detector at forward anglesrolade light isolation, the
paddles are wrapped each in radiant mirror film (VM-2000jhwiternate ones being
additionally covered in black Tedlar film. The paddles argeasbled into sectors and
mounted onto a 5.3 mm thick Rohacell PMI foam support stnegtshielded on top
with a further 9.8 mm foam layer. At the upstream end of eaddlgaa 127 mm long
acrylic light guide couples the scintillator to a Hamamat8ustage R4125HA photo-
multiplier tube 15 mm in diameter, both positioned out of #oeeptance window of
CLAS. The PMT signals are digitised in LeCroy FASTBUS tinoedigital converters
(TDCs) and analogue-to-digital converters (ADCs) befamb read out into the data
stream [L11].

The timing resolution of each start counter paddle variemf292+ 1 ps in the
“leg” region to 324+ 2 ps in the “nose”, with< 0.5% of the hits lying outside: 1 ns
of the mean, which is the range required tielientiate in time between neighbouring
electron beam bunches. The lower timing resolution in thes&i of each paddle is
due to an inevitable degradation in the light response okthatillator as a result of
mechanical bending of each paddle, which was performeddw &letter coverage of
the forward angles.

4.5.3 Drift Chambers

The trajectories of charged particles produced in the i@astvith a momentum higher
than the threshold 100 Még¥ are mapped through 18 separate drift chambers arranged
concentrically in three layers (regions) around the tafgg#]. Each region consists
of six drift chambers positioned at the same radius in thessptors of CLAS (as
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Figure 4.10: Start counter with one of the six paddle sectors removed to show the target cell
inside [111].

Protection Shell
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Figure 4.11: Cross-section through the start counter, showing the target surrounded by scintillator
paddles [111].
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delineated by the coils of the torus magnet) — Region One thenlow magnetic
field just outside the start counter, Region Two fills the alhighest magnetic field
between the coil cryostats, while Region Three covers thitedareaches just above
the coils (Fig4.12and4.13).

Figure 4.12: Photograph of CLAS opened up, showing, from the upstream end, the sphere
formed by the six sectors of the drift chambers. At the left edge of the photograph and in the bottom
right corner (behind the drift chambers), the wrapped scintillator paddles of the time-of-flight system
can be seen (Jefferson Lab Hall B archive).

Each drift chamber was designed to fill maximally the sectdume available and
to this dfect has a trapezoidal cross-section, where the wires atlstd between
two endplates tilted out at 6@o each other (top of Figt.13. Whenin situ, the two
endplates of each region sector are positioned paralléleé@lanes of adjacent torus
coils, thus ensuring maximum coverage §0%) in the azimuthal angle. The entire
drift chamber system covers from & 142 in the polar angle.

The arrangement of the wires in each chamber (#i@4) is reminiscent of close-
packing, where a layer of sense wires (at a high positivenpiai¢ is followed by two
layers of field wires (at a high negative potential of half gteength), forming cells
hexagonal in cross-section and gradually increasing i with radial distance from
the target. Six layers of these cells are grouped into a &aymr which is surrounded
by guard wires to simulate, at the edges, the electric fieldroinfinite grid. Each
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Figure 4.13: Schematic showing a cross-section through CLAS perpendicular to the beam axis
(top) and parallel to it (bottom) [113].
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chamber consists of two superlayers, one aligned alongitbetidn of the magnetic
field of the torus, the other tilted af &tereo to it, providing azimuthal information.
The chambers are filled with a mixture of 88% argon and 12%acadoxide.

Figure 4.14: A section through Region 3 of the drift chamber, showing the two superlayers and
the hexagonal array of cells formed by the arrangement of field wires. A possible particle track
through the regions is shown as shaded cells where a hit is registered in the sense wire at the
centre of each cell [113].

The sense wires, 20m diameter, were constructed from gold-plated tungster. Th
composition of the wire provides durability, chemical itm&ss and a smooth surface.
Typical operation results in an electric field ©f280 k\V/cm at the surface. The field
wires are 14Qum diameter gold-plated aluminium alloy, chosen for its loadiation
length and low density. The surface electric field is kepowe20 kV/cm to minimise
cathode deposition.

Electrical signals from each sense wire are output to asidgannel dterential
pre-amplifier board attached to each endplate. The sigma fhe amplifier is fed via
20 m twisted-pair cables to the front-end electronics in Sl.&vhich comprise a post-
amplifier and discriminator board. The resulting digitatpnut pulses are multiplexed
and passed to TDCs operating in common stop mode, the stog@l sigginating from
the (delayed) CLAS trigger. The timing of the output sigraferenced to the CLAS
trigger are then recorded by Data Acquisition (DAQ) if theyl fvithin a preset time
window of 20 ns from the trigger. The timing signals are sgjosaitly used in calcula-
tions of drift time and velocity to determine the distanceloisest approach (DOCA)
to each triggered wire and improve accuracy in the determoimaf the particle track.
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The performance of the drift chambers can be charactenseda ways, by how
efficiently the chamber registers tracks and how accuratelyréio&s are determined.
Regarding the first, the discriminator thresholds and highage settings for each
layer are set to keep electronic noise below 2% and wirefhdiencies above 98%.
The tracking iciency — that of reconstructing an expected track — is ab&% for
low hit occupancies. Typical accidental occupancies aileuwneler 5% at full design
luminosity, and significantly lower for photon beam expegiits.

Regarding the accuracy of tracking, track resolution \afiiem region to region.
The single wire resolution is 200 — 250um in the centre of each cell and averages
to 330um over the entirety of the drift chamber system. Howeverithidegraded by
multiple scattering in the chambers, uncertainties in tagmetic field and mechanical
misalignments of the system, resulting in track resolutidmch ranges from 300 to
450um from Region One to Three. This results in a momentum unicgytaf < 0.5%
for 1 GeVjc particles and an angular resolution ©of2 mrad for the reconstructed
tracks.

45.4 Cerenkov Counters

It is notoriously dificult to separate high energy electrons and pions using tnack
vature orAE - E techniques. To this end an array@drenkov counters is positioned
outside the drift chambers at forward angles up te 45°. Each sector of CLAS is
split into 18 regions of), each with its owrCerenkov counter. Th€erenkov coun-
ters consist of two modules symmetrical about the centeaig@bf constang in each
sector. They are filled with perfluorobutane,Fg,), which emitsCerenkov radiation,
mainly in the UV region, when a charged particle passes tirau Additionally, this
high refractive index gas (8 1.00153) has a high threshélfbr pions (2.5 Get),
which aids in discriminating pions in this momentum rang®rfrelectrons. An ellip-
tical and a hyperbolic aluminium mirror focus the emitte@ams through a Winston
light collection cone onto a 5 inch Phillips XP4500B PMT. §BePMTs are highly
sensitive and capable of triggering on a single photoalactThe imperfections in
the light focussing are corrected with a cylindrical miretrthe side (Fig4.15. The

1The Cerenkov threshold is the minimum particle velocity reqdito produce&Cerenkov light in
the medium.
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PMT and light collection cone are surrounded in magnetieldimg and placed in the
shadow of the torus magnet coils.

PMT

/ Magnetic Shield /

Light Collection Elliptical Mirror
Cone

Sector Centerline

1
Elliptical Mirror |}
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. NN
Cerenkov » '~

Radiation®
Cylindrical Cylindrical
Mirror \ Window Mirror
Hyperbolic Mirror \ Hyperbolic Mirror

Electron Track

Figure 4.15: Schematic showing a segment of a Cerenkov counter and an electron track through
it [104].

The signals from the PMTs are amplified and passed to a dis@aior module.
The logic output signals of the discriminator are sent to Sx0d may be also used
in the experimental trigger where they allow event trigggrmon a single electron. The
TDC signals are additionally sent to ADCs, allowing the aitople information to be
used in df-line analysis. The overallfiiciency of theCerenkov counters is above
99.5% over most of the acceptance, its greatest limitingpfaoeing the imperfect
reflectivity of the mirrors 114].

4.5.5 Time of Flight system

The timing of the particle crossing CLAS is measured by theetof-flight (ToF) scin-
tillation paddles which slot together to form a shell ougsitie drift chambers and
Cerenkov counters, covering 8 142 in polar angle and the full available range in
¢. The paddles, cut from Bicron BC-408 organic plastic statbr, are aligned per-
pendicular to the beam direction in a hexagonal geometryavbiee paddle subtends
each sector of CLAS for a given interval &. The scintillation light produced when
a particle interacts in the scintillator is read out by PMPpsically connected to each
end of the paddle. The PMT’s fit into the shadow region of thhaganagnet coils to
avoid further loss of detector acceptance. The PMT outmntads are fed to ADCs
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and via discriminator modules to TDCs which record the simbtaning of the pulses.
The scintillator paddles are uniformly 5.08 cm thick andyarlength from 32 cm to
445 cm depending on their location in the array. Their widthb cm in the forward
region @ < 45°) and 22 cm at larger polar angles. The paddles are tiltedatdhe
average particle trajectory at that location is normal toghddle face (Figt.16). The
time resolution of the ToF counters was measured using @syievents and ranges
from ~ 150 ps for the shortest to 250 ps for the longest paddleklH.

Figure 4.16: A diagram of a ToF sector, showing the scintillation counters arranged, in four
panels, perpendicular to the beam line. At both ends of each paddle is a light guide and a PMT
[115].

4.5.6 Forward Electromagnetic Calorimeter

The forward electromagnetic calorimeter (EC) in CLAS is enghng calorimeter,

comprising a sandwich of alternating passive sheets of lgeaiding a high-Z ma-

terial to produce electro-magnetic showers, and scitdilldo measure the location,
energy and timing of the charged patrticles in the resultimyers. The EC is primar-
ily responsible for the detection and event triggering acebns above 0.5 GeV and
neutral particles (specifically neutrons and photons alfa®&5eV from the decay of
7% andn mesons). The calorimeter covers the regiér-85 in the polar angle and
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consists of six modules, one for each sector, with the csestion of an equilateral tri-
angle. Each module has a total of 39 lead-scintillator layetalling approximately 16
radiation lengths. Each layer comprises a 2.2 mm thick leadtsfollowed by a layer
of 36 side-by-side BC412 scintillator strips 10 mm in thieks and approximately
10 cm wide (Fig4.17).

/-Scintillator bars

U - plane -
Lead sheets

V - plane =

W-plane pw

Fiber Light Guides
(front)

Fiber Light Guides

(rear)

Figure 4.17: Diagram showing the layered structure of the electromagnetic calorimeter and the
arrangement of scintillation bars inside. The bars are aligned parallel to one of the three long sides
of the module. The alignment is rotated for each consecutive layer, forming a grid [116].

Each successive layer is rotated through°12@ectively creating three orientations
and splitting the EC module into an array of triangular ceked to locate the area
of energy deposition. Every orientation is split into ananstack, consisting of the
bottom five layers, and an outer stack for the top eight. Ihegaxck, all the scintillators
on top of each other are coupled via fibre-optic light guidethe same PMT, thus
giving 72 PMTs in total for each of the three orientationse MTs have been chosen
to behave linearly over a very large dynamical range and figpecal signal from a
1 GeV electron have an amplitude resolutior~0#% and time resolution of 100 —
150 ps. The PMT gain is monitored during data-taking by micidlumination of the
PMT using UV light from a nitrogen lasef.[Lq.
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4.5.7 Large Angle Calorimeter

The Large Angle Calorimeter (LAC) is complementary to thed&d is used to detect
scattered electrons and neutral particles at large polledd5 < 6 < 75°). There
are only two units covering the two top sectors of CLAS (altotd 20° in ¢). Similar
in design to the EC, each unit is a sandwich of alternatingusgisheets of lead 2 mm
thick and 1.5 cm thick NE110A scintillator bars (on avera@gecin wide, up to a
maximum width of 11.15 cm), forming a total of 33 layers. E&ayer of scintillator
bars is rotated at 9o the previous one, thus forming a grid of cellsl0x 10 cn¥
(Fig. 4.18 and each scintillator is connected at each end via a Lugite ¢uide to an
EMI 9954A PMT. Similarly to the EC, each of the two units isidied into 17 inner
layers and 16 outer ones to improve discrimination betweenspand electrons, for
which good energy resolution is essential. The energy uésalis~ 7.5% for 1 GeV
electrons and improves with increasing momentum. Timifgrmation is required for
calculations of the momentum of uncharged particles crucidifferentiate neutrons
and photons. The timing resolution is 260 ps for neutron naane 0.5 GeV/c. The
neutron detectionficiency of the calorimeters is measured t0~b80% [104].
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446.0 cm / 55.9 cm
¥
) Single cell

s U 7 400.0 cm

L_ M e Single stack
217.0 em

() %

Figure 4.18: Schematic showing the arrangement of lead, Teflon and scintillator layers inside a
LAC module [117].
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4.6 Targets

A variety of cryogenic and solid targets have been develépe@LAS. The cryogenic
targets are typically kapton cylinders with thin aluminiwmdows, ranging in length
from a couple to a few dozen cm, and designed to hold liquiddryeh, deuterium or
helium. Solid aluminium, carbon, iron, lead and certain poomds have also been
used.

