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Abstract

Deuteron photo-disintegration (gd ! np) is a reaction that represents the simplest case in which

nuclear and hadron physics models can be tested. Despite this, associated polarisation analyses are

limited in terms of angular coverage and energy ranges, especially in observables related to the recoil

neutron. This is largely due to a lack in dedicated polarimetry equipment, and represents a roadblock

in global progress to understand high-energy phenomena such as hexaquarks, and quark-gluon degrees

of freedom.

To address this problem, this PhD thesis pioneers a new methodology for the parasitic measure-

ment of nucleon polarisation using kinematic reconstruction of (spin-dependent) nucleon-nucleus

scattering of reaction products, prior to their detection in large acceptance particle detector apparatus.

Following this novel approach, which requires no dedicated polarimeter, a determination of the double

polarisation observable, Cn
x0 , from deuteron photo-disintegration is presented, using Jefferson Lab’s

CLAS detector. The analysis utilises the (n,p) charge exchange reaction in CLAS’s "start counter"

(plastic scintillator) to determine the final state neutron polarisations. The results present the first

ever data for this observable above 0.7 GeV (photon beam energy) and significantly extend the

angular range of the world data set. This new data is largely statistically consistent with the previous

measurement of Cn
x0 by Bashkanov et al. [1] in the overlapping energy range of 0.4-0.7 GeV.

It is planned for the statistical accuracy of the presented result to be increased by the inclusion of

additional data. The analysis herein serves as a key proof of concept for future applications, including

a recommended similar analysis to be implemented with data from the more modern CLAS12 detector.

This paves the way for a plethora of additional analyses using existing data sets that would provide

crucial new constraints for hadron and nuclear physics.
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Chapter 1

Introduction

Understanding what our observable world is fundamentally made of is a seemingly basic pursuit

that has nonetheless grown at an accelerative pace, over millennia, into multiple deep and complex

scienti�c �elds. Today, particle physics has spawned internationally collaborating laboratories and

facilities such as CERN, Fermilab, and Jefferson Lab, all with the shared goal of understanding the

sub-atomic world and the nature of matter.

As a PhD student, my �rst major contribution to this global effort is presented within this

thesis, in which I detail my analysis of a substantive sample of Jefferson Lab's particle scattering

experimental data, and ultimately provide a measurement of recoil neutron polarisation in the reaction

of deuteron photo-disintegration, contributing to a lacking world data-set of associated observables.

More importantly, this analysis serves as a demonstration of a novel approach to measuring neutron

polarisation that bypasses the need for dedicated polarimetry equipment. It is hoped that this technique

paves the way for neutron polarisation to be measured in a plethora of other experiments and reaction

channels at Jefferson Lab, allowing for many high-impact analyses in the future.

Before delving into the speci�cs of my work and research, this introductory chapter will be focused

on covering the background knowledge required to understand the analysis and results presented

within this thesis; both my own work, and the results of previous measurements.

1
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1.1 The Standard Model

The standard model of particle physics de�nes elementary, fundamental particles (quarks and leptons)

which individually contribute to the known matter of the universe, each being replicated on an

astronomical scale. It also de�nes fundamental force-carrying particles (bosons) which individually

contribute to the fundamental forces. The model names and groups these particles into families and

generations as shown in Fig. 1.1.

Fig. 1.1 The standard model of fundamental particles, showcasing the currently known fundamental
contributors to matter and the fundamental forces; strong, weak and electromagnetic.

Each elementary particle has an indivisible and discrete (quantised) value of electromagnetic

charge,q, and spin,s (to be discussed later), as well as having an equivalent anti-particle, which

possesses equivalent mass yet opposite quantum values [2]. In particle physics, charge is given in

units ofe, elementary charge, equal to the magnitude of charge carried by an electron (1:602� 10� 23

Coulombs). Anti-particles are usually denoted by a bar over their respective symbol (e.g.p̄), except

in cases such as the positron (the anti-electron) which is most commonly denoted bye+ . Rest mass,

m, is given in units ofeV=c2, useful for relativistic kinematics (see Appendix B for a brief overview).

As seen in the model (Fig. 1.1), all fundamental particles are either fermions or bosons. Fermions

come in "generations", with higher generation fermions having more mass, and being energetically

unfavourable, making them unstable and hence are less common in nature. For example, the electron
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(e� ) has a mass of0:511 MeV=c2, and does not naturally decay. The next generation's equivalent

particle, the muon (m� ), is essentially a heavier electron, having a mass� 200times larger, and an

average lifetime of2:2 µsbefore decaying into an electron [3]. Sequentially, the tauon (t � ) has a mass

� 17 times the mass ofm� , and an average lifetime around 7.6 million times shorter. This alludes to

some of the challenges particle physicists face when hunting for exotic matter.

The quarks come in 6 types, referred to as �avours, and contribute their properties to larger

particles (hadrons) that they constitute (to be explained more in the next section). To help keep track

of these properties, there are many quantum numbers associated with quarks, shown in table 1.1.

Table 1.1 Quark quantum numbers

quark �avour up (u) down (d) charm (c) strange (s) top (t) bottom (b)

charge (Q) + 2
3 � 1

3 + 2
3 � 1

3 + 2
3 � 1

3
Isospin (I ) 1

2
1
2 0 0 0 0

Third component of Isospin (I3) 1
2 � 1

2 0 0 0 0
Charm (C) 0 0 1 0 0 0
Strangeness (S) 0 0 0 -1 0 0
Topness (T) 0 0 0 0 1 0
Bottomness (B0) 0 0 0 0 0 -1
Baryon number (B) 1

3
1
3

1
3

1
3

1
3

1
3

Hypercharge (Y) 1
3

1
3 � 2

3
1
3

1
3

1
3

Many quantum numbers �rst came about because it was observed that particle interactions seemed

to have rules, only permitting certain decays/exchanges, as if hidden properties were being conserved.

Many of the names �rst given to these observedstrangeproperties have stuck, giving us the names

we have today. "Top" and "bottom" are sometimes referred to as "truth" and "beauty" respectively,

and some say that "strange" should instead be named "sideways", to maintain the directional theme.

Regardless, with the now established standard model, we can understand that, for example, the �avour

quantum numbers (strangeness, topness, etc.), are contributed by their respective quarks, and are

conserved through interactions mediated by the "strong" force. By convention, the sign of �avour

quantum numbers is chosen to be the same as its electric charge [4]. For instance, the negatively

charged strange quark has a strangeness of -1.

Baryons are particles made of three quarks. Before the understanding of quarks and the creation

of the standard model, baryon conservation was an observed law of the universe, and so quarks inherit

this conservation law by being given a baryon number (B) of 1
3 (there is similarly a lepton number,L,

owing to leptons being always conserved in the standard model). The majority of observable matter
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is fundamentally made of up and down quarks, but contributions from higher generation quarks are

possible. For example, a baryon that contains a contribution from a strange quark (but no quarks

of heavier �avour) is known as a hyperon, and there is great interest in how these particles interact

with conventional matter. Hypercharge,Y, is another conserved quantum number that builds upon

previous, considering in addition these higher generational quarks. An unfortunate consequence of

there being so many quantum numbers, particles, and variables in this �eld, is that sometimes the

same symbol can be used for different meanings, such as strangeness and total spin (S), or charge and

the general symbol for quark (q). For this reason, the symbol for bottomness,B0 is often denoted with

a prime symbol, to distinguish it from Baryon number,B.