Polarised targets have also been developed, most recentlyproject entitled
FROST, which used a butanol target (with polarised prot@nsgithe item of interest)
cooled by a custom-built dilution refrigerator to below 4Krto extend the polari-
sation relaxation time during operation. The level of pisltion was maintained by
a 0.5 T solenoid kept around the target cell during the erpamt with longitudinally
polarised protons, and a specially constructed transWeiskéng coil for a transversely
polarised target. In the early part of my PhD | constructedptototype of the super-
conducting transverse holding coil.

The target used in the experiment presented in this thesigw@ cm long cylinder
containing liquid deuterium. It was positioned 20 cm upmstnefrom the centre of
CLAS to increase coverage in forward angles.

4.7 Detector electronics and software

4.7.1 Trigger

The prompt analogue signals from the PMTs and drift chambexswn CLAS are
passed to a two level trigger system. The Level 1 triggeresitis set the timing of the
integration gates for the ADCs and also as a start signal c@sI'An optional Level
2 trigger can impose further conditions which need to be methe signal to proceed
to digitisation and readout, such as particular tracks endift chamber.

The Level 1 trigger consists of a three stage process takingverage 90.5 ns to
complete. The first two stages combine prompt hits froffedent detectors and com-
pare the emerging hit patterns to those stored in look-up$ah the memory. These
are configured for every experiment using a graphical pazkatfied TIGRIS and list
possible hits associated with chosen particles. The thagescorrelates patterns in
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each sector to identify likely events, for example a negtisick in one sector accom-
panied by a positive one diametrically opposite. Additiangormation, such as the
requirement of a timing coincidence with a hit in the taggemtroduced at this stage
and the signals are passed to the Trigger Supervisor.

To further refine event selection, a second stage of triggenay be added. The
Level 2 trigger maps likely tracks through the drift chanthand sends a fail signal
to the trigger supervisor if the tracks do not correspondauigle information from
Level 1. Due to the drift time in the chambers, this takes altme to process,
approximately 4s, and, unlike Level 1, contributes to the deadtime of théesys

The Trigger Supervisor is the electronic control centrechitprocesses all trigger
output and sends common gate, gtaop and reset signals to detector electronics,
initialising ADCs and TDCs and queues the event for readbittis configured to run
with the two level trigger system, it will hold digitisatiaimtil a pass or a fail signal
is received from Level 2 trigger. The event information igrildigitised and written to
readout.

4.7.2 Data acquisition

In the first stage of the data acquisition process, digithe€/TDC outputs from the
detectors within the hall (in 24 FASTBUS and VME crates) aseanbled into tables.
Each element is indexed to the corresponding active deteotaponent, then trans-
ferred to the main CLAS on-line acquisition computer (CLOMN)he control room for
event building and processing. The tables of event fragsnenat there elaborated into
“banks” with the addition of headers and data labels, wholae are grouped together
into larger banks describing extended systems, such agithetthmbers, which re-
quire information from several crate$1g. The Event Builder (EB) then combines
the corresponding banks into whole events and finally latelse with a run num-
ber, event number, event type, and other information in @lérebank. By now the
event is ready for fb-line analysis and is written across the local array of RAIEkd,
from whence it is transferred along a fibre link for permargotage on a tape silo
1 km from the experimental hall. Some events are also serdrfdine monitoring,
reconstruction and analysis on other computers.
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The CEBAF On-line Data Acquisition system (CODA) contrdis DAQ process
and all communication with detectors, starting and endimgr The first stage is DAQ
configuration, where detector parameters, such as triggge and TDC thresholds,
are loaded from a prepared run configuration file, relevaftivaoe is downloaded to
the detector readout controllers, and the correct EB peaseare set up. Next, during
“prestart”, loaded run parameters are checked againstripma configuration data
and information about current run conditions is writtentte tlatabase and parameter

files. The run is then started, at which point the trigger ialded and data begins
to accumulate in 2 GB files (this limit is set by the maximum §lee on the Linux
machines). Each run takes typically 1 - 2 hours and conta files.

4.8 The g13 experiment

The experiment described in this thesis was carried outdstwlarch and June 2007
in Hall B of Jdferson Lab, using a linearly polarised photon beam incidera liquid
deuterium target. It was labelled g13b as it formed the sgtw@f of the g13 experi-
ment, the first half of which ran in autumn 2006 on the samestdrgt used a circularly
polarised beam.

During the run period electron beam energy was varied fradnt@5.2 GeV to
produce photons at six equally-spaced energies in the 1.2 628V range, with a
degree of linear polarisation reaching above 80%.

The experiment was run with a single charge trigger to acaeptde range of
events for the large number of reaction channels being sedlft19, triggering at a
rate of 7 - 8 kHz. A total of 3« 10'° events have been recorded in the g13 run period.
Approximately 0.5% of these events were of tifg, 7~) p reaction channel presented
in this thesis.
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Chapter 5

Detector Calibration

The detector calibration process enables the raw infoondtom the individual de-
tector elements to be converted into real physical obsé&sallhis chapter outlines
the calibration procedures of thefldirent systems which were relevant to the g13 ex-
periment.

5.1 Overview of calibration process

The response of CLAS detectors can vary appreciably betdigkment experiments.
This can be due to changes in the experimental set-up, fianos torus magnetic field
settings, or due to changes in component performance, sutiifts in photomultiplier
tube (PMT) gain or dead drift chamber wires. Some of thesarameitored and ad-
justed continuously during the run. For example, the ensrgyonse of the large angle
calorimeter PMTs tended to drift and was corrected by ansaifjent to the PMT gain
[117]. However, corrections to the magnitude and time deperelehthe calibration
parameters were also required ffi-bne analysis to compensate for any changes in the
running conditions or detector response.

At the end of the experiment the detector systems involvélddmeconstruction of
events were calibrated by a team of collaborators. Speltyfitiae tagger and time-of-
flight calibrations were carried out by Russell Johnstoreedeil Hassall, from Glas-
gow University, respectively, the drift chambers were lmaied by Edwin Munevar
from George Washington University while Paul Mattione @igniversity) calibrated
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the electromagnetic calorimeter. The start counter catitons were carried out by the
author.

Each system has a certain number of calibration constanthwlere used in the
calculation of physical quantities associated with it, meially timings and energies
deposited in the detector. The systems had to be calibmatadtertain order and the
calibration cycle iterated a number of times as the measem&srirom the various
systems were often inter-dependent. This was particulare/for timing calibrations
where the optimisation of the relative timings offdrent detector systems was crucial.

The calibration of each detector was initially carried ontaoselection of agreed
runs, one from each set where the running conditions wereoappately constant.
The calibration parameters were then extended to the rebeaincalibrated runs in
that set. Once a satisfactory level of alignment was reacegch detector system
for the selected runs, fine-tuning was performed by caligatvery fiftieth run. Final
adjustments were made to those runs where alignment collilaesbptimised.

The requirements of detector calibration were dictatedneyprocedures of data
analysis, the details of which, for the selection of the tieacchannen(y,n~)p, are
expounded in Chapter 6 and mentioned, when relevant, inalleving sections. In
brief, selection of events consisted of the following steps

e Initial identification of final state particles. In the cadecharged particles, this
was done based on their mass calculated using measured nacanenvelocity.
The determination of momentum relied on accurate trackimgugh the drift
chambers. For the calculation of velocity, an addition&@luaate measurement
of the time of flight, based on the hittimes in the start couatel the scintillation
counters, was required (Section 6.2).

e A reconstruction of the particle creation time, based onpicle’s velocity,
time of flight and vertex position (which is extrapolatednfrthe tracking infor-
mation). This was required to identify final state partiatesated in the same
hadronic interaction in the target.

e Reconstruction of the full event, including the identifioatof the photon which
caused the reaction based on its time of arrival at the waetrtex. To this
end, timing information from the tagger needed to be cotedl@o the start of
the event as measured by the detectors of CLAS. An absolatetyal aspect
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of the calibration process was therefore to identify thangroffsets between
the different detectors. It was then possible to align the time nreddoy each
detector to a common “zero” start time for each event, asudsed in Section
5.2.3.

The sections below outline the calibration proceduresHerinhdividual detectors
relevant to then(y, 7~)p reaction channel.

5.2 Common features of timing calibration

This section introduces some aspects of the timing caldrgtrocess which are com-
mon to a range of systems in the CLAS and tagger apparatus. ddtagds of the
calibration process for each detector will be presentedtarlsections.

5.2.1 TDC timing calibration

The timing information of the tagger and all detectors in (G_as read out from a
collection of TDCs, each of which required calibration paegers to convert the TDC
output (channels) into time (ns). To perform the calibnatipulsed logic signals were
delivered simultaneously to every TDC, in sets of 50. Theetinterval between the
pulses in each set was increased incrementally with a fixadgef 2.139 ns 120.
This enabled the response of the TDCs to be measured for aavige of timings. The
resulting data was then fitted, typically with a quadratitypomial, to determine the
individual constants for the TDC channel-to-time convamsiwhich were then entered
into a common calibration database.

5.2.2 Time-walk corrections

The TDCs in most systems of CLAS are fed with the logic outpgnals from a lead-
ing edge discriminator, LED. In such devices, the outputdaggnal is timed to the
point where the input analogue signal exceeds a certaidgtermined threshold volt-
age. A problem arises, however, when the input analogualsigan have a wide range
of pulse heights. Since the rise-time to the peak heightmtppredominantly on the
detector characteristics (such as scintillator maternaily approximately constant for
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different pulse heights. However, thdétdrence in pulse heights means the threshold
level of the discriminator will be reached atidirent times (see Fi§.1), thus introduc-

ing a pulse-height dependent shift (called a time-walkhmtime measurement. The
time-walk correction is carried out in slightlyféerent ways for the dlierent detector
systems in Hall B and is discussed in the correspondingsechelow.
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Figure 5.1: Graph showing two signals with identical rise time but different pulse heights. The
larger signal will reach a threshold value, shown at a height of 0.6, earlier, by a value of At, than the
smaller signal.

5.2.3 “Zero time” for the event

The common timing origin for each event was most accuratedyiged by the timing
of the RF signal used to drive the accelerator linacs. As kas bliscussed in Section
4.1, the electron beam arrives in bunches at 2.004 ns inger/ae beam bunches can
be well separated by the timings of the events in the tagged fdane, as can be seen
in Fig. 5.2, where the tagger timing resolution was measured te &40 ps for 1o
Once the few-picosecond-wide beam bunch containing theoprassociated with the
event is identified, the most accurate event time can beatefrom the RF timing of
this beam bunch. This is discussed in more detail in Secti®ih&ow.
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Figure 5.2: Neighbouring beam bunches arriving at ~2 ns intervals. The small secondary bumps
are from the beam being delivered to one of the neighbouring experimental halls [110].

Once the tagger had been calibrated to the RF signal, suiasedgtector systems
were calibrated relative to the tagger, thus ensuring tim¢) was measured, by each
system, from a common zero timig:

5.3 Tagger calibration

As discussed in Section 4.4, the focal plane of the taggéudes 61 scintillator pad-
dles (T-counters), which through their overlap provide igfe channels yielding in-
formation on the scattered bremsstrahlung electrons. HEamunter was equipped
with two TDCs which received logic signal input from the distinators connected to
the PMTs on each end of the scintillator. The first stage ot#i#ration was to con-
vert the raw output of the TDC (channels) into nanosecondgyuble pulser signals
(Section 5.2.1). Typical conversion factors wer&0 pgchannel, but varied by a few
percent from counter to counter. A mean timing for each Tateruwas obtained from
the sum of the TDC timings at each end, to ensure that theestimgk measured by
each T-countety, was independent of the hit position along the paddle.
Anintegral part of the Level 1 event trigger was the requigatof an electron hitin

the tagger. When a hit was registered, all the T-counter Tin@se tagger focal plane
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were started simultaneously by the common start signal thentrigger. The counters
were stopped either by a hit or by the same signal with a 20 lag.déhe TDCs were
thus dfectively “self-timed”, each triggered counter’s start aaolp signals originating
from the same electron hit. As a result, the timing spectriimach TDC exhibited
a sharp peak corresponding to the trigger start sidpgl, This value was subtracted
from each TDC reading so that all T-counters were accurdbelgd relative toty;,.
The same procedure was also carried out for the TDCs of theuters to ensure
correct identification, based on timing coincidence, of élssociated E-counters for
each reconstructed photoh1].

The final stage of tagger timing calibration was to adjustependently, the timing
of each tagger channel to the RF, thus setting déadio the common zero timg
(Fig. 5.39). A good calibration of the tagger is crucial for the recoastion of the
event. For example a misidentification of the correct beanctbumay result in errors
of a few hundred MeX¢? in the calculated particle masses, from the resulting énror
the time of flight [L27).

22000

20000

ns
—
|

tr - tee

--118000
0.5

16000

14000

JI 12000

-17110000

118000

0.5 6000

4000

_1||||||||||||||||||||||||||||||2000

10 20 30 40 50 60
T counter ID

Figure 5.3: Histogram showing alignment of individual T-counters to the RF signal.

The RF time in relation to the triggegkr, is given by the time of the photon being
produced (relative to the triggetunch Plus a timing dfset corresponding to an integer
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number of beam bunchdsg, which typically varied from event to event:
ke = tounch+ k92004 (51)

Calibration of the tagger channels to the RF signal involedlculation of the tagger
- RF dfset parameter€;, one for each of the 121 tagger channels, followed by the
determination ok, on an event-by-event basis.

The dfset parameter§; can be decomposed into an overall phagsetCR" for
each tagger channetelative to the RF signal and an integer number of beam bunche
ki, which depended on the channel in question:

ti—tkr = b —lbunch— ke2-004
= Ci—k.2.004
= CRF 4+ (k — ko) 2.004 (5.2)
wheret; is the timing of tagger channel Since the total beam-bunclifget was not
constant between events, the timinffeliences between the RF signal and the tagger
channels could only be used to determine the phéisetpparameteiG=". These were
calculated from a fit to the distributions df £ trr) mod2.004.

To determine the constanks for each tagger channel a timing comparison was
made with a reference detector, the start counter. Firsttithing dfset,C>", was
determined between each tagger channel and the time ofrathi istart countetg:

C’T = ti—tst (5.3)
This was done from a fit to a distribution of E6§.3. Next, the diference between the
offset constant€>" andCRF was used to determiri¢ channel by channel:
C’T-CRF tounch— tsT — ki 2.004
Kget — ki 2.004 (5.4)

whereKge; is a detector-specificfset between the two constants, which was first de-
termined from a fit to the total distribution o€f " — C*) mod2.004, summed over
all channels. Eg5.4 was then used to calculakefor each tagger channel and conse-
guently determine the tagger - REset parameters;:

Ci = CiF+k2004 (5.5)
These constants were finally used in E@to adjust the timing of each tagger channel

to the RF time, thus setting the tagger time to the common ggfor each event[27.
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5.4 Start Counter calibration

The start counter (ST) timing information was crucial inaestructing the time of the
event and thus correlating events in CLAS to the tagged pisatothe beam. It was
therefore essential to achieve a careful calibration offB€ timings of each of the
24 paddles.

The calibration procedure was as follows. First, the tisinfeach of the paddles
were aligned to each other. Next, the resultant time of thenlthe start counter with
respect to the triggetst, was calibrated relative to the RF-adjusted tagger tife,
(which, after careful tagger calibration, should be eqgenatoty) allowing an event
time resolution ok 25 ps.

A good calibration of the start counter therefore reliedimndorrect determination
of the beam bunch which contained the photon associatedatbvent. To this end,
the resolution irtst — tt had to be no more than 388 ps, which would place 99% of
the data within the confidence intenall ns, separating neighbouring beam bunches.
Following the calibration procedure ga~ 300 ps was achieved (see Fig6)

The timing calibration of the start counter TDCs proceeded calculation ofst
for each paddle:

tst = Loc—t—1 (5.6)

wheret, is the propagation time for light along the paddjgeis a time-walk correction
andtypc is the raw time of the TDC, calculated from a time-converstonstaniCt
(ngchannel) and the TDC output (channels), T:

troc = CiT (5.7)

The channel-to-time conversi@y was determined from a pulser run as described in
section 5.2.1 and was 0.042 ns/ channel for most TDCs.

Finally, tst was adjusted relative to the zero time for the eviniThis was done by
first reconstructing the event time based on the start cotinting, te. ., for a particular
particle producing a hit in the paddle, and on tagger timtgg, The two timings for
the event were calculated thus:

t = ts7- l—
est ST Bc
te = to+t, (5.8)

74



5.4 Start Counter calibration

wherel is the distance travelled by the particle from the eventeyett the paddle hit
position, S is its velocity as a fraction of the velocity of light, andt, is the flight
time for a photon from the tagger to the event vertex. Arfjedénces between the
reconstructed event time were corrected by a timifiged constanKge:

The procedures to establish the timirf§setst, andt, from Eq.5.6 andKgg from
Eq.5.9is outlined in the following two sections.

5.4.1 Time for light propagation along the paddle

The non-linear geometry of each paddle, which consists thagst rectangular “leg”
followed by a tapered forward “nose” section (Fig4) results in a non-linear relation
between the hit position in the scintillator and the lightgpagation time along it,,.

light guide paddle "leg" paddle "nose"
v N
L 4,
L

Figure 5.4: Diagram of a start counter paddle from the middle of a sector (not to scale), view from
the top.

It was found that a suitable empirical function to fit this dedence was a com-
bined polynomial of the form:

T (5.10)
Vett

wherez, is the distance of the hit position from the light guide aldhg “leg” part
of the paddle (length) andz is the distance from the “leg” - “nose” junction along
the “nose”. These variables are defined in FEgL Ve¢¢ is the dfective velocity for

75



5. DETECTOR CALIBRATION

light propagation through the “leg” and along wikh andk;, which describe the-
dependence of the propagation time, was determined froriit the

The fit procedure to extract these parameters was as follDwesevent vertex time
differenceAt was initially plotted in a 2-D histogram vs. the distartalong the start
counter paddle, where:

2, <L
Zo0+721, Zop>L (5.11)

d(z0, z2)

Next, the 2-D distribution was projected into slices in thaxis and each projection
was fitted with a Gaussian to determine the paakor each bin ind. These peak po-
sitions were then fitted with the following polynomial, whits composed of Ecp.10
and the addition of the constalkgr, which at this stage was left as a free parameter in
the fit:

At = % + koZl + k1221 + Kre (512)
Vett

An example of the fit performed on the data from one paddleasvahn Fig.5.5.

5.4.2 Alignment of the start counterto o

After an initial fit to determineess, ko andk; was performed, the new constants were
used to correctst for the position of the hit along the paddle using BgL0 and
5.6, wheret,, from the previous calibration was used. The propagatimetorrected
At was then fitted for each paddle with a Gaussian to extractdhstantKrg. An
example is shown in Figh.6, where the estimated timing resolutior~s300 ps. The
At alignment, paddle by paddle, is shown in Fagr.

During the course of this experiment, we made significantowpments to the start
counter calibration package, specifically in the fittingtioeis and to make the calibra-
tion procedure more automated and user-friendly. A GUlIrfate allowed interactive
control of the fit parameters and limits, including new raas to more accurately de-
termine theKge constant. Other improvements included a shell script tamerentire
calibration process for selected runs in one go, and adgr#iro the fitting functions
and routines to improve the quality of the fit.
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Figure 5.5: 2-D distribution of At vs distance d along the paddle. A plot of the peak positions in
each d bin (black points) fitted with Eq. 5.12 (red line) is overlaid.
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sttag_pion_21 sttag_pion_22
[Enres 54047 | Entries 139916
X2 1 nat 3306132 X2/ ndf 514134
Constant 12542956 Constant 33712151
Mean  -0.007596+0.002678
Sigma 0.3236+ 0.0037

Mean  -0.02508 +0.00173
Sigma 0.3182 £0.0020

Entries 70042

X2/ ndf 3475130
Constant 3604415.9 Constant 1964 £12.3
Mean  -0.007268:+0.002095 Mean  -0.02057 +0.00197
Sigma 0.3142:+ 0.0023 Sigma 0.2886 £0.0025
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Figure 5.6: A GUI panel from the start counter timing calibration process, showing At for four
paddles in sector 6 of the start counter. The timing of each paddle has been corrected for propaga-
tion time of the signal along the scintillators. Average resolution, based on the o of the Gaussian
fits (shown in red) is ~ 300 ps. The buttons underneath each panel allow the individual fit range
and limits to be changed for an improved fit.
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At/ ns

Paddle no

Figure 5.7: Paddle-by-paddle alignment of At. Paddle 9 was damaged during fabrication and
typically yields too few data points.

5.4.3 Time-walk corrections

The next stage in the start counter calibration was to caleuhe energy-deposit de-
pendent time-walk correctiont,, described in section 5.2.2. This was done by plotting
a distribution ofAt vs the ADC channeld, which is a measure of the pulse height. To
get data with a wide range of pulse heights, both pion andprsignals were used.
This is because pions are minimally ionising, typicallygwoing small pulse heights,
while protons, with higher mass and lower momenta, depdbsitere energy, produc-
ing larger pulse heights. The 2-D distribution was projddtebins along theA-axis
and fitted with a Gaussian to find the peak valuébfor each bin inA. The scatter
graph of peak\t vs A was then fitted with the empirical function

W,

t, = Wo+
O AW,

(5.13)

The three constant, W, andW, were determined from the fit. An example of this is
shown in Fig.5.8, where the fit was performed on the summed distributionsgvfads
from protons and pions. For illustration, the distributaimt vs A from just proton and
just pion signals is shown for a paddle in the top left and tgptrplots respectively.
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5. DETECTOR CALIBRATION

As expected, the proton signals are mostly observed at hglise heights, while the
pion signals are predominantly at the low pulse height \&luEhe two plots at the
bottom show the summed distributions of proton and pionagmrcovering a wide
range of pulse heights, to which the fits were performed.
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4 w2 6.14/-54 12 w2 50.8+1- 6.4
F ¥ Indf  8372/62 X*/ndf 11058/ 62 80
Ha " 10 -t
F 3 - 60
£ N - s ]
F = . M - L]
F o et ‘i ¥ - 4 - 40
i ot > [ - ° I
F = This * H -
F . A 20
1 ! ) L L . , 5" L L 1
200 200 600 800 1000 1200 400 600 800 1000 1200

ADC channel ADC channel

0.768 +1-0.022 H 0,882 +-0.016

-195.6 +- 132 F - 1319 +-6.1

796 +1-9.3 . - -13.0 +- 4.1
XIndi  85.05/62 l_'_' X Indi  108.24/62

T F R s 1t e L
1000 1200 800 1000 1200
ADC channel ADC channel

Figure 5.8: A GUI panel for the time-walk calibration, showing At vs ADC channel number his-
tograms for four paddles in a single sector of the start counter. Overlaid is a graph of the Gaussian
peak positions for each bin on the ADC axis (black points) and its fit with Eq. 5.13. The fit was
performed based on the summed distributions of protons and pions, examples of which from two
paddles are shown in the bottom panels. The top panels illustrate the contributions from protons
(left) and pions (right) to the hits in the remaining two paddles of the sector.

5.5 Time of Flight system calibration

The time of flight (TOF) detector array had to be calibratethor the timing of par-
ticle arrival at a particular paddle and the energy depdsiterein. These calibrations

are discussed below.
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5.5 Time of Flight system calibration

5.5.1 Energy corrections

The first stage of calibration determined the “pedestalsééxh ADC, which were the
ADC channel values),, in the absence of a real PMT signal and reflected the residual
current present in the ADCs. This was obtained using data &@eparate pulser run
taken at the beginning of the experiment and after any coraigun changes.

Each paddle was equipped with a PMT, TDC and ADC at both entie. plilse
heights from the two ADCsA, andAg, at either end of the paddle were used to find a
geometric mean ADC pulse height for normally incident minimmionising particles,
Anip, for that paddle:

Amip = VALXAR (5.14)

This provided a hit-position independent measurement efggndeposition in each
counter and was used to convert the ADC chanAeglo energy deposited in MeV,
Eapc, thus:

Cacd(A - Ap)

Eapc = T A (5.15)
whereC,q. is a conversion factor. The light attenuation lengthof each paddle was
extracted from the data by a fit to the distribution of depabénergy ratio as measured
at both ends of the scintillator vs hit position from the cerdf the paddlex:

In(Ey)
In(Er)

C,l—/lX

T -T
- cﬁ—a—ve”(; i (5.16)

wherevess in the dfective velocity of light propagation along the scintillgtd,, Tr
are the timings from the left and right TDCs of the paddle eesipely andC, is an
offset parameter. Adjustment of this parameter was importegrisure that consistent
energy deposit measurements were obtained from both emigis pAddle. Attenuation
length measurement was used to correctly determine thgyedeposited in the paddle
independent of the hit position along it4Q.

A calculation ofvess was obtained for each paddle from the slope of the linear
distribution of hit distance from the edge of the counktgevs time as measured in the
TDC at that end of the counté#,pc:

I

Voff = —— (5.17)
troc
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5. DETECTOR CALIBRATION

Typical values ofves were ~ 16 cnyns, but varied withine 3 crmyns amongst the
paddles.

5.5.2 Timing corrections

The timing correction of the scintillation counter TDCs wagd four main adjust-
ments: the TDC channel to time conversion and time-walkemion discussed in
sections 5.2.1 and 5.2.2, the left-right balance betweedIC times from each end
of the paddle and the alignment of paddle hit times to the commnero time,.

The time-walk correction and the left-right balance reledthe use of an external
laser light source which was pulsed, through a neutral tehker, at the central part
of each scintillator paddle and at a diode simultaneoushe diode provided refer-
ence timing information to which the TDC time of the scirgithr could be compared,
while a measure of the corresponding pulse height, whichvagsd by the filter, was
obtained from the ADC. A fit to the TDC time vs ADC value was usedetermine
the function parameters for the time-walk correcti®a3.

The same laser-triggered data was used to correct thedétthralance between the
TDC times read out from each end of the scintillator paddlee &djustment ensured
that for light originating from the centre of the paddle thdFs at either end gave the
same timing.