So far, we have mainly discussed fermions. Fermions follow Fermi-Dirac statistics, meaning

they cannot overlap, similar to our familiar world of macroscopic objects - two tennis balls cannot

occupy the same space. On the quantum scale, this means that no two fermions may occupy the same

quantum state in a quantum system. This is known as the Pauli exclusion principle. Bosons, on the

other hand are not constrained by this rule, instead following Bosé-Einstein statitistics. This means

that multiple bosons can occupy the same space. Bosons are responsible for the fundamental forces,

an overview of which is given in Table 1.2. In the standard model, each of the fundamental forces

with the exception of gravity has a corresponding gauge boson that mediates it.

Table 1.2 The fundamental forces

Force Relative Strength Theory Mediator

Strong 10 Chromodynamics Gluon
Electromagnetic 10� 2 Electrodynamics Photon
Weak 10� 13 Flavordynamics W/Z boson
Gravitational 10� 42 Geometrodynamics Graviton (hypothesised)

Table taken from [2]. The author notes that relative strength is ambiguous, as it depends on the source and
distance, therefore these numbers should not be taken literally.

To summarise, the standard model represents our current best understanding of the universe, being

very successful in its predictions and explanations of particle/hadron physics. However, while proving

to be a robust and useful model, it is not a complete theory. It does not explain phenomena such as the

universal matter to anti-matter imbalance, the apparent presence of "dark" matter in the universe, nor

does it incorporate the full theory of gravity, only having force carrier particles for three of the four

fundamental forces; strong, weak and electromagnetic.
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1.2 Hadrons

As mentioned in the previous section, all fundamental particles fall under two categories, bosons

(integer spin particles) and fermions (half-integer spin particles). A hadron is de�ned as being a

composite particle, consisting of two or more quarks (a bound state). Spin (s) will be explained more

clearly in the next section, however, note that quarks are particles ofs= 1
2, which can sum together

to make hadrons of both integer and half-integer spins. Therefore hadrons can be either fermions or

bosons. Figure 1.2 shows how these family groups overlap.

Baryons are particles comprised of three quarks (qqq), making them fermions. Mesons are

particles consisting of one quark and one antiquark (qq̄), making them bosons. Rarely, hadrons go

beyond this convention (exotic hadrons). The hunt for exotic hadrons is a motivator for many modern

analyses, including this project, as will be discussed in more detail later.

Fig. 1.2 A Venn-diagram to visualise how particle families are grouped.

The hypothesis of quark con�nement tells us that unlike leptons, quarks are never free particles,

only seen together forming hadrons [5], bound by the strong force. The theory of quantum chromody-

namics (QCD), tells us that the strong force is mediated by gluons and involves "colour" exchanges,

in which quarks rapidly swap between 3 states that particle physicists refer to as red, green and blue.

It is observed that all particles exist ascolour neutral- possessing a combination of quarks (and/or

anti-quarks) that sum to balance each of these 3 colour states. For example, the 3-quark baryon must

have one of each red, green and blue. A 2-quark meson may exist as red and anti-red, green and

anti-green, or blue and anti-blue. QCD shows that two or more quarks of the same �avour (up, down,
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strange, etc) are allowed to exist together in a hadron without violating the Pauli exclusion principle

by possessing different colour "charges".

Any given hadron is de�ned by the �avour of the quarks that constitute it. The well known proton,

for example, has the quark structure ofuud, which together sum to make an electric charge of 1. A

few more examples are shown in Table 1.3 below.

Table 1.3 Examples of some hadrons and their composition. Data taken from [3].

Family Name Symbol Quarks Charge (Q) Mass [MeV]

Baryons

Proton p uud +1 938
Neutron n udd 0 940
Lambda L uds 0 1116
Anti-Proton p̄ uud -1 938
Omega W� sss -1 1672

Mesons

Pion(+) p+ ud̄ +1 140
Pion(-) p � ūd -1 140
Kaon(+) K+ us̄ +1 494
Eta h uū / dd̄ / ss̄ 0 548

The above list is by no means extensive, but it demonstrates how a particle's charge is a result of

its quark content. With the inclusion of both proton and anti-proton (as well bothp+ andp � ), it is

also shown how the quark composition of hadrons is mirrored in the equivalent anti-particle. Some

hadrons, such ash , are their own anti-particle, as inverting the component quarks would yield an

identical arrangement. Theh is also an example of a hadron in which the quark content exists as a

superposition of multiple possible states, as particles exist more like wave-functions rather than the

traditional imagining of billiard balls.

When particle interactions take place, there can be an exchange of these building block quarks,

where reactants can rearrange to form products, much like a balanced chemical equation. In hadronic

physics, scientists closely study these reactions and exchanges, identifying them through spectroscopic

particle experiments. It is through these experiments that theoretically predicted hadrons can be

experimentally proven, and reactions/mechanisms can be well-de�ned with robust statistics, improving

existing models and understanding.
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1.3 Spin

In nuclear and particle physics, "spin" is the name given to the fundamental property of particles

that gives rise to their intrinsic angular momentum (separate from their orbital angular momentum).

The name originates from how it was �rst imagined when hypothesised in 1925 [6], as a spherical

particle literally spinning on an axis. However, quantum spin has no classical counterpart, as there

is no physical motion involved, and the spinning top model is used only as an analogy [7]. In fact,

from the perspective of classical physics, the hypothetical surface of a particle would have to move

faster than the speed of light (an impossibility) in order to produce the observed values of angular

momentum. Spin is simply a fundamental property like mass or charge. Together with the orbital

angular momentum,l , spin contributes to the total angular momentum of a particle,j. These variables

are capitalised when denoting the vector sum of a composite system (e.g. a hadron), and given by

J = L + S.

Being a quantum property, associated values of spin are restricted to being multiples of a funda-

mental unit, rather than free to assume any arbitrary value. This fundamental unit is denoted by} ,

the reduced Planck's constant [8]. Additionally, due to spin being a quantumvector, there is also

restriction in allowed directions that spin may be orientated, with each possible direction often referred

to as a state, or a projection (in the Z-axis). For a given particle with spin,s, allowed projections

are restricted to beingms} , wherems is a quantum number that can be� s as well as any possible

value at integer steps between (e.g. whens = 3
2, ms = � 3

2; � 1
2; 1

2; 3
2). Ultimately, this means that

particles with spin can have multiple spin states. The electron, for example, a spin1
2 particle, has

possible spin states+ 1
2 and� 1

2, often referred to as spin-up and spin-down. This allows them to pair

together (occupying the same atomic orbital) in anti-parallel ("#) without violating the Pauli exclusion

principle. Angular momentum,l , is also similarly restricted to integer multiples of} , and able to

project at integer steps between� l . However, unlike spin, angular momentum is not �xed for each

particle, and can be increased by the addition of energy to the system, which, through vector addition,

can affect the ultimate value ofj.