The final timing calibrations concerned adjustments of amyng offsets between
the paddles, due to fllerent electronic delays, for example, followed by an overal
offset to the common zero timg

With calibrations in place, the typical time resolution bétscintillation counters
ranged from 150 ns for the 100 cm long scintillators in theviand region to~ 250 ns
for the longest counters at backward angles].

5.6 Drift Chamber calibration

The drift chamber (DC) calibration centred on reconstngcthe particle tracks through
the six superlayers in each sector. Initial reconstructvas done during the running
of the experiment in a process known as “hit-based” trackihgch first fitted indi-

vidual tracks to the hit positions in the sense wires, linttexim up across superlayers
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5.6 Drift Chamber calibration

and finally joined them across the three regions of the dnfincbers. At that stage,
reconstructed momenta were accurate to 3%J[and particle identification was pos-
sible using information from the start counter, TOF syste@erenkov counters and
calorimeters.

The next calibration stage, which was undertaken aftentitialistart time calibra-
tions, is called “time-based” tracking and involved thddwling additional corrections
to the drift chamber data used for the calculation:

e a correction to the drift time which was recalculated basedhe start time of
the event (reconstructed from tagger calibrated to the iRRime-of-flight and
start counter time measurements),

a calculation of the time of flight of the particle to the hitgitoon,

the propagation time for the signal along the sense-wireected for the time-

walk,

a fixed time-delay constant for the individual wire (mainlyecto electronic de-

lays in the cables)

and implementation of the channel-to-time calibrationh&f TDCs for the wire.

The drift time was then translated into the distance of dbapproach (DOCA)
to the sense wire via reference to a look-up table for thequaar magnetic field and
angle of approach, generated from a GEANT 3 simulation.tBinfe alone, however,
could not establish on which side of the sense wire the partiad passed, and this
was determined by the minimug? from a fit to all permutations of tracks passing on
either side of each sense wire.

The entire track was then fine-tuned by a fit to a residualsiftdtidne plot for each
superlayer 124]. The residualst, provided a measure of how well the fitted DOCA,
D¢, agreed with that predicted for each hit based on its drifetD,:

r = Di-D, (5.18)
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Figure 5.9: Drift chamber residuals vs drift time in time-based tracking for a single superlayer.

5.7 Calorimeter calibration

The final stage of detector calibrations dealt with the atignt of the Electromagnetic
(EC) and Large Angle Calorimeters (LAC). These were not iregufor the recon-
struction of either ther™ or a proton, which are the final state particles of the studied
reaction, and are therefore mentioned only for completenes

The electromagnetic calorimeter plays a major role in tleaiification of neutral
particles, in particular the separation of neutrons andgisbased on their time of
flight information. As such, the main calibration requiredswf the EC TDC timing.
This was performed on electrons and charged pions, for wtheelime of flight could
be easily established. A five-parameter fit to the EC timeritigion incorporated
TDC channel-to-time conversion, time-walk correctionpaerall detector fiset rela-
tive to the common zero tim&,, and parameters describing signal propagation through
the scintillator counters.

An estimate of the hit position resolution was obtained fraffit to the DC - EC
residuals, determined from thefidirence between the extrapolation of the DC track to
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5.7 Calorimeter calibration

the EC counter and the calculated hit position thergirf].
A similar calibration procedure is employed for the LAC, thetails of which are
outlined in [L17].
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Chapter 6

Data Analysis |: Event Selection

6.1 Overview

Data acquired during the experiment, as discussed in Qhépieas written into BOS
(Bank Object System) files which are kept on the JLab datagéosilo. The “raw”
data files written during the experiment contained only detespecific information
such as ADC and TDC channels and detector status flags. Imabegs of calibration
the data was “cooked” (as it is refered to in the JLab ternuigp) where raw infor-
mation was translated, using calibration parameters, phigsical quantities. New
banks containing physics observables were also added wathestream (and some
raw detector banks dropped from the cooked files to save spalsese contained in-
formation on the reconstructed events and served as the dlasubsequent physics
analysis. During the cooking process, the BOS data files w@neerted into a more
compact ROOT DST (Data Summary Tape) format.

The data contained in the cooked and calibrated DST files saaf/sed using a
ROOT/C++ [125 analysis framework called “ROOTBEER1Pq. This allowed the
data banks in DST and BOS files to be read directly into a RO@mhéwork, utilising
libraries for data analysis procedures, fitting and histogning of results.

This chapter discusses in detail the stages of analysisecoed with identifying
and reconstructing the reaction

y+d - (p+p+7a (6.1)
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6. DATA ANALYSIS I: EVENT SELECTION

6.2 Event reconstruction

This section outlines the methods used for the initial eveabnstruction which de-

termine a basic set of physical quantities for each evenh as particle charges, mo-
menta and velocities. More sophisticated event reconstrum the physics analysis

of the data will be discussed from Section 6.3 onwards.

6.2.1 Charge and momentum

The particle charge was determined from the direction o¥ature of the particles’
reconstructed tracks through the toroidal magnetic fietiwithe drift chambers. The
radius of curvature yielded information on their momentaapplication of the Lorentz
Law:

F = q(vxB) (6.2)

whereF is the force acting, due to magnetic fidi] on a particle moving with velocity
v. The momentunp of the patrticle is therefore given by

p = d(rxB) (6.3)

wherer is the curvature radius of the track. The toroidal magneéldfis always
approximately perpendicular to the velocity of the paetctraversing CLAS, which
maximises the sensitivity of the track curvature to smdfledences in momentum.

6.2.2 Velocity

The time-of-flight of the particle between its hit in the $teounter (ST) and the scin-
tillation counter (SC){¢, was calculated from the timeftirence between the hits in
these two detectors. The associated path lerdytiyas determined from the recon-
structed track through the drift chambers. This informatieas combined with the
time-of-flight to calculate, the particle’s velocity as a fraction af the velocity of
light:

B = — (6.4)



6.3 Selecting the pr~ final state

The two independent measurements of momentumgaatiowed the invariant
mass of the particles to be calculated, as will be discuss&ection 6.3.

6.2.3 Event vertex

An intersection point of the beam axis with the particle’srapolated track gave an
estimate of the track origin, which in the case of e final state corresponds to the
reaction vertex. Individual particles were initially assded with each other — and
with the photon which caused the interaction — based on aw@nce of their vertex
position and time.

6.3 Selecting the p #~ final state

The steps taken to reduce the data to thenflyen™) p events of interest are outlined in
this section.

The first step in identifying the reaction was to select a#irég with just two de-
tected particles and an associated hit in the tagger. Thesfellawed by a selection
based on the charges of the detected particles. Only thes¢sawith one positive and
one negative particle were retained for further analysis.

The next cut applied was to select events with a reconstiwetdex location which
was consistent with particles being produced within thgetar The event vertex was
calculated during reconstruction from the kinematics @& particle trajectories by
determining the closest approach of the particle trackssatiihg the vertex as the
mid-point between them. The distribution of reconstruatedex positions from the
event sample is shown in Fig.1 A cut was applied on events having vertices in
the range -39 cmx z < -1 cm (measured from the CLAS centre) which included the
liquid deuterium target cell, centred at -20 cm, and exdluelents originating from
its windows.

At this stage the particle ID capabilities of CLAS are exf#dito select the proton
- 7~ final state from other background final states containing ¢harged particles.
Two independently measured quantities are used for massfidation: the particle
momentump, andg, its velocity as a fraction of that of light. The particle&sst mass
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Figure 6.1: Z-position of the reconstructed event vertex showing the target cell and the aluminium
exit window of the scattering chamber at Z = 7 cm.

can be calculated via:

21_ 2
" - p(ﬁzﬁ)

The magnitude of momentum, determined from the curvatuthetrack in the

(6.5)

magnetic field, was measured to an accuracy d®o in CLAS [1L04]. The recorded
value of 8 has a larger uncertainty (up to 5%) as it incorporates the uncertainties
in the time-of-flight and path length determination fromckimg. The momentum -
B distributions of all positive and negative particles arevgh in Fig.6.2. The plots
highlight the excellent separation of the proton and pioenés. The calculated loci
for proton and pions are shown by the green and red linesadesh the plots. The
fan-like shadows occuring above and below the main band @eetal events where
the time-of-flight was incorrectly calculated as a consegaeof the reaction being
attributed to the wrong beam bucket. This small fractionvafrgs was rejected in the
following cut.

An initial selection of protons and pions was performed gsimomentum-depen-
dentg cut. This was achieved by plotting theffdirence between the particle’s mea-
sured,Bmeas and calculateds.,c, velocity based on its measured momentum and an
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x10°
180

160

140

120

100

80

AP I R N RS I R DS R P
0 02 04 06 08 1 12 14 16 18 2 0 02040608 1 121416 18 2 22
p (GeV/c) p (GeVic)

Figure 6.2: Measured g versus momentum for all positive (left) and negative (right) particles in
two-particle events. The green line traces the kinematic relation for charged pions, red line that for
protons.

assumption about its masg;

AB = Bmeas— Bcalc = Bmeas— %sz (6.6)
The resulting distributions oAB versus momentum are presented in @ where
the left (right) plot shows the calculation AB assuming a~ (proton) mass in Ecf.6.
The 2-D distributions were split into a series of 1-D projecs along the momentum
axis in bins of 50 MeYc. The peaks arounds = 0 correspond to the particles of
interest and were fitted with a Gaussian function (Big). The parameters extracted
from the fitted Gaussian were used to apply a cut, for each mtumebin, discarding
all events outside from the meam\3, whereo is the width of the fitted Gaussian.

For event-by-event data analysis, the momentum dependEngg was para-
metrised by fitting an eighth-order polynomial to the exteacpositions of the @
edges. An example for the case of pion selection is showngrob.

Once the 3 boundaries had been established,ABecut was applied to the event
sample. The féect of the cut can be observed in F&§6, where the invariant mass
squared of the positively and negatively charged partisleesmpared with and without
application of the\g cut. A comparison of the distributions Bf,easversus momentum
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A (based on pion mass) vs. p, negative particles AB (based on proton mass) vs. p, positive particles
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Figure 6.3: Distribution of Smeas— Bealc, Where Bealc is calculated based on the particle’s assumed
mass (left: pion, right: proton). The eventual data cut is shown by red lines.

Proton momentum range 2150 - 2200 MeVic. o Proton momentum range 2200 - 2250 MeVic.
2

1000

Ene: 16289
X et 200214

2
Consiant 1104178 Consiant 53,1214
Mean -0.00242120.000237 Mean 0.00248420,00¢
Sigma 50000

Prolon momentum range 2400 - 2450 MeVic

T

Figure 6.4: Projections of AB vs momentum, showing the AB peak for the proton in a range of
momentum bins, as indicated in the histogram titles. A second peak on the right, due to 7", can be
observed.
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Figure 6.5: Edge of AB cut used to select 7~ events, showing in red an eighth-order polynomial
fit.

before and after the cut in Figs.2and6.7 shows clean selection of the proton and
bands.
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Figure 6.6: Mass squared as measured for positive and negative particles showing data remain-
ing after the AB cuts shaded in blue. Dashed lines indicate the mass squared values for protons
and pions respectively. The small offset of the invariant proton mass peak from its true position is
due to larger momentum losses in the drift chambers for particles of higher invariant mass.

At the completion of initial particle identification, thedomomenta of the™ and
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Figure 6.7: g (as measured) vs momentum plots for the identified protons and =~ after a Ag cut.
Dashed black lines trace the theoretical curve for both types of particle.

proton were constructed from a calculation of the partickxiergy,E, based on its
known invariant massn:

E2 = mf+p? (6.7)

6.4 Fiducial Cuts — excluding regions of limited ac-
ceptance

At this stage of analysis, the final staper~ events had been identified. To ensure
accurate four-momentum determination, our sample of eweas further refined by
removing those in which either of the final state productsensserved close to the
inactive regions of CLAS — namely those surrounding thescoflthe torus magnet.
Although the coils themselves will block particles whosgectories they intersect,
the magnetic field in the regions immediately surroundirgy dbils changes rapidly
with position and therefore cannot be mapped very accyrdigkents in those regions
have a larger systematic uncertainty in their trajectong #gnerefore momentum, and
it is common practice to discard them. The remaining regadrgood acceptance are
refered to as “fiducial regions”.
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6.4 Fiducial Cuts — excluding regions of limited acceptance

Figs. 6.8 and 6.9 show the angular distributions of the yield of proton andnpio
hits for a selection of bins in particle momentum. The sixva&csectors of CLAS are
clearly evident as regions with a high yield of particles,ilelthe coils of the torus
magnet result in the strips of low statistics centre¢ at 15C¢°, 9¢°, 30°, —-30°, —90¢°
and -150. The dfects of the reaction kinematics are clearly evident in thenev
distributions, with high momentum particles observed prathantly at forward polar
angles.

Momentum 0.1 - 0.2 GeV/c Momentum 0.4 - 0.5 GeV/c
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80 80 ~60 80
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Momentum 1.5 - 1.6 GeV/c

@/ degrees
@/ degrees

-50

N E o
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Figure 6.8: Angular distributions of 7~ showing the sectors of CLAS and statistics depleted torus
magnet regions, for a selection of four momentum regions 100 MeV wide.

To select the fiducial regions, thedistributions were summed over all detected
particle momenta and split into 10@ins ofé in the range 7 < 6§ < 130 for pions and
12> < 6 < 130 for protons. The dference in the lowe# limit was due to the fact
that pions were observed at lowgvalues than protons, as a consequence of typically
having higher momenta. The resultipglistributions (Fig.6.10 clearly show a fall-
off in the yield of events as thgangles approach a torus coil. These edge regions are
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Figure 6.9: Angular distributions of protons showing the sectors of CLAS and statistics depleted
torus magnet regions, for a selection of four momentum regions 100 MeV wide.
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fitted with half-Gaussians and the extracted parameterseoGaussian fit were used
to define an angle dependent cut to select events from fidiegains away from the
coils. The#d dependence was fitted with a sixth degree polynomial, astiited in
Fig. 6.11where one edge of the fiducial region defined from the fitteétGalissian
peak+ 20 is shown. The parameters of the fit defined the fiducial reguortHat
edge of the sector. The procedure was repeated for the adgerd the sector and
for the remaining sectors of CLAS. Separate parametrissitad the fiducial region
for protons and pions were obtained because of thierént behaviour of the particles
near the coils.

¢,0range 50 - 60° Entre 9,0 range 60 - 70°

o0
o0
o0
3000

° 2000
o0
o0

Figure 6.10: An example of half-Gaussian fits to the 7~ ¢-distributions at the edge of a sector, for
a range of 4 bins.

The fiducial regions may be expected to show some variatitimtive momentum
of the detected particles. High-momentum particles, whosectory is less likely
to be deviated by variations in the magnetic field near th&scgield the narrowest
fiducial regions — and a more geometrically accurate pictirthe detector. The
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effect was investigated in a comparison of the fits produceditorspof all momenta
and those in a low- and a high-momentum sample (100 — 200/Maxd 1500 —
1600 MeV/c respectively). As can be seen in Fi§l1, the location of the fiducial
region edges does not have a strong dependence on particiemtion and typically
variations were on the order of one degree. Due to the lackatibcs to accurately
define the edge of the fiducial regions for high momentum @asiit was decided to
base fiducial cuts on particle distributions of all momemtd widen the 2 cut by I

at each sector edge, which had a smék@& on statistics while minimising possible
systematic ffects from the coils.

Lower edge of fiducial region at  ¢@=150° (1)
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Figure 6.11: An example of fits to one sector edge (peak - 2¢) for =~ particles of low momentum
(100 — 200 MeV, points and fit in green), high momentum (1500 — 1600 MeV, points and fit in blue)
and all momenta (points and fit in red).

A cut on minimum and maximumwas also applied, determined from half-Gaussian
fits to thed-distributions in each sector.

All events in which either of the two final state particled f@litside the fiducial
regions were discarded (Fi§.12.
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Figure 6.12: Angular distributions for 7~ (top) and protons (bottom), summed over all momenta,
before and after fiducial cuts have been applied.

6.5 Energy loss corrections

Between the event vertex and the drift chamber the partpdssed through a signifi-
cant amount of material such as the deuterium target, tgettaell walls, the 1.5 mm
thick carbon fibre beam pipe and the 2.15 mm thick start cowdiatillator paddles.
These materials resulted in significant energy loss for #régbes, which was calcu-
lated on an event by event basis. The measured four-momettia particles at the
inner surface of the drift chamber were used to track thegbarack to the reac-
tion vertex, calculating the energy loss in all of the matisron the particle trajectory.
The four-momentum of the particle was then corrected byahergy loss and used in
subsequent analysis.

Corrections typically resulted in a 2 — 3 MeV adjustment fayns, while pro-
tons typically required a greater correction, of around 6/MEhe distribution of the
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calculated energy loss for protons and pions in the evenpkaisishown in Fig6.13
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Figure 6.13: Energy loss undergone by protons (red) and 7~ (black) on their trajectory through
the target, start counter scintillators and beam pipe.

6.6 Identifying the incident photon

The photon tagger momentum analyses the recoiling electallowing bremsstrah-
lung of the electron beam incident on the diamond radiatdrer&fore, in order to
determine the photon which produced the photonuclearicgaobserved in CLAS,
the correct hit in the tagger focal plane had to be identified.each trigger, typically
around 13 associated electron hits in the tagger were redandhe timing range 20 ns
(Fig.6.14).

Timing correlations between the calculated arrival timéefphoton at the vertex,
t, (from tagger timing and photon flight time to the vertex), dahd vertex time of
the reaction calculated using information from CLASwas stficient to identify the
incident photon for each event. The CLAS event time was tatled from time-of-
flight and tracking information and is given with respecthie tommon zero time for
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Figure 6.14: Multiplicity of bremsstrahlung-induced hits in the tagger.

the event (see Chapter 5, Section 2.3) as:

t, = tse— — 6.8
@ (6.8)

wheretg is the time-of-flight, with respect to the global start tinrag,measured in the
scintillation counters (SCY is the length of track from the particle’s vertex to the
SC andB is, as usual, the particle’s velocity as a fraction of c, theesl of light. To
determind, we used the calculated valuegfbased on the identified particle’s known
invariant mass and its measured momentum.

Typically, the pion event time is more accurate than thapfotons, as the smaller
momentum losses for pions throughout the detector resaliore accurate calcula-
tion of 8 and therefore time-of-flight.

The next step was to calculate the time of arrival at the evenéx of each “good”
photon recorded for the event. A “good” photon is one whose@ated T-counter hit
has passed a set of consistency checks in the tagger, swedfuagment of a coincident
hitin the corresponding E-counters and depositing energycertain range, along with
a PMT signal on both ends of the the E- and T-counters. Thissgyded to strongly
reduce the background and random electron hits not assdaath a bremsstrahlung
event. The reconstructed time of photon arrival at the xette for each hit in the
tagger focal plane is then calculated from the timing of the im the T-counters. In
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calculating the vertex time, account is taken of the (snzalfjection in the flight time
due to variations in the position of the reaction vertex gltre target cell:

Z+ d;

ty = ti+ (69)

wheret; is the time of photon arrival at the centre of the targes, the co-ordinate of
the event vertex along the beam axis, measured from the asggal of the centre of
CLAS, andd. is the dfset, along the beam axis, of the target centre from the origin
(-20 cm). The smallX, y) offsets of the event vertex due to the finite beam spot size
(~ 2 cm) are neglected as they are comparable to the vertextiesol

The coincidence timet, between the reaction time calculated using information
from CLAS and tagger information,

At = t,-t, (6.10)

is shown in Fig6.15 where the expected coincidence peak centredtoa 0 can be
observed. The bunched nature of the beam is evident in thié senghbouring peaks
at 2 ns intervals. These arise from photons originating fodiner beam bunches being
recorded in the time-window opened by this event’s trigger.
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Figure 6.15: Timing coincidence between n~ and all the “good” y in the event. Green line traces

At =0.

An initial selection is performed by choosing the photorhvitie smallesfAt|, the
result of which can be seen in Fig.16where no discernible contribution from nearby
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buckets can be seen. This indicates a very high probaliléydne of the tagger hits
was due to the photon which caused the reaction.

Application of an additional cut giAt| < 1 ns dfectively eliminated most of the
background. The background contribution under the peak aséimmated from the
distribution in Fig.6.16to be 0.08%.
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Figure 6.16: Timing coincidence between n~ and the y in the event with the smallest |At|. Green
line traces At = 0O for ease of comparison.

This background can be separated into twibeslent contributions. The first of
these is focal plane hits correlated with a photon which didonoduce the reaction in
CLAS but by chance arrived in the same narrow time window @effiny the central
beam bucket and with a small&t than the real photon. Such events could be removed,
by requiring only a single photon hit associated with thetigdieam bucket.

The second contribution to the background is due to accdiphbtons which were
there when the real photon was not recorded. Although thisateination cannot be
eliminated, an estimation of its degree can certainly beenasl outlined below.

Applying a cut on only one photon being registered per evetité central beam
bucket, the distribution in it can be split up thus:

No = eN+(1-oR (6.11)
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whereN, is the total number of photons withial ns in the beam bucket centred on
At = 0, which incorporates all the “good” photons detected it thage (#iciencye
times the total number of events), plus the accidental photori’, in events where no
“good” photon was detected in the beam bucket, but a singlielactal wasR can be
estimated from a beam bucket with accidental photons wheut @n a single photon
per bucket was imposed. The raﬁomas thus estimated to be 10% for all events in the
tagger, however, after all data selection cuts have bedredpp the reconstruction of
the reaction, the ratio falls to 0.1%. Since tiigagency of the tagger is estimated to be
very high [L10 the background due to this contribution could be considergligible.
The photon responsible for the reaction could thereforedeatified uniquely. The
photon energy was then read from associated tagger infammand stored with the
event.

6.7 Identifying quasi-free events

Our interestis in photoproduction from a free neutron — d@nsy through the lack of a

neutron target that we resort to the use of deuterium. Wehmavever, select kinematic
regions to emphasize quasi-free reactions, where therphotine deuterium nucleus,
Ps, IS @ spectator to the reaction on the neutron. For such a&gsdhe spectator proton
will simply recoil with the Fermi momentum it had in the iratistate, i.e. momentum
compatible with the deuteron wavefunction:

y+d — ps+p+n (6.12)

The tagger and CLAS enable the energies of the incoming phextd the final
state proton and pion to be determined. This allows theesfitial state, including the
undetected proton, to be reconstructed. The reconstructithe undetected proton is
carried out on the basis of the “missing” four-momentum,chhis constructed from
the detected particles and the deuteron nucleus:

Pmissiy, = Py + Pd— Pp — Pr- (6-13)
wherep = [E, px, p,. p-] according to convention.
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Assuming that the trajectory of the photon is along the z,akiq.6.13 can be
expanded ds

[E.Plm = [E.0,0,E], +[m0ly-[E,Pl,-[E. Pl (6.14)

The invariant mass of the recoiling system was then caleditbm the “missing”
momentum and energy. As can be seen in Bid7, its distribution shows a peak at
the mass of the proton, corresponding to the spectatorioeast interest. A shoul-
der is also observed in the distribution starting near the stithe mass of a proton
and a pion. These events are attributable to multi-mesasfugtmn channels such as
y+p — p+ n + 7°% We applied a cut on the proton rest masg.1 GeV to select
those events where the undetected state consisted onlg téchiling proton.
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Figure 6.17: “Missing” mass distribution showing the cut position in green lines. Blue line indi-
cates proton mass.

Fermi motion inside the deuteron nucleus results in modbadste nucleon mo-
menta of~ 50 MeV/c, with a tail extending above 150 M@¥/[127]. These general
features are what we observe for the momentum distribufidmeorecoil proton, con-
sistent with what would be expected from the quasi-freetsp@creaction (Fig6.19.

LIt is assumed that the deuteron is, to dikets and purposes, stationary, as any momentum it may
have due to thermal motion will be on a keV scale, orders ofniitade down from the energy scale of
the reaction.
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At high momentum, the relative contribution of final stateenaction processes, which
can result in more momentum being given to the recoiling emt) is expected to be
bigger. We therefore remove events having a missing momeatove 120 Me)¢.
The dfects of final state interactions on the asymmetry are exgaotbe small for
this low momentum as indicated by the close correspondehitee asymmetries for
pion photoproductionfd the free proton and a proton bound in deuteridr@d.
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Figure 6.18: “Missing” momentum of the proton, showing, in green, the position of the cut at 120
MeV.

Fig. 6.19 shows “missing” momentum versus the polar angleof its direction.
The distribution of “missing” momenta is similar below th& @t all angles. This is as
expected from a true spectator process. Abewd0 MeV/c, however, the distribution
becomes clearly forward peaked.

An additional refinement of our event sample is based on aabfemoplanarity of
the proton and pion in the plane perpendicular to the bearmeAtlow spectator mo-
menta their direction vectors should have-difference of 18Q as would be expected
from the reaction kinematics from a stationary neutron. e gpectator momentum
increasedA¢ will become smeared in the laboratory frame. This is indebdtwve
observe, as can be seen in 620 The distribution was sliced into bins in spectator
momentum, projected and fitted with half-Gaussians at edgk ef theA¢ distribu-
tion. A cut was then applied at the peak(-) 30~ at the high (low) edge of thag¢
distribution. This was done to eliminate some of the acdiadrackground, where the
proton and pion did not originate in the same event, and alsmye any events where
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Figure 6.19: “Missing” momentum of the proton vs. polar angle 6 in the laboratory frame. The
red line indicated the position of the cut.

final state interactions led to a large angular deviationhanttajectory of one of the

particles.
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Figure 6.20: “Missing” momentum of the proton vs. A¢, the difference in azimuthal angles of the
proton and n~ in the laboratory frame. A spectator momentum - dependent cut is shown with pink

lines.

The next stage of analysis was to reconstruct the momentuheaofeutron in the
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initial state. This was done by assigning it a negative “mgsmomentum. This
follows from consideration of momentum conservation asgitaon and neutron in
the initial state deuteron will have equal and opposite nmerl he neutron’s energy
was calculated based on its momentum and known invariarg osasg Eq6.7.