Spin plays a large role in experimental hadron physics due to it being a conserved property, being

transferred or induced through particle interactions. As such, the spin of an unknown product particle

can be inferred if the spin of all other particles in a reaction are known or measured. Addition-

ally, because all modelled hadrons have an established/theoretical value of spin, this can assist in
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identi�cation of the unknown particle. Being able to measure spin through the macroscopic effect

of polarisation is therefore a powerful analysis technique in hadron physics, and is conventionally

achieved through dedicated equipment such as a polarimeter. However, as will be shown in this

thesis, polarisation can also be measured by analysing the scattering angles of product particles of a

well-understood reaction in which transferred/induced polarisation is known to correlate with product

particle angular distribution.

1.4 Isospin

Long before the discovery of quarks, it was observed that the proton (p) and neutron (n) are much

alike. They have near identical mass, and the strong force acts identically forpp, nn, and pn

combinations (coupling). It was proposed by Heisenberg in 1932 that they may each be different

states (or projections) of the same particle, the nucleon [9], sharing the same value of a conserved

vector property, isospin (I ), originally short for isotopic spin [10], but now preferred to mean isobaric

spin.

Much like spin, isospin was proposed as a vector quantum number that gives rise to discrete

states by virtue of its orientation. We use the Z-component, more commonly referred to as the third

component of isospin,I3, to tell us where these discrete states lie, which, like projections of spin

(ms), varies in increments of 1. To put this into practise: as it was observed that the nucleon has two

states, proton and neutron, their common isospin,I , must be1
2, allowing for the third component,I3,

to project as� 1
2, giving two possible states. The proton and neutron correspond to aI3 of + 1

2 and� 1
2

respectively.

Isospin helped early hadron physicists collect like-particles into common groups that viewed them

as projections of the same particle. Pions (p), for example, seem to exist as triplets ofQ = � 1;0 and

1. The Kaons (K) appear as isobaric pairs, possessing a then-unknown conserved vector property,

strangeness. With the discovery of this new property, it was found that hadrons can be arranged into

multiplets, with the �rst proposal of this being named "the eightfold way" in 1961 [10] (a nod to

the "Eightfold Path" of Buddhism), arranging the 8 then-known baryons into the baryon octet, and

similarly with a meson octet, by virtue of their charge,Q, strangeness,S, and third component of

isospin,I3. This baryon octet is shown in Fig. 1.3, as well as the baryon decuplet - to be explained

shortly. These multiplets, which consider only the �rst 3 quark �avours (up, down and strange), are
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sometimes referred to as SU(3), (special unitary group in 3 dimensions), as they are derived from

mathematical matrix group theory [11]. For example, to consider in addition, charm quarks, would

require SU(4), for which associated multiplets become 3-dimensional.

Fig. 1.3 Diagrams showing how hadrons of common spin (J) can be grouped into SU(3) multiplets
that arrange them according to their quark content, which dictates their charge,Q, strangeness,S, and
third component of isospin,I3. Left: TheJ = 1

2 baryon octet.Right: TheJ = 3
2 baryon decuplet.

With our modern understanding of quarks, we can see why the proton (uud) and neutron (udd)

are so similar, differing only by a single quark. We can therefore say that the up quark contributes

+ 1
2 and the down quark contributes� 1

2 to the overall value ofI3. As discussed previously, we also

now understand the origin of strangeness, being another quark �avour like up or down. Therefore,

because quark �avours are conserved within the strong force (referred to a �avour symmetry), isospin

symmetry (conservation) is simply the larger effect of �avour symmetry.

In the centre of the baryon octet are two overlapping particles,S0 and L . Despite having

the same quark composition, these are fundamentally different particles, having different masses

(L :1116 MeV=c2, S0:1197 MeV=c2) and decay modes [3]. The difference is in their isospin. The

Ss haveI = 1, and therefore can project in 3 possibleI3 states, whereas theL hasI = 0, meaning

only a single projection. Fundamentally, this behaviour is caused by a difference in the particle

wavefunctions, as described by QCD, however this is beyond the scope of this thesis. Even though
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the origin of isospin is mathematically understood in QCD, it remains useful to explain things more

generally in terms of isospin.

All baryons in the ground-state baryon octet have a total angular momentum ofJ = 1
2. This is

because each has their spin-1
2 quarks orientated to be two in parallel and one anti-parallel (eg.""# ).

It's possible to form other hadron multiplets of a different commonJ value, for example the baryon

J = 3
2 decuplet, containing 10 baryons with their quarks all in parallel (""" ) . As seen in Fig. 1.3,

hadrons of the same quark composition appear in both the baryon octet and the baryon decuplet,

for example, the neutron (n) and delta 0 (D0) (bothudd). Again, these are fundamentally different

particles. TheDs can be thought of as the excited states of the nucleons, due to a requirement of

energy to turn one into the less stable other (and subsequently decays back), through the increase

of total spin,S, and hence total angular momentum,J. This extra freedom gives theDan increased

isospin of3
2, allowing theI3 to project in 4 different orientations, corresponding to the 4 possible

con�gurations of theD particle.

As discussed in the previous section on spin, theJ of a particle can also be changed by virtue of its

orbital angular momentum,L. Because of this, it's possible to have even higher energy con�gurations

of particles (excited states). One de�nition of "ground-state particle" is that it hasL = 0. In this

de�nition, theJ = 3
2 Ds are still ground-state particles, despite them being considered excited nucleons

in a strictly isospin sense. Excited state particles are commonly discovered as "resonances", a certain

energy at which they tend to form in scattering reactions. Resonances are often written as their

ground-state symbol alongside their resonance energy/mass (in MeV). For example, theN(1440)

(or P11(1440)) is a nucleon resonance discovered in 1964 [12], having a mass of1440 MeV=c2.

Resonances can therefore be thought of as their own unique particles, each having a characteristic

mass, average lifetime, and decay modes.
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1.5 Cross Section

In the every day world, "cross section" implies a 2D slice of some volume or 3D setup. In particle

physics, this term is instead used to denote the probability of interaction [13]. This is yet another

case of an early-conceptualised term sticking, with the original proposed meaning now only useful

as analogy. In this sense, cross section (s ) can be thought of as the effective area that one particle

presents to another during interaction [2, 4]. There can be a speci�c cross section associated with any

interaction (e.g. a neutron-nucleus absorption cross section).

An intuitive analogy often used is that of an arrow aimed at a target [2, 13], where the larger

the cross-sectional area of the target, the more likely the arrow (or stream of arrows) will hit. With

this we can understand how "cross section", as it's conventionally understood as an area, therefore

has correlation with the likelihood that interaction will take place. In the world of particle physics,

matter is mostly empty space, and so the effective area of "targets" is extremely small, and as such,

cross section is often given in units of barns, b, where1 b = 10� 28 m2. The term "barn" has its origin

associated with the Manhattan Project, and nuclear bomb research, during which physicists preferred

a more secretive word for the cross section of a uranium nucleus, which they discussed as being "as

big as a barn" in the context of nuclear physics [14].

The "hit or miss" analogy of arrows and targets is an oversimpli�cation, as particles are not solid

spheres as �rst imagined in the days of Rutherford. What we �nd in reality is that particles have "soft"

edges due to their quantum nature, acting like clouds of probability, where the proximity of particles

(among other things) determines the chance or strength of the interaction.

Consider a Rutherford scattering scenario, where a stream of protons is �red at a hydrogen target

(in essence, a proton target). We can expect the like-charges to repel, and the path of the incident

proton to be de�ected. As seen in Fig. 1.4, a particle with impact parameter,b, is de�ected by a

sattering angle,q. The impact parameter tells us the distance that the incident particle would have

missed the point-like target had it not been scattered. A rotational symmetry is assumed, and so the

azimuthal angle,f , is neglected.

Next, consider this same scenario, but with the impact parameter of the incident proton further

increased byDb. Because the particle is now further away from the in�uence of the target, its

scattering angle is reduced byDq. Hence, a change inb coincides with a change inq. Consider

the two previous trajectories simultaneously, and we can observe a spread between the two exiting
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Fig. 1.4 Diagram taken from [2], showing the trajectory
of a scattered particle passing by a �xed potential.q is
the scattering angle, andb, named the impact parameter,
is the perpendicular offset.

scattering angles. If we take some radius,R, from the scattering centre, a solid angle,W, has been

created between these two exiting trajectories.Wcan be thought of as the "�eld of view" from the

target, projecting out to a radius between two angles. Here, the exact radius used does not matter; the

scattering centre is point-like andb is very small, and so exiting particle trajectories can be considered

to be diverging radially out from the target, such thatWdoes not change with increased distance. In

this simple example, it is shown how the "soft" area of in�uence of the target (which is quanti�ed by

cross section,s ) has produced an angular spread of scattering angles, and hence a solid angle,W.

More generally, and now includingf , a plane region created by in�nitesimal variation ofb and

f , corresponds to an in�nitesimal area of cross section,ds , whereds = b db df (shown below in

Fig. 1.5). The range of possible paths that intersect this area creates a spread of scattering angles and

hence produces an in�nitesimal solid angledWbetween the extremes, as given bydW= sinq dq df .

Taking the ratio between these two de�nes the differential cross section,ds
dW.

Fig. 1.5 Diagram taken from [4], showing how the solid angle,dW, is created by possible parallel
trajectories that intersect the shaded area in the tangential plane, as de�ned by varyingb andf .
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If we consider a beam of incident particles with some luminosity,L, there is a �ux of particles

intersecting the previously de�ned cross section,ds , per unit time, the number of which can be

de�ned bydN = Lds . This can be rearranged to de�ne differential cross section in the following

way:
ds
dW

=
1
L

dN
dW

(1.1)

Integrating this over all angles yields the total cross section for a given interaction. This shows

that cross section is a ratio between the total number of scattered particles and the total number of

incident particles, making it analogous to the probability of the interaction taking place. As previously

mentioned, there can be a speci�c cross section associated with any interaction. For example, a

measurement of proton-proton to top-antitop cross section is simply counting how many top-antitop

pairs were created when a given number of protons were �red at each other [13].

Another peculiarity of particle cross section that separates it from our macroscopic understanding

of arrows and targets is the fact that it can vary with many other parameters, such as velocity,v (often

preferred to be given as an energy,E). Differential cross sections are therefore often taken with

respect to other parameters, not justW. For example,ds
dE (or combined into a double differential cross

section, such asds 2

dWdE). This is counter-intuitive, as in classical physics we would not expect the speed

of a projectile to cause a change in target size. In particle physics however, the general rule of thumb

is that cross section decreases with particle velocity, due to the passing particle spending less time

in the vicinity of the interactable target "cloud". This general rule is not followed, however, when

the velocity of the particle corresponds to an energy close to that of a "resonance", a topic touched

on in the previous section. It can be found that for some scattering reactions, at certain energies, the

particles involved tend to interact, forming a short-lived, semi-bound state before breaking apart [2].

This would be visible in data as a peak inds
dE , and is typically how resonances or exotic particles are

found experimentally.

Cross section is what is known as anobservable, a theoretical (yet experimentally measurable)

characteristic of a speci�c reaction, or reaction component. They are derrived from considerations of

reaction probabilities. Observables are useful parameters, as they are independent of the experimental

set-up used, such as the speci�c beam intensity, or target density. It is dependent only on the

physics of the speci�c interaction. This means associated measurements can be easily compared

across laboratories globally. Experimentalists aim to measure experimental observables such as cross

sections, while theoreticians attempt to model them, in a symbiotic relationship where each �eld
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informs and advances the other. However, experimental measurements will always be limited by

technology (e.g. detector resolution, ef�ciency, cost, etc.), which is why particle/hadron physics

continues to grow and re�ne. The next section will discuss polarisation observables, which further

divide reaction probabilities by considering possible spin states. This further constrains reactions and

can help provide more sensitivity to particles of interest, such as resonances.

1.6 Polarisation Analysis

In atomic and subatomic physics, polarisation refers to the orientation or alignment of a speci�c

vector property (spin, dipole, oscillation, etc.), which is often in�uenced by external forces or �elds.

For example, applying a magnetic �eld causes magnetic dipole particles to align their poles either

with or against the �eld (more accurately, their spin vector precesses around the magnetic dipole). In

this sense, polarisation can be thought of as the macroscopic effect of spin. However, in polarisation

analysis, it's often preferred to discuss spin in terms of helicity, de�ned as the component of spin in

the direction of a particle's velocity. This leads to positive helicity (spin vector aligned with motion),

and negative helicity (spin vector anti-aligned with motion). As covered already in this chapter, spin

plays a major role in hadron physics, giving a characteristic value to each hadron, and being conserved

throughout reactions. In a polarisation analysis, we study and measure this effect.

Polarisation analysis usually involves an experiment with an initially polarised beam incident on a

target sample, with the polarisation of scattered products measured [15]. The polarisation analysis

presented in this thesis will feature a polarised photon beam, and will involve the indirect measurement

of neutron polarisation. Therefore, before going into more detail, it is necessary to understand these

two components of polarisation.

1.6.1 Photon Polarisation

A photon is a quantum of light, and can be thought of as a transverse wave, oscillating in an

electromagnetic �eld which is perpendicular to the direction of the photon's motion. When two

photons are colinear (moving and oscillating together in the same �eld), they create interference,

resulting in a single wave function made from the sum of their individual electric �eld vectors.
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Consider two colinear photons of the same frequency and amplitude with their respective electric

�elds, ~Ex and ~Ey, orthogonal to each other. As a result of interference, there are two types of

polarisation that can occur. If both photons are in phase* , they create linear polarisation (Fig. 1.6a)

resulting in a photon that oscillates in a diagonal plane. If they are1=4 out of phase†, they create

circular polarisation (Fig. 1.6b), resulting in a photon with a rotating electric �eld as it travels.

(a) Linear polarisation (b) Circular polarisation

Fig. 1.6 Diagrams of the two types of polarisation that can occur between colinear, orthogonal and
monochromatic photons, taken from [16]. The components of each photon's electric �eld (~Ey and~Ex)
sum to create an overall vector~E. The orientation of~E over time depends on the phase between~Ey

and~Ex.