A check of any systematic errors in the reconstruction ofreaction was made by
a comparison of the total energies from the initial and fihaies:

AE = E,+E,—E,-E, (6.15)

which is shown, after all cuts, in Fi¢.21. The peak is close to zero, showing that any
systematic uncertainties in the reconstruction are vellsm
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50000 X2/ ndf 127127

-,
Constant 4.894e+04 +62

Mean 0.571+0.028
Sigma 15.66 + 0.05

40000

30000

counts

20000

10000

R B N RN RPN S SR EPRPR A
-80 -60 -40 -20 0 20 40 60 80 100
Energy difference / MeV

o
o
St

Figure 6.21: Difference between the total energy of the reaction calculated using the initial and
final state.

The final cut to the data was a further refinement in the seledtf the spectator
proton based on its mass, which was possible once the igiitied of the reaction;n,
was fully reconstructed. This was done by transforming bioidl state particles into
the centre of momentum (CM) frame of the initial state, thetph and reconstructed
neutron. The missing mass of the reconstructed proton wageglagainst the 3-D
opening angleg, between the two final state particles in this frame, whiabugth be
back-to-back. The distribution af is shown in Fig.6.22 peaking, as expected, at
18C. The final cut on the event sample was to restrict this angl8@a- 2°.
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Figure 6.22: Back-to-back angle of proton and =~ direction vectors in CM frame of the initial state.

The final quality of the event sample can be assesed ir6F2§, where the recon-
structed invariant mass of the spectator proton is preddatalifferent cuts. It is clear
that there is negligible contribution from other backgrdueactions, such as multiple
meson production, in the final event sample.

6.8 Measurements for the extraction of X

The final stage of data treatment was to extract the quantifiemportance for the
measurement of beam asymmetry. These include photon emnarggiant mass of the
reaction,n~— production angl®, and the angle the polarisation vector makes to the
reaction plane in the centre of mass frame.

The invariant mass of the system was calculated based onnidiesfate, which
removes any momentum smearing and allows a fine binning ofethdts in energy
as it does not have the discreteness of the tagger energyealkanThe pion four-
momentum in this final-state CM frampg,,, is then calculated via the standard Lorentz
transformation:

PP = Ap (6.16)
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Figure 6.23: “Missing” mass distribution, showing the effect of the event selection cuts. The
black outline is the distribution before any cuts were applied, yellow the distribution after the missing
momentum and coplanarity cut, red the final distribution after an additional « cut.

wherep is the original four-momentum in the lab frame afds the general Lorentz
transformation matrix:

1+ i ’ ’ .
—,Bx’}’ +Y'B Y Bzﬁy Y BxB

2 2

_ ﬁ Y ByBx 1+7,B§ Y'BybBz
A = vV TR 22 ) (6.17)

_ Y BaBx Y BabBy 1+y'B;

ﬁzy BZ BZ BZ
Yy  Bxy By -Bay

with

> pc S 1 ,

Ny
The electric field vector (E-vector) of the photon in the CMnfre can be deter-
mined by a Lorentz transformation of the photon’s electrgnic field tensors:

= 0 B, -B,

£
_y _BZ 0 BX
F = & (6.19)
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6.8 Measurements for the extraction oz

(whereE,, E, andE, are the components of the electric field vector &ydB,, B,
similarly of the magnetic field vector) as

F = AFA. (6.20)
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Chapter 7

Data Analysis II: Beam Asymmetry
Extraction

The beam asymmetr, was extracted from the flierential cross-section of pion pro-
duction with linearly polarised photons. In the singleg®ation case, where only the
photon beam is polarised, Eq. (1.20) reduces to:

do do
© - @ 0(1 — PX cog2¢)) (7.1)

whereP is the degree of linear photon polarisation ang the azimuthal angle be-
tween the photon polarisation E-vector and the reactioneplan the centre of mass
frame of the meson and nucleon (see Appendix A for detailhiefreaction axes).
This chapter presents the methods used in the extractianfreim the experimental
data.

7.1 Choice of bin size

The beam asymmetry is a function of both the invariant maskeofeaction\, and
the cosine of the scattering angte, The data were therefore binned as finely as the
resolution and statistics would allow in both variables.ein width chosen for the
invariant mass was 10 MeV, which is comparable to the atthiasolution in the mea-
surement of\V.

The choice of bin width in co% was motivated by the available statistics once
the dataset had been divided into 10 MeV wide bindAin It was found that 0.1
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wide bins in co® provided a good compromise between high enough statistiteei
¢ distribution to allow a high quality fit and a fine resolutioanspling of the pion
production angle.

7.2 Photon polarisation

During the experiment, the photon polarisation was rotéieveen two orthogonal
orientations, parallel to the lab floor (refered to as PARAY gerpendicular to it
(PERP). This was achieved by accurate changes in the dr@ntaf the diamond
radiator using a goniometer (see Chapter 4, Section 3.2ylitiddally, one tenth of
the data was taken using carbon as an “amorphous” radiatochvprovided unpo-
larised photons. An example of the yield of photons as a fancif photon energy in
both unpolarised and polarised running conditions is shiowkigs.7.1and7.2 The
unpolarised distribution has tl'é energy dependence expected from the incoherent
bremsstrahlung process. The spectrum from the crystatidator shows enhance-
ments in the regions corresponding to coherent brehméstigh

Yield
1
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Figure 7.1: Energy distribution of photons which were produced in bremsstrahlung from an amor-
phous radiator, showing the expected %y dependence (overlaid in red).

In order to extract the beam asymmetry from a fit to ¢hdistributions, a cal-
culation of the degree of polarisation for all the photonrgies near the coherent
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Figure 7.2: Enhancement plots showing the energy distribution from data using a diamond ra-
diator oriented to produce a coherent peak at E, = 1.7 GeV, which was divided by the distribution

of data obtained with an amorphous radiator to remove the unpolarised contribution. Secondary;,
smaller coherent peaks at higher energies are also evident from bremsstrahlung off other geomet-
rically equivalent crystal planes in the radiator. The two photon polarisation orientations are shown

in different colours and can be seen to agree well.

peak was required. The calculation was done by fitting theex@ntally observed
enhancement in the yield with the ANB (ANalytical cohereméBsstrahlung) calcu-
lation [109, based upon the physics of the coherent scattering pracgsscounting
also for the geometry of the radiator, collimator and elmttbeam parameters. The
extracted parameters of the fit to the enhancement were asemidulate the corre-
sponding degree of polarisation as a function of photonggnérhe photon polarisa-
tion information was then written into reference tablese3d polarisation tables are
provided by collaboratorsd P9 and at the time of writing the thesis have been obtained
with a 10% systematic errbin the degree of polarisation.

The position of the coherent peak is very sensitive to smallements in the posi-
tion of the electron beam during the run. The coherent pesitipn showed movement
by up to 50 MeV, which of coursefi@cts the degree of polarisation for each of the pho-
ton energies. The edge position was monitored continu@isys intervals during the
run and the positions were read into the data stream. Thé&s&whre accounted for

In principle these systematics can be reduced to 5% at adater
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in the calculation of the degree of polarisation for eachibiw and cog as follows.
For each run period with a given electron beam energy a bligton of the mea-
sured coherent edge positions was extracted from the déwa.data in the dierent
polarisation tables for each coherent edge position wexe wWeighted by the distri-
bution of coherent edges, summed and their average founs pfdduced an average
polarisation table associated with that run period. Ndad,dnergy distribution of the
photons which produced the events in each bilvodnd co® was determined. This
was then used to calculate a weighted average degree oigati@an,P,,, for that bin:

Po = 7 D, NP (7.2)

.
whereEminandEmaxare the limits of the range of photon energies in the distigiou

in that bin,N; are the number of events having a photon enerdy is the degree of
polarisation for a photon of energyead from the appropriate table aNd= }; N; is

the total number of events in that bin.

The distribution of photon energy for each bin\ii is typically larger than the
width of the bin in MeV. This is due to the Fermi motion of thegiat nucleon, which
can be as large as 120 Mg\With the applied cuts to the event sample. The corre-
sponding variation irE, for W = 1600 GeV is 53 MeV. This rises to 138 MeV for
W = 2300 MeV.

7.3 Removing acceptance effects

Fig. 7.3 shows they distribution of the yield for a single bin of c@s It is clear
that acceptance issues dominate over any perceptibleecosdulation in these raw
distributions, although clear filierences are observed between the data with PARA and
PERP polarisation. The six fiducial regions of CLAS are algarty visible in the
data.

Since acceptancdfects are not polarisation-dependent, dividing the padriFARA
and PERP distributions by the amorphous data removes mtist atceptancdiects.
This is shown in Fig7.4, superimposed with aa, + a; cosd to highlight the cosine
modulation. The expecteq/2 shift of the distribution between PARA and PERP is
clearly visible. This is by construction — the two polarisat, and therefore E-vector
directions, were chosen to be perpendicular to each other.
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Figure 7.3: ¢ distributions in data taken with a parallel (left) and perpendicular (right) beam
polarisation (1735< W < 1755MeV, 0.6 < cosd < 0.8), strongly dominated by the acceptance of
CLAS. The non-fiducial regions due to the magnet coils are clearly seen as gaps in the distribution.
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fitted with an A + B cosd function.
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7.4 Y extraction method

As can be seen from Fig.4itis in principle possible to extract the beam asymmetry
from a fit to the ratio of polarised to unpolarisgdistributions. This method is not
optimal, however, due to the poorer statistics of the amauplidataset dominating the
statistical uncertainty. A better method which makes usendf the polarised data to
extractX from the cross-section ratios of PARA and PERP data is deestttbelow.

The separate normalised cross-sections for PARA and PERghan by:

oo(1+ P, Xcos(2))
oo (1+ PyZcos(2 + x))
oo (1— Py Z cos(2)). (7.3)

(O

ol

If the assumption is made thBt = P;, the asymmetry of these cross-sections gives:

7L 79 _ pxcos(®). (7.4)
ot 0o

In the more general case, however, the polarisattynand P, are not necessarily
equal. Further, the polarisation orientations may not ety parallel and perpen-
dicular to the laboratory floor and could be rotated by aneanghith respect to the
lab axes. This would introduce a phase shift into the cosiodutation of the cross-
section.

Moreover, if the normalisation of the distributions haoatet been perfectly per-
formed before calculating the asymmetry then Ed.would be generalised as:

oL -0 (N_j -1)- (Nﬁ P, + Py) Zcos(2(¢ - ¢o))

= . (7.5)
oLto) § ot 1) - (ﬁ P, - Py) Zcos(2(¢ — o))

whereN, andN; are the integrals of the polarised distributions. In theeadN, = N,
andP, = P, Eq.7.5simplifies to Eq.7.4.

Equation7.5can, for the purpose of applying it as a fit to extradbe more usefully
expressed in terms of polarisation ratios:

oo—op  (Ng—1)- "L 2PF cos(2(¢ + go)) 76)
oo+ (Nr+1)- % 2P3 cos(2(¢ + ¢o)) '
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7.5 Optimisation of fit parameters

where
N,
NR = e
Ny
P,
PR = -
Py
— 1
P = E(PJ_+P”) (77)

The corresponding fit function is

(A - 1) — 2B 2C cos(2(X + o))

B+1
(A+1) - 2L 2Ccos(2(x + ¢o))

(7.8)

whereA = Ng, B = Pr andC = PX. The least constrained fit using Ef8 would
haveA, B, C and¢g as free parameters.

7.5 Optimisation of fit parameters

The ¢o phase depends upon the accuracy of the alignment of the dihnadiator in
the goniometer, which was aligned at the start of the expErtmAs this value can be
established with high accuracy and did not vary through gpeement this parameter
was extracted in a separate analysis and its value fixed ifit tAdne ¢o determination
was obtained from fits using E@.8 to high statisticsp distributions. An example
can be seen in Fig..5 where the distribution was integrated over all the@bss in
the range 1.6 — 1.9 GeV having a positive asymmetry. The eeitlavalue ofpg was
0.125 +0.172.

The polarisation rati®, /P, varied by no more than 3% from the peak ratio of 0.96.
It was therefore decided to constrain the fit with the cal@daatio. This induces little
systematic error in the extracted asymmetries as discuasad(Chapter 8, Section
2.1).

The constraints oy, andP, /P, reduced the free parameters in the fit of E@to
two: Ng andP . Both of these parameters were extracted from the fit. Thsilpitis/
of normalising the) asymmetry-distributions in order to flNg was investigated and it
was found that this could not be done to a high enough accuBatter fit results were
obtained if the parameter was left free, however a startahge/ofNg was determined
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W: 1.6 - 1.9 GeV, all 6 with positive
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Figure 7.5: ¢ distribution for the W range 1.6 — 1.9 GeV and cosf in the range from -0.7 to -0.1
and 0.6 to 0.8, where X was always positive. The phase ¢o was extracted from a fit with the function
given in Eq. 7.5.

beforehand. The procedure used thdistributions of PARA and PERP in narrow
regions of¢ centred on co&(¢ + ¢o)) = 0 and which lay well within the fiducial
regions. The average ratio of perpendicular to paralleh&svan these regions for a
givenW, cos bin gave the starting value fdg.