In polarisation analysis, a polarised photon beam involves one of these two types of polarisations.

Different polarisation observables can be accessed depending on which is used. A photon is a spin-1

boson, and the helicity of a photon is always +1 or -1. With a circularly polarised photon beam,

helicity is +1 for right-hand polarisation (clockwise rotating �eld vector when facing in direction of

motion) and -1 for left-hand polarisation. For linear polarisation, the helicity is not well de�ned, being

a superposition of +1 and -1 helicities.

* For linear polarisation to occur, the peak of both waves (positive or negative) must occur at the same time, and so1=2

out of phase would also be linear polarisation, just in the other diagonal direction.
†Similarly, circular polarisation only requires the peaks of each wave to be perfectly anti-phase with each other, and so

a phase difference of3=4 (or � 1=4) would also meet this criteria, but result in a~E which rotates in the opposite direction
(opposite helicity).
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1.6.2 Neutron Polarisation

One might naively expect that the neutron, which has no charge, to therefore have no magnetic

dipole. However, as proven experimentally in 1940 [17], it does in fact have a magnetic dipole, with a

magnitude around 70% that of the proton [15]. This is a result of the component quarks, which have

their own intrinsic spin and charge distribution. To measure neutron polarisation in a polarisation

analysis experiment, dedicated equipment is typically required. Such a set up may require components

such as [18]:

• Magnetic guide-�elds, to maintain the direction of polarisation as neutrons are travelling.

• Spin-�ippers, to reverse the polarisation and to detect whether the sample causes spin-�ip

scattering.

• Directional coils, to select speci�c orientations of polarisation for detection.

Large scale particle physics experiments typically use multi-purpose detectors (e.g. the "CLAS"

detector at Jefferson Lab, to be discussed in a later chapter), which consist of tightly packed spectrom-

eters and subsystems, and carefully calibrated magnetic �elds. As such, there may not be suf�cient

space for such a dedicated polarimeter set-up. An additional complication is that neutral particles are

less ef�ciently detected by detector systems due to their relative non-interactivity (no ionising-trail,

and trajectory unchanged in a magnetic �eld). For eaxmple, the CLAS detector at Jefferson Lab, on

which the work in this thesis is based on, had only a 10-20% neutral particle detection ef�ciency* .

High statistics are therefore required to have any �nal-state neutron data at all.

Because of these complications, neutron polarisation tends to be a missing measurement in

scattering experiments and associated data. Therefore, associated polarisation analyses tend to be

neglected, with the focus more commonly being on unpolarised cross sections, or more accessible

particles. This means there is a wealth of available data on polarised beam experiments featuring

product neutrons, which is under-utilised in obtaining information on their polarisation. If polarisation

information could be somehow extracted from such data, it would make possible an abundance of

valuable, high-impact analyses. Herein lies one of the main motivations of this thesis; providing a

method to measure neutron polarisation without a dedicated neutron polarimeter.

* Neutron detection ef�ciency depends on momentum. Typical neutron momentum in this analysis is 200-400 MeV/c.
Based on CLAS data from [19], this gives a rough estimate of ef�ciency.
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1.6.3 Polarisation Observables

For any given reaction in hadron physics, each component has a characteristic spin, and therefore each

non-zero spin component can take on different helicities. Within conservation laws, there may be

several possible helicity combinations for a particular reaction. Each combination can be expressed as

an amplitude, representing its contribution to the full reaction. These amplitudes cannot be resolved

individually due to complex components, and so we take bilinear combinations. This allows them to

be expressed as probabilistic contributions to the full cross section of a reaction. The weight that each

bilinear combination carries towards the full polarised cross section is parameterised, and known as a

polarisation observable [20].

An unpolarised reaction component is a statistical mixture of all possible helicities. When a

basic cross-sectional analysis is performed with no polarised components, what we are really seeing

is the linear combination of all helicity amplitudes. However, if we use polarised components, we

eliminate some amplitudes and begin to focus on speci�c observables, as will be demonstrated in

Sec. 2.1. With well-chosen axes and high statistics, a robust polarisation analysis is possible, the goal

of which is to extract measurements of the observables of interest. This process is essential for a

full understanding of a reaction, including any resonances that may form within. While a peak in

an unpolarised cross section may evidence a resonance, a polarisation analysis can identify its spin

properties, as each amplitude represents a speci�c spin-parity,JP. We typically expect that when a

resonance manifests in a speci�c helicity amplitude combination, the real component disappears, and

the imaginary component hits a maximum [21]. However, this may not be the case when there are

other nearby resonances, or if the resonance also couples to other channels.

There are many different polarisation observables that can be measured for a given reaction. For

example, beam asymmetry,S, an observable denoting how the orientation of a linearly polarised

photon beam affects the cross section of a reaction, thus inducing an asymmetry in outgoing scattering

angles (azimuthal dependence).S is what is known as asinglepolarisation observable, as it requires

only one component of polarisation in order to be measured - in this case, the beam.S can then be

measured by studying a differential cross section with respect to the azimuthal angle. There are also

doublepolarisation observables, which require the simultaneous measurements of two polarisations,

correlating them both. For example, polarisation transferCx0 (the focus of the analysis presented in
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this thesis), requires measuring the polarisation of the photon beam and recoil particle, and indicates

how much polarisation is transferred through the reaction.

Double polarisation observables tend to come in sets for each combination of reaction components

they measure. Typically, beam-target (BT), beam-recoil (BR) and target-recoil (TR). To avoid

complication, it is often preferred to focus on reactions with spin-0 particles, or otherwise simple

kinematics. In this thesis, a polarisation analysis of deuteron photo-disintegration (gd ! np) is

performed using an unpolarised target, resulting in a manageable cross-section formula. The speci�cs

of this reaction will be detailed in the next chapter.

Partial Wave Analysis

Partial wave analysis (PWA) is another method of analysing particle reactions. Whereas polarisation

analysis decomposes a reaction into separate helicity combinations, assigning an amplitude to each,

PWA decomposes a reaction into each component of angular momentum,l , (partial waves), which are

each assigned as an amplitude. Therefore, in PWA, observables are combinations of partial waves.

Just like with helicity amplitudes, these partial waves each contain real and imaginary components

which are typically affected by resonances in the same way; with the real component suppressed, and

the imaginary component peaking.

PWA models are �tted to cross-sectional data in order to extract their observables. A polarisation

analysis is not necessary for this process, but simpli�es it greatly, providing more constraints on the

�tting procedure. This is an example of how robust polarisation analyses directly bene�t the wider

�eld, and lead to fully understanding reactions.

The focus of this thesis is by no means a partial wave analysis, however a PWA model for a

well-understood reaction (np! pn) will be utilised in the analytical method (Sec. 5.3.1). From this

will be invoked an observable known as analysing power,Ag, which denotes the degree to which

incoming polarisation creates an asymmetry in the outgoing angular distribution of a recoil particle.

Such a value therefore enables the incoming polarisation to be inferred through the analysis of this

recoil angle.



Chapter 2

Motivation

With a foundational understanding of hadronic physics established by the preceding chapter, the

following chapter will begin to focus on the work presented in this thesis, identifying the main

motivations behind the project, with an overview of each. There are two primary motivators behind

this project. One is a desire to understand exotic phenomena (mainly hexaquarks), that sit on the

frontier of hadron physics. As such, this will involve more complex concepts that will require further

explanation, building upon previous introductory material. The second motivation is a desire to have

a more accessible method of measuring neutron polarisation at Jefferson Lab, with the main intention

being that it would enable a polarisation analysis of the aforementioned phenomena. However, such

an analytical method would no doubt bene�t analyses beyond ones related to the subjects of interest

to be detailed in this section.

19
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2.1 Deuteron Photo-disintegration

The deuteron (d) is a particle comprised of a proton and neutron, bound by the strong force. It forms

the nucleus of deuterium (D or2H), a stable isotope of hydrogen. The deuteron is the only atomic

nucleus with exactly two nucleons (A = 2) and as such presents the simplest case in which nuclear

theories and models can be tested [22]. Cross section and decay formulae simplify greatly when there

are only two particles detected in the �nal state (2-body formulae) [4], as is the case when deuteron

disintegrates into its component proton and neutron, which can be caused by an addition of energy,

such as via an incident photon. This is known as photo-disintegration.

Deuteron photo-disintegration (gd ! pn), depicted in Fig. 2.1, was �rst investigated in the early

1930s to better understand the neutron [22], but continues to be utilised as an investigation of nuclear

and hadron theory. For example, theD resonance/particle is visible as a peak in the differential cross

section of deuteron photo-disintegration at around 300 MeV photon beam energy.

Fig. 2.1 Diagram of deuteron photo-disintegration in the centre-of-mass frame, and the co-ordinate
system used. Taken from [22].

Deuteron photo-disintegration also represents the simplest case in which neutron polarisation

can be measured. No free neutron targets exist, and so deuteron is the next best thing. Despite

this reaction being so fundamental, there are signi�cant gaps in the world dataset of associated

polarisation analyses of product nucleons (especially forn) in terms of the energy range and angular

coverage (past measurements to be detailed in Chap. 3). A more in-depth polarisation analysis of

deuteron photo-disintegration that covers these unstudied kinematic regimes is essential for us to fully

understand the nucleon-nucleon interaction.
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In their extensive review on deuteron structure, Gilman and Gross [22] derive the full spin-

dependent cross-section equation for the reaction of deuteron photo-disintigration, shown below in

Eq. (2.1), which uses the centre-of-mass co-ordinate system established in Fig. 2.1.

ds
dW

=
�

ds
dW

�

0

h
1+ pN

y Py + pd
yT � pg(S+ PyT1) cos2f

+ P�
g (Cx0px0+ Cz0pz0) + pg(Ox0px0+ Oz0pz0) sin2f

i (2.1)

Where( ds
dW)0 is the spin-independent cross-section formula (or the unpolarised cross section),

f is the azimuthal angle of the outgoing nucleon.pN
y , pd

y, pg andP�
g are polarisations of the recoil

nucleon, the target deuteron, and the incident photon (linear and circular), respectively.px0 andpz0 are

additional components of recoil nucleon polarisation with respect to the (primed) recoil frame, where

z0 is the direction of the recoil nucleon. The other variables are polarisation observables, de�ned

below in Table 2.1:

Table 2.1 Meaning of polarisation observables seen in Eq. (2.1) [22]

Symbol Meaning

Py induced polarisation of recoil nucleon (alongy0)*

T vector polarised target asymmetry (alongy)
S linearly polarised photon asymmetry
T1 tensor target asymmetry (quadrupole spin distribution)
Cx0 circular polarisation transferred from photon to recoil nucleon (alongx0)
Cz0 circular polarisation transferred from photon to recoil nucleon (alongz0)
Ox0 linear polarisation transferred from photon to recoil nucleon (alongx0)
Oz0 linear polarisation transferred from photon to recoil nucleon (alongz0)

If we consider a scenario where we use a circularly polarised photon beam, and an unpolarised

deuteron target, then many observables disappear, leaving a simpli�ed equation:

ds
dW

=
�

ds
dW

�

0

�
1+ pN

y Py + P�
g (Cx0px0+ Cz0pz0)

�
(2.2)

Gilman and Gross note thatCx0 andPy are the real and imaginary parts of the same combination

of helicity amplitudes which together fully describe the complex representation of spin transition

* Considering the full reaction diagram, it would be more intuitive ifPy was instead denoted asPy0, as is the case in
other papers. Some sources simply denote it asP [20]. Py is simply a common convention that this thesis maintains, likely
stemming from the fact that this single polarisation observable needs to only consider one set of axes (no primed axes
needed) which are clear in context.
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probabilities of deuteron photo-disintegration. Therefore, an experimental measurement of both

simultaneous observables is highly valuable, and Eq. (2.2) will therefore be important for the analysis

goals.

2.1.1 Probing Higher Energies

In scattering experiments, as energy,E, or momentum transfer,Q2, increases, we begin to probe

smaller structures of particles (larger scattering angles also correspond to a largerQ2). Conventional

nuclear physics is well-described when considering only meson–baryon interactions. However, as

we increase energy and begin to probe the hard scattering regime (Eg � 1 � 2 GeV), quark-gluon

interactions become relevant. Beyond� 2 GeV, it is expected that quark-gluon degrees of freedom

dominate entirely. One model of how this manifests in differential cross sections is given by the

simpli�ed quark counting rule. For deuteron photo-disintegration, this says that the cross section

should have as� 11 dependence [23], wheres is the Mandelstam variable, representing centre-of-mass

energy squared [9]. However, experimental data shows deviation from this rule as we enter the

hard scattering regime. Cross sections have instead been shown to scale according to counting rules

re-derived from QCD and quark-gluon string models [24] (seen in Fig. 2.2).

Fig. 2.2 Figure taken from [24],
showing invariant cross section of
d(g; p)n against photon energy,Eg and
Mandelstam variable,s. Data taken
from previous work [23, 25–31] is
compared with a quark-gluon string
(QGS) model, a reduced nuclear
amplitude (RNA) model and a QCD
hard re-scattering model (HRM).
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Since there is little available data onpn helicity amplitudes in the hard-scattering regime and

beyond, associated models must be estimated based on theoretical frameworks [32]. There is therefore

a large motivation for constructing a detailed analysis of deuteron photo-disintegration at higher

energies, especially within the quark-gluon dominated regime. Additionally, a polarisation analysis

could lead to further constraints on associated models by considering spin and angular dependence.

2.2 Dibaryons and Hexaquarks

As mentioned in the introduction to this chapter, a main motivator of this project is understanding

and searching for so-called hexaquarks, which will be the focus of this section. The hadron physics

working group at the University of York has a particular expertise in hexaquarks, with members

playing major roles in recent hexaquark-related developments [1, 33]. Naturally, this project is also

highly motivated by that interest.