The results of the fit using Eq..8 with two free parameter#) andC, applied to
the p-asymmetry distributions in bins of 10 MeV W and 0.1 in co$ are presented
in the following chapter.
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Chapter 8

Results and Discussion

8.1 Quality of fit

The quality of fit to thep distribution in eachW and co® bin using the fit expression
of Eq.7.8is shown in Fig8.1, where the distribution of? per degree of freedom for
all theW and co® bins in the analysis is presented. The distribution peassedioy?
per degree of freedom of 1, which indicates a good overab fihé data set.

[any
N
o

counts

100

80

60

40

20

OO

X2/ ndf

Figure 8.1: The y? per degree of freedom distribution from fits to ¢ distributions in all W and cos¢
bins.
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8. RESULTS AND DISCUSSION

8.2 Systematic uncertainties in the extraction of )

8.2.1 Determination of degree of beam polarisation

The main systematic uncertainties in our extraction of g asymmetry arose from
the calculation of the degree of polarisation of the photearh, which was determined
with an uncertainty of 10%129. The dfect of this uncertainty on the extracted value
of X is twofold.

Firstly, since the ratio 0% is a fixed parameter in the fit, an uncertainty on that
ratio will affect the fit quality and result in an error on the calculatiorihaf free fit
parameters, most importanfly The greatestféect from the uncertainty will be when
one of P, andPy is lower by 10% while the other is higher by 10%. Thi¥eet was
investigated by comparing determined from the fit where the ratio was fixed at the
maximum and the minimum values within the error. An illustya of the comparison
is shown for one of the bins i and co® in Fig. 8.2 It is evident that agreement
is good with maximum uncertainty iB estimated, from a dlierence in the& values
obtained using the two fits, to be 4%.

W: 1685 - 1695 MeV

AL BARIRARRRARNRRRN ARRRAR
+

+

PETE BRRTIRT R
06 08 1

cos O
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o
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o
(N1
o
o
(N
o
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1

Figure 8.2: A comparison of the beam asymmetry extracted from events where the polarisation
ratio was deliberately skewed to its maximum (red) and minimum (black). Any discrepancies in the
value of X are within the statistical uncertainty.
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8.2 Systematic uncertainties in the extraction ot

A 10% systematic uncertainty in the calculation of b&thand P, results, by the
addition of errors in quadrature, in a 14% uncertainty indalkeulation of the average
polarisation,ﬁ. SinceX is obtained from the fit paramet€r= Px, which in itself has
an estimated uncertainty less than 4%, the total systematiertainty ort due to the
calculation of the degree of polarisation was estimated tgmbination of the errors,
at 14.5%.

8.2.2 ¢g offset

The fit used to extracE has only one other constrained parametgg: This was
determined, from a fit to a very high statistics sample of éiado be 25 +0.172.
Since the accuracy of this parameter agdtedcs the quality of the fit, an estimate
of the resulting change to the extracted valu&afias obtained for the “worst” case
scenarios by settingo to the maximum and minimum values of 0.2%hd -0.047.
TheX values obtained using both fits were then compared. A reptabee example
of the comparison for a sing¥ and co9 bin is shown in Fig8.3. The agreement in
the results obtained using fits with both values of the fixadpeters is excellent. The
uncertainty due to a determination of the parametewas estimated to be 0.2%,
based on the maximumftigrence in th& values obtained with the two fits.

8.2.3 W and cosd

The value oW, the invariant mass in the reaction, which is crucial fortdlation of
beam asymmetry to resonance parameters, was calculatadteofinal state of the
reaction. Therefor&/ was entirely dependent on the correct identification of thal fi
state particles and their momenta. As was illustrated inp@hab, the selection of
pn~ events was very clean, with negligible background. Thenstaction of particle
momenta in CLAS has an uncertainty of 0.5 — 2.0%, dependintg@polar angle. For
the invariant masses on the order of 1.6 — 2.3 GeV, this is eoatybe to the width of
theW bin chosen.

The absolute normalisation ®¥ was investigated by comparison of the centre of
mass energy calculated from the tagged incident photonranathe final state parti-
cles (Chapter 6, Section 7). The two methods were found teeagithin 1 MeVc?.
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W: 1685 - 1695 MeV
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Figure 8.3: X extracted from a fit with ¢p = —0.047 (red) and ¢o = 0.297 (black). These values
of ¢p are the lower and upper limits of the parameter within its error, ¢o = 0.125 + 0.172.

The same argument regarding detector resolution applibg tencertainty in co&
A bin width of 0.1 in co® corresponds to the smallgsbin of 5.7 atd = 90°. The
uncertainty on the reconstruction®fs < 0.1°, which is well within the bin width.

8.3 Check of Final State Interaction effects

As has already been discussed, tifect of final state interactions (FSI), on the beam
asymmetry is expected to be small because of the simildriyfar pion production on
the free proton and the bound proton in deuteridi@d (Chapter 6, Section 7). How-
ever, internal checks of this hypothesis within the new datawere carried out by
studying the dependence of the asymmetry on the momentume oétoiling nucleon.
As the FSI &ects will tend to give more momentum to the recoiling protie, com-
parison of the extracted asymmetries for low- and high4itgeoton momenta regions
constrain the size of the the FSfects. Fig8.4shows the beam asymmetries obtained
from events with the lowest recoil momentum in the sampléw&0 MeV, and the
highest, 95 — 120 MeV, for one bin in c8sThe asymmetries are in good agreement
throughout the range & supporting the previous indicationsqg that the asymme-
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8.4 Results

try is not strongly &ected by FSI for low values of recoil momenta. Similar agreetn
was observed at other angles.

Cos 6: 0.6 - 0.7

z 0:2 é: Jﬁffiﬂ' iij::]—__k;t:t"'
0 f— ++:|::|::|:+
0.2 ;— +:|: i+ﬂ
asf- i

Invariant mass / MeV

Figure 8.4: A comparison, for a single bin in cos, of the beam asymmetry extracted from events
where the momentum of the recoiling proton in the deuteron nucleus is < 30 MeV (black) and 95 —
120 MeV (red).

8.4 Results

The extracted beam asymmetry for thg, 7~)p reaction is plotted as a function of
the cosine of the pion production angle in the centre of mess9) for 72 W bins in
the range 1605 — 2325 MeV in Fig8.11— 8.28 The asymmetry is also presented
as a function oW in Figs.8.5—8.10 Only the statistical error bars are shown. The
systematic uncertainties, as discussed in this Chaptersiimated at 14.5%. A
good general agreement is observed throughout with theeplata from the past ex-
periments discussed in Chapter 3, which are shown with ojpele §97], open square
[98] and filled triangle 9] markers.

The graphs are overlaid, for comparison, with the calocoretf the beam asym-
metry from two partial wave analyses, SAID-09 (blue) and \A)7 (green), based
on fits to the world data set of meson photoproduction befoeecurrent measure-
ment. The asymmetry measurements from the current expetrimage also been used
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8. RESULTS AND DISCUSSION

in a new SAID PWA. The result of this SAID-09-NEW fit (executeglithe SAID PWA
group [L30) is shown in red. The? per degree of freedom from the fit was 2.6, which,
in view of the incomplete information available for the fabnstraint of the PWA, in-
dicates that the current data can be well-described by trerisation used. The
result can also be observed in Fg29 showing a contour plot of the SAID-09-NEW
asymmetry calculation overlaid on the set of experimentatts. Fig.8.30addition-
ally shows a 3D surface plot of the beam asymmetry calcuidtmm SAID-09-NEW
as a function of) and photon beam energy in the range 1070 — 1470 MeV.

The SAID-09 solution does not give a good overall agreemettt mew data, in
particular at backward angles (abs 0) and at high values of invariant mass (above
~ 2 GeV) where past data is particularly sparse. Departuoes the MAID-07 cal-
culations are also clear, particularly at backward angtesia the range 0.2 — 0.5 in
cosf. The SAID-09-NEW solution which uses our new asymmetry databe seen
to give, as would be expected, much better agreement wittiatae

A better indication of the impact of the new data on the pbwee analysis can
be obtained by studying the changes in the multipoles froetlinee partial wave
solutions. A comparison of multipoles from the MAID-07, SAD9 and SAID-09-
NEW solutions are shown in Fig®.31 and the following pages by the green, blue
and red lines respectively. The notation describinfiedent multipoles follows the
convention presented in Chapter 2, labelling multipdlgs,, whereL is the orbital
angular momentum of the transitidnis isospin andl is the total angular momentum.
E and M refer to electric and magnetic multipoles respectively.e Thultipoles for
proton or neutron transitions are indicated withndn.

The importance of the multipoles lies in their relation te tarticular resonant
states observed in the transition. Significant changesimihtipoles as a result of the
new data are therefore indicative offérences in the observed nucleon couplings to
the different resonant states. Since the new data were taken ingobdttion from
the neutron, the greatest impact will be on the determinaifdhe neutron couplings
which, due to the challenges of conducting experiments em#utron, are currently
particularly ill-established g1]).

The new data clearly results in very major changes in theagabfisome multipoles.
For example, the real parts of the/&nd R, magnetic multipoles for the neutron even
show a change of sign between the SAID-09 and SAID-09-NEWtgwmis. Clearly
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8.4 Results

our new data should also be used to generate a new MAID PWAI®o]& task which
will also be carried out in the near future. Significant degancies with the MAID
multipoles can be observed throughouit.

Investigations of the impact of our new data on the propexiethe nucleon res-
onances is currently underway. Early indications from t@¢DSPWA group show
that the results will produce very significant changes inhkcity amplitudes for a
range of the resonances. This work is currently is progrssg with a theoretical
investigation into possible FStiects, a calculation of which for polarisation measure-
ments has never previously been doh&(. Since this is being finalised for a future
publication, it is not available for presentation in thissis.

A possible indication of resonances may, however, be gtb&oen those multi-
poles where a zero in the real part coincides with a peak inntaginary. As was
discussed in Chapter 2, transition amplitudes exhibit eisaviour when the transi-
tional state corresponds to an on-mass-shell case, as éspaance. This is not con-
clusive evidence of a resonance, however, and it shouldalstressed that no definite
conclusion regarding the resonance spectrum can be made drasis of the multi-
poles presented in this thesis as the SAID-09-NEW partiakvemalysis is preliminary
and a full consideration of the current data with improvestsgnatic uncertainties is
pending. Moreover, all three partial wave analyses aredoasean incomplete set of
measured polarisation observables. As such, they are rdegeindent (although the
SAID analysis is the least so, being maximally reliant onviloeld dataset) and contain
unresolved ambiguities.

Nevertheless, the existence of several better-estatlig@senances is suggested in
the corresponding multipoles which strongly exhibit thearance characteristic. For
example, all thre&,; electric multipoles for the proton transition (MAID-07, 82
09 and SAID-09-NEW) are in agreement with t8g(1650) resonance. Likewise, the
threeF 5 electric multipoles for both the proton and the neutrongitaons appear to
strongly support th&15(1680) resonance, while th&;(1950) may be observed in the
magneticFs; multipoles for the proton. The SAIB,; magnetic multipoles for the
proton are indicative of th&,,(2190) resonance (which is outside the energy-range of
the MAID partial wave analysis). The thr&®s magnetic multipoles for the neutron
suggest support of thB15(1675) resonance. All five of these resonances hold a four-
star rating in the PDGZ1]. Agreement of the SAID-09-NEW multipoles with those
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8. RESULTS AND DISCUSSION

determined using previous partial wave analyses in theigmamass regions of these
better-established resonances is an indication of theiéty of our data.

There may be some very tentative suggestion of resonanedg-abserved in the
SAID partial wave analysis where significanffdrences between the previous SAID-
09 and the new SAID-09-NEW solutions are evident. An exanoplinis is theP,;
magnetic multipole for the neutron, which exhibits a zert¢hi@ real part and a maxi-
mum in the imaginary part of the multipole around an invariaass of 1700 MeXt?.
This is not observed in the SAID-09 solution, nor in MAID-0OA possible corre-
sponding resonance is tig1(1710) state, which has a three-star rating in the PDG.
A similar case is seen in th@,3 magnetic multipole for the neutron in the region of
1700 MeVc?, which may potentially correspond to tBg;(1700) resonance, also with
three-star rating in the PDG. However, previous experigigmni-photoproduction and
Compton scattering on the neutron also suggest the possiistence of a narrow res-
onance having an invariant mass in the region of 1685 MeV amahigim numbers of
eitherPy4, P13 or D13, Seen to couple strongly to the neutron, while having itdgro
coupling heavily suppresseflq]. There is a tentative suggestion in the literature that
some of these observations may correspond to a member okdtie anti-decuplet
(see Chapter 1, Section 2.2.3) which is expected to be amd@ypresonancel31].