Dibaryons and hexaquarks are closely related concepts. A dibaryon is de�ned as any particle

with a baryon number of 2 (B = 2). As covered in the introductory chapter, quarks contribute1=3

to this quantum number, and anti-quarks contribute� 1=3. This means for a particle to haveB = 2,

the number of quarks minus the number of anti-quarks has to be six [34]. The simplest and most

precisely measured dibaryon is the deuteron (d), discussed in the previous section. As for "hexaquark",

there are two de�nitions. The more general de�nition is any particle containing a total of any six

quarks or anti-quarks* . This includes both 6 quark structures (q6) and half quark, half anti-quark

structures (q3q̄3) [36]. Therefore, not all hexaquarks are dibaryons.q3q̄3 structures are instead known

as baryionium [35].

While the deuteron may be considered a single particle, and therefore a hexaquark under this

broader de�nition, its structure is formed of two well-separated, yet interacting "bags" of quarks

which exchange mesons, making it amoleculardibaryon. Far more interesting, however, is a structure

with all six quarks contained in one body. This is what we consider agenuine(or "non-trivial")

hexaquark (see Fig. 2.3 for a visual representation of this difference). Such a bound state presents a

non-conventional, exotic state of matter that reshapes our understanding of QCD, going beyond the

standard quark con�gurations of mesons and baryons.

*This all-encompassing de�nition for multiquark states (hexaquark, pentaquark and tetraquark) that does not distinguish
between di-molecules and singular multiquark objects was adopted by CERN, due to internal structures of multiquark
families not yet being established [35].
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Fig. 2.3 Diagram to visualise the difference in quark arrangement between two profoundly different
particles that could each be considered both a dibaryon (B=2) and a hexaquark (6� q).

2.2.1 d� (2380)

Genuine hexaquark particles were �rst theorised by Dyson and Xuong in 1964 [37], but decades of

searching did not yield experimental evidence [34]. Recently, however, there has been a renewed

interest due to the discovery of thed� (2380) resonance [38–40]. This resonance decays into a con-

ventionalD-D system, but cross-sectional analysis �nds that its mass (2380 MeV=c2) is � 90 MeV=c2

smaller than simply the mass of twoDs, and the width of the resonance is noted to be much narrower

than expected from conventional meson exchange as with a molecular dibaryon [41]. This indicates

that a novel particle is formed at this resonance, with all six quarks contained together – the �rst

non-trivial hexaquark. Initially, more exploration and data was needed for this to be more convincing,

however the small cross section and high background channels maked� (2380) analysis dif�cult.

The quark arrangement ofd� (2380) ("""""" ) gives it a spin of 3. Polarisation analysis therefore

enables a higher sensitivity to the particle by observing changes in polarisation (and associated

observables) in the resonance region of thed� (2380), and isolating spin-3 particles. This also allows

an exploration of its electro-magnetic properties. Such an analysis was done by M. Bashkanovet

al. [42] in an experiment that ran at the MAMI experimental facility [43, 44] in Mainz, Germany. This

analysis led to the most convincing proof yet of thed� (2380)'s existence and non-trivial hexaquark

nature. Naturally, more analysis of this resonance is desired, which is a large motivator behind the

work described in this thesis.
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2.2.2 Dibaryon Multiplets

In a similar fashion to the SU(3) hadron multiplets from Sec. 1.4, a dibaryon multiplet can be made

from the possible pairings of SU(3) ground-state baryons. Deuteron (pairing ofpn) is a spin-1 particle,

and so it belongs to theJ = 1 antidecuplet (Fig. 2.4), often simply called the deuteron multiplet.

Fig. 2.4 The deuteron antidecuplet (SU(3)J = 1) [35].

In this well studied dibaryon group, only the deuteron can form a bound state. The rest are only

"virtually bound", existing only brie�y in scattering reactions before decaying. Again, like before,

these particles can be excited to a resonance, through an increase in angular momentum. TheJ = 3

antidecuplet (Fig. 2.5) represents the possible dibaryons that can be made from the pairings ofJ = 3=2

baryons. Thed� (2380) sits at the top, however this group theory predicts further resonances with

increased strangeness. Given that thed� (2380) has been shown to be dominantly a genuine hexaquark

state, these higher resonances could follow suit, making it a logical avenue of investigation for further

hexaquark studies. Fellow researchers within the University of York's hadron physics group have

worked towards experimentally proving these strangerd� resonances, which also utilise polarisation

analysis [45, 46].

Fig. 2.5 Thed� (2380) antidecuplet (SU(3)J = 3) [35].



26 | Motivation

2.3 Short Range Correlations

A short-range correlation (SRC), is a temporary structure that forms inside atomic nuclei via the

interaction between nucleons. Inside a nucleus, nucleons are turbulent due to competing forces.

Electrostatic forces work to repel nucleons, while the strong force is repulsive at short range, but

attractive at larger ranges. Occasionally, due to this turbulence, a pair of nucleons may effectively

overlap. During this very short-lived state, the nucleons involved have high momenta. If one nucleon

in an SRC is knocked out by a scattering reaction, both nucleons in the pair are knocked out, and

emitted diametrically opposite to each other, suggesting they were bound in some way. Studies

have shown that almost all high momentum nucleons form SRCs [47], with the most common pair

con�guration beingpn.

SRC pairs are a possible explanation for the EMC

effect, so named after the European Muonic Col-

laboration who �rst discovered the phenomenon at

CERN [48]. This revelation (shown in Fig. 2.6)

showed that the structure of a nucleon in a heavy

nucleus is different to the same nucleon in a lighter

nucleus (or an equivalent free nucleon). This differ-

ence changes across values of the Bjorken scaling

variable,xB, a dimensionless parameter that denotes

the longitudinal fraction of the nucleon's momentum

carried by the struck parton (quark or gluon) in a scat-

tering reaction. The EMC effect showed physicists

that there is a �aw in our current understanding of

the structure of baryons, and their interaction.

Fig. 2.6 The famous �gure from [48], through
which the EMC was termed. Showing the ratio
of structure functions between iron and deu-
terium vs Bjorken x.

While not the primary goal of the thesis, is was recognised that providing a more available method

of measuring neutron polarisation opens the door to many other analyses, including more detailed

studies on SRCs which can explore their spin structure.



Chapter 3

Past Measurements

From the previous chapter, the goal of this thesis is now understood as providing an original, neutron-

focussed polarisation analysis of deuteron photo-disintegration, by developing a unique method of

doing so that does not require dedicated polarimetry equipment. It is hoped that the developed

technique herein is utilised beyond this analysis. This chapter will review previous work that has

already provided measurements of neutron polarisation observables, so that gaps or weaknesses can

be identi�ed and hopefully addressed. The recent work of M. Bashkanovet al., the motivations of

which align closely with those of this thesis, will also be discussed and focused on, as many of the

techniques are later used in Chap. 5. From here onwards,Py andCx0 will speci�cally refer to neutron

polarisation observables in deuteron photo-disintegration, unless otherwise stated.