Some small local maxima are also observed in the imaginatyptheF s electric
multipole for the neutron in the SAID-09-NEW solution capending to zeros in the
real part around invariant masses 1760 M&\and 2000 MeYc?. Although there is
no previously observed resonance corresponding to theefpthre latter may indicate
some tentative agreement with the badly-established aemer,5(2000), carrying
a two-star rating in the PDG. Thieé;; magnetic multipole for the neutron appears,
albeit on a very small scale, to have an imaginary maximumaarehl zero around
2200 MeV/c?. Nothing corresponding to these invariant mass and quantumbers
can be found in the PDG baryon resonance k4j.[

Although SAID-09-NEW gives a much better agreement with ioenwv data it is
evident on closer inspection that in certain region$\bthe PWA could not closely
match the data, even though it is included in the PWA fit. Irséheegions improve-
ments in the agreement of PWA solutions with the data by Bichu of additional
resonances will be explored. It should be stressed, howthairthese new data are
part of a world programme of measurements and that the mostate determination
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of the resonance spectrum and its properties will come froonabined analysis of the
present data with the new double polarisation measurensantsntly under analysis
at MAMI, JLAB and ELSA.
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Figure 8.6: Beam asymmetry as a function of W, cosf from -0.5 to -0.2 in 0.1 wide bins, overlaid
with SAID-09 (blue), MAID-07 (green) and SAID-09-NEW (red) partial wave analysis solutions.
Previous data from [99] shown with filled triangles.
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Figure 8.7: Beam asymmetry as a function of W, cosf from -0.2 to 0.1 in 0.1 wide bins, overlaid
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Figure 8.8: Beam asymmetry as a function of W, cosd from 0.1 to 0.4 in 0.1 wide bins, overlaid
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Figure 8.11: Beam asymmetry as a function of cosd for W 1605 — 1645 MeV, in 10 MeV wide
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Figure 8.14: Beam asymmetry as a function of cosd for W 1725 — 1765 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue), MAID-07 (green) and SAID-09-NEW (red) partial wave analysis
solutions. Previous data from [97], [98] and [99] shown with open circles, open squares and filled

triangles respectively.
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Figure 8.15: Beam asymmetry as a function of cosd for W 1765 — 1805 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue), MAID-07 (green) and SAID-09-NEW (red) partial wave analysis
solutions. Previous data from [97] and [99] shown with open circles and filled triangles respectively.
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Figure 8.16: Beam asymmetry as a function of cosd for W 1805 — 1845 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue), MAID-07 (green) and SAID-09-NEW (red) partial wave analysis
solutions. Previous data from [97], [98] and [99] shown with open circles, open squares and filled
triangles respectively.
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Figure 8.17: Beam asymmetry as a function of cosd for W 1845 — 1885 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue), MAID-07 (green) and SAID-09-NEW (red) partial wave analysis
solutions. Previous data from [99] shown with filled triangles.
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Figure 8.18: Beam asymmetry as a function of cosd for W 1885 — 1925 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue), MAID-07 (green) and SAID-09-NEW (red) partial wave analysis
solutions. Previous data from [99] and [98] shown with filled triangles and open squares respec-
tively.
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Figure 8.19: Beam asymmetry as a function of cosd for W 1925 — 1965 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue), MAID-07 (green) and SAID-09-NEW (red) partial wave analysis
solutions. Previous data from [97], [98] and [99] shown with open circles, open squares and filled
triangles respectively.

144



8.4 Results

W: 1965 - 1975 MeV

1

0.5

-0.5F

-0.8 -06 -04 -02 0

W: 1985 - 1995 MeV

1_
PRy e

0.5

-0.5F

-1

o doa o by b by by by b Ly
-08 -06 -04 -02 0 02 04 06 08 1

cos 6

W: 1975 - 1985 MeV

1

0.5

-05

1
-0.8 -06 -04 -02 0

W: 1995 - 2005 MeV

02 04 06 08 1

cos 6

1

2

0.5

-05

-1

ol by b by by by b by
-08 -06 -04 -02 0 02 04 06 08 1

cos 6

Figure 8.20: Beam asymmetry as a function of cosd for W 1965 — 2005 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue), MAID-07 (green) and SAID-09-NEW (red) partial wave analysis
solutions. Previous data from [97] and [99] shown with open circles and filled triangles respectively.
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Figure 8.21: Beam asymmetry as a function of cosd for W 2005 — 2045 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue) and SAID-09-NEW (red) partial wave analysis solutions. Previous
data from [97] and [99] shown with open circles and filled triangles respectively.
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Figure 8.22: Beam asymmetry as a function of cosd for W 2045 — 2085 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue) and SAID-09-NEW (red) partial wave analysis solutions.

147



8. RESULTS AND DISCUSSION

W: 2085 - 2095 MeV W: 2095 - 2105 MeV
1 1=
2 [ 2 [
0.5- 0.5-
of o
—0.5_ —0.5-—
g T TN T T T T P g T T T T T T P
-08 -06 -04 -02 0 02 04 06 08 1 -08 -06 -04 -02 0 02 04 06 08 1
cos 6 cos 6
W: 2105 - 2115 MeV W: 2115 - 2125 MeV
1 1
2 [ 2
0.53_ 0.5
of oF
-0.5:— -0.5:—
T T P T P T T N T
-08 -06 -04 -02 0 02 04 06 08 1 -08 -06 -04 -02 0 02 04 06 08 1
cos 6 cos 6

Figure 8.23: Beam asymmetry as a function of cosd for W 2085 — 2125 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue) and SAID-09-NEW (red) partial wave analysis solutions. Previous
data from [97] shown with open circles.
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Figure 8.24: Beam asymmetry as a function of cosd for W 2125 — 2165 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue) and SAID-09-NEW (red) partial wave analysis solutions.
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Figure 8.25: Beam asymmetry as a function of cosd for W 2165 — 2205 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue) and SAID-09-NEW (red) partial wave analysis solutions.
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Figure 8.26: Beam asymmetry as a function of cosd for W 2205 — 2245 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue) and SAID-09-NEW (red) partial wave analysis solutions.
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Figure 8.27: Beam asymmetry as a function of cosd for W 2245 — 2285 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue) and SAID-09-NEW (red) partial wave analysis solutions. Data
points not available in the entire range of W due to limited statistics in several bins.
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Figure 8.28: Beam asymmetry as a function of cosd for W 2285 — 2325 MeV, in 10 MeV wide
bins, overlaid with SAID-09 (blue) and SAID-09-NEW (red) partial wave analysis solutions. Data
points not available in the entire range of W due to limited statistics in the majority of bins.
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Figure 8.29: Contour plot of SAID-09-NEW beam asymmetry calculation carried out by [130]
as a function of photon beam energy and 6 overlaid over the grid of measured beam asymmetry
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Figure 8.30: Surface plot SAID-09-NEW beam asymmetry calculation carried out by [130] as a
function of photon beam energy and 6.
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Figure 8.31: S3; and Sy electric multipoles for the proton, in units of am, extracted from the
SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.32: Sy, electric multipoles for the neutron and P3; magnetic multipoles for the proton,
in units of am, extracted from the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial
wave analyses by [130].
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Figure 8.33: P;; magnetic multipoles for the proton and neutron, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.34: Ps; electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.35: Py3 electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.36: P13 electric and magnetic multipoles for the neutron, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.37: D33 electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.38: Dj3 electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.39: Dj3 electric and magnetic multipoles for the neutron, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.40: D35 electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.41: D;s electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.42: D;s electric and magnetic multipoles for the neutron, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.43: F3s electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.44: Fs electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.45: Fs electric and magnetic multipoles for the neutron, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].

170



8.4 Results

F37 E p, real F37 E p, imaginary
-0.12F L
E 0.04|-
-0.14F 3
-0.16F 0.02F
-0.18F I
: 0_
_02:— L
" -0.02
-0.22- i
-0.24F -0.04-
-0.26F i
r -0.06
-0.28F i
C -0.08
0.3kl b b e b b b b I I T R R RN N P T
1600 1700 1800 1900 2000 2100 2200 2300 1600 1700 1800 1900 2000 2100 2200 2300
W / MeV W / MeV
F37 M p, real F37 M p, imaginary
F 2.4F
15 E
L 2.2F
L 2F
I+ E
L 1.8
r 1.6F
051 1af
N 1.2F
o 1
r 0.8
0.5+ 0.6:—
C 0.4F
3 0.2
I I I B Y PR T T T P T BT FU P FE
1600 1700 1800 1900 2000 2100 2200 2300 1600 1700 1800 1900 2000 2100 2200 2300
W / MeV W / MeV

Figure 8.46: F3; electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.47: F1; electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.48: F17 electric and magnetic multipoles for the neutron, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.49: Ggs; electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.50: G;7 electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.51: G;7 electric and magnetic multipoles for the neutron, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.52: Gzg electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.53: Gy electric and magnetic multipoles for the proton, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Figure 8.54: Gy electric and magnetic multipoles for the neutron, in units of am, extracted from
the SAID-09 (blue), SAID-09-NEW (red) and MAID-07 (green) partial wave analyses by [130].
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Chapter 9

Conclusions and Outlook

A very high statistics measurement of the beam asymmetiy, 7~ photoproduction
from the neutron has been obtained in the invariant maseraét0 — 2320 MeV and
in cosine of the meson production centre-of-mass angledjdaghe range -0.8 — 1.0.
The statistics and resolution of the measurement allowed width of 10 MeV in the
invariant mass and 0.1 in c8s This has greatly increased the world data set, adding
1179 new data points to the previously available 67.

The new data is in good general agreement with the previoasunements and has
been compared to the latest partial wave analysis solutiassd on fits constrained to
the current world data set of meson photoproduction (MAID SAID analyses). Both
the MAID-07 and SAID-09 PWA solutions did not, however, gavgood description of
the new asymmetry data. A new partial wave analysis, SAIENEYV, was therefore
performed, which included the new data E&(]. This analysis, as might be expected,
provides a much better agreement with the new data. Thetgoéthe SAID-09-NEW
fit is good, having a2 per degree of freedom 6f2.6.

The dfect of the new data on the partial wave analysis was studiecbbpar-
ison of the extracted multipoles from the MAID-07, SAID-0AdaSAID-09-NEW
solutions. The inclusion of the present measurement of ¢laenbasymmetry into the
SAID-09-NEW analysis has had a dramatiteet on the multipole amplitudes ex-
tracted, in particular for those from the neutron. Their panson to the SAID-09
solution shows that the new data has resulted in the gregtasges to th@;;, Pi3,
D13, D35, F15, G17 andG;9 magnetic partial waves and so will be expected to have the
biggest impact on the nucleon resonances contributingetim tHPreliminary analysis
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from the SAID PWA group indicates that very significant chesgn the helicity am-
plitudes for a range of resonances can be expected. Thigsea underway by the
SAID PWA group and will be included in the publication resudt from this work.
The new data set will also be used to provide an updated pariize analysis us-
ing the MAID framework. The comparison of these results withse of SAID are
an important additional step because of thedent approaches, includingfigirent
treatment of background processes and of the inclusiorsoh@nces in the two PWA
frameworks.

As well as the electromagnetic properties of resonancesehedata will also
challenge the actual composition of the nucleon resongmeetrsim. This will entail
further investigation into the improvements of the PWA s$iolo with the new data,
for example by inclusion of missing or poorly establishesbreances into the MAID
analysis. The investigations are currently underway byRWA groups. However,
it should be remarked that the current data set was takereicdhtext of a major
world programme of measurements in meson photoproductidiheat the most pow-
erful statements on the nucleon resonance spectrum will denwvhen this data is
combined with the other measurements of single- and doudikeisation observables
in a combined PWA. The current data is a major step forwaratds/achieving this
“complete” set of measurements to fully constrain the phriave analyses for the
first time.
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Appendix A

Frames of measurement

The reconstruction of the photonuclear reaction starthenlaboratory frame of the
detector, CLAS, and finishes in the invariant mass (CM) frafrtee reaction, in which
all quantities pertinent to the extraction of the beam asgtnyrare calculated.

The axes of the lab frame follow standard nomenclature, &hex parallel to the
beam-axisxis perpendicular to it and parallel to the laboratory float aaligns along
the last spatial dimension.

Transformation into the CM frame is achieved through a Ltrdioost into the
frame moving with velocity (as a fraction of that of ligl),

Py
E, + m,

= (A.1)

wherep, is the photon momentunt, is the energy of the incoming photon ang
is the nucleon mass. In this frame the co-ordinate axes angeationally defined as
follows:

e Z-axis parallel to the momentum transfer in the reactionhen@M frame, this
is equivalent to the photon direction

e y’-axis perpendicular to the reaction plane:
;= Py X Pr
[omffex

wherep represents the momentum of the photon or meson
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e X-axis chosen to complete a right-handed co-ordinate system

- - =

X =y xZ

Electric
¢ field

vector

Figure A.1: Reaction axes convention

As can be seen in Figh.1, the¢ angle from equationg.21and7.1is defined as
the angle the photon electric field vector makes to the r@aqilane in the CM. In
order to extract this information more easily, a rotationtnmaR, was calculated for
each event, which rotated the reaction axes to align theailpktio the lab orientation.
The meson four-vector and the electric field vector of thetphon CM were then
transformed undeR 1, enabling easy extraction of angles.
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