3.1 Historic Experimental Status

As touched on in the previous chapter, a 2002 article on deuteron structure by Ron Gilman and Franz

Gross [22] of Jefferson Lab provides a detailed section on deuteron photo-disintegration. Within this,

a detailed list of past measurements of associated polarisation observables is provided. This extensive

list shows that polarisation analysis of deuteron photo-disintegration is well studied, and goes back

many decades. However, the vast majority are focused on the recoil proton rather than the neutron,

due to the relative dif�culty in extracting neutron polarisation, as discussed in previous chapters.

As such, there are no listed measurements ofCx0, and only eight forPy, which are given below in

Table 3.1, along with the beam energy (Eg) used, and the angle at which the recoiling neutron was

measured using the centre-of-mass frame, (qc:m:).
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Table 3.1 Past measurements of induced neutron polarisationPy, as listed in [22].

Laboratory Eg (MeV) qc:m:(� ) Number of points Year published

Livermore 2.75 50-136 5 1961
Zürich 2.75 44, 94 2 1963
Illinois 12-23 148 4 1963
RPI 12-30 90 3 1963
Livermore 2.75 32-152 7 1965
Yale 7-30 48-94 20 1972
Yale 7-13 90 3 1976
Argonne 6-14 90 6 1983

From this, we can see a lacking world dataset, with a complete absence ofCx0, andPy having

few measurements which are restricted to very low energy ranges, and many gaps inqc:m:. This

gives urgency to providing published results of higher energies, and more complete angular coverage.

It also gives more importance toCx0 measurements thanPy, though it is preferable to extract both

simultaneously, asCx0 andPy together fully describe a bilinear amplitude combination, as explained in

Sec. 2.1. This therefore represents a valuable constraint for models of the full reaction of deuteron

photo-disintegration.

3.1.1 Regarding Energy Ranges

As discussed in Sec. 2.1.1, the energy chosen for a scattering reaction determines how �nely a structure

is probed. Predictions of higher energy ranges are largely uncertain, but represent a transition from the

more understood conventional nuclear structure to quark-gluon degrees of freedom, which is expected

to be seen in both protons and neutrons. ThePy energy ranges shown in Table 3.1 are all very low,

making them irrelevant to hadron physics, and were instead explorations of nuclear structure/binding.

For Pp
y andCp

x0, the highest recorded energy range comes from JLab [49], which reached a photon

energy of 2.4 GeV (data shown on Fig. 3.1). The scarcity of high-energy polarisation measurements

puts emphasis on the need for more such analyses. It is expected that many such analyses will become

feasible through the novel technique described in this thesis.
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Fig. 3.1 Figure taken from [32]. Dashed lines show "off-shell" predictions of protonPp
y andCp

x0 at
qsc = 90� . Measurements from [49] also presented.

3.2 MAMI Analysis (2023)

M. Bashkanovet al. published the �rst measurements of neutronCx0 in deuteron photo-disintegration

in 2023 [1]. This measurement (shown in Fig. 3.2) givesCx0 as a function of neutron scattering

angle,qN and photon energy,Eg, which includes a wide angular coverage and an energy range of

300-700 MeV. As with M. Bashkanovet al.'s previously discussed analysis [42], a particular interest

was given to the region of thed� (2380) resonance.

The Mainzer Microtron (MAMI) facility [43, 44], on which this analysis is based, bene�ts from

dedicated polarimetry equipment. A new large acceptance neutron polarimeter [50] was utilised in the

experiment, which relies on a12C(n,p) charge exchange reaction occurring inside a graphite cylinder

which surrounds the target. The well-understood scattering reaction,np! pn, allows for the neutron

polarisation to be analysed through the angular distribution of rescattered protons. This two step

reaction allows Eq. (2.2) to be further simpli�ed to an equation of the form:

ds
dW

=
�

ds
dW

�

0

�
1+ Cx0 � P�

g � Aysinf sc+ PyAycosf sc
�

(3.1)

WhereAy is the analysing power of the charge exchange scattering reaction, andf sc is the

azimuthal scattering angle of the rescattered proton, with respect to the recoil neutron (the full reaction

is visualised later in Fig. 5.1). Note thatCz0 has zero contribution, and is therefore neglected (to be

explained in Sec. 5.3). This avoids an additional dimensional parameter.
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In order to extractCx0, it was parameterised as a continuous function depending onqN and Eg. Py

was left as a single free parameter (shown to have negligible effect), further simplifying the analysis.

This ultimately allowsCx0 to be described as a surface of values. The techniques used to acquire these

results will be explained in more detail in Chap. 5, as the analysis within this thesis follows a similar

procedure.

As seen in Fig. 3.2, this published measurement ofCx0 covers a good range of photon energies,

including the region of thed� (2380) resonance. However the result is subject to large statistical and

systematic uncertainties. This incentivises a higher statistics analysis that follows the same procedure.

It is also desirable to extend the energy range to cover the hard scattering regime. M. Bashkanovet al.

also provides a visualisation ofCx0 values at �xed angles, providing functions ofCx0 with respect to

Eg, shown in Fig. 3.3. This allows a direct comparison to previous theoretical and experiment values

of bothCn
x0 andCp

x0. VisualisingCp
x0 alongsideCn

x0 is important in the context ofd� (2380), as both

recoiling product particle spins must be measured to infer the spin-3d� (2380) particle.
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Fig. 3.2 Published measurements of neutronCx0 in deuteron photo-disintegration from [1]. Showing
(top) two-dimensionalCn

x0 dependence as a function of neutron centre-of-mass angle,QCM
n and photon

energy, Eg. The middle (bottom) plot shows the corresponding statistical (systematic) uncertainties.
Contour lines of the systematic uncertainties around 0.4 and 0.8 are also shown on the top and middle
plots as dash-dotted lines. The vertical lines show the nominald� (2380) pole position (solid) and
width (dashed) as given by [51, 52].
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Fig. 3.3 Taken from [1].Cx0 for QCM
n = 90�

(top) andQCM
n = 60� (bottom) are shown as a

light grey line with statistical errors as a grey
band and systematic errors as the hatched area
on the bottom axis of each plot. Previous
Cp

x0 from [53] are shown as red markers.
Calculations forCp

x from [54] and [55] are
shown as solid and dashed lines respectively.
Calculations forCp

x (red) andCn
x (blue) from

A. Fix are shown as dotted lines. Vertical
lines show nominal d* pole position (solid)
and width (dashed).




	Abstract
	Table of contents
	List of figures
	List of tables
	Acknowledgements
	Declaration
	1 Introduction
	1.1 The Standard Model
	1.2 Hadrons
	1.3 Spin
	1.4 Isospin
	1.5 Cross Sectioncross-section
	1.6 Polarisation Analysis
	1.6.1 Photon Polarisation
	1.6.2 Neutron Polarisation
	1.6.3 Polarisation Observables


	2 Motivation
	2.1 Deuteron Photo-disintegration
	2.1.1 Probing Higher Energies

	2.2 Dibaryons and Hexaquarks
	2.2.1 d*(2380)
	2.2.2 Dibaryon Multiplets

	2.3 Short Range Correlations

	3 Past Measurements
	3.1 Historic Experimental Status
	3.1.1 Regarding Energy Ranges

	3.2 MAMI Analysis (2023)

	4 Experimental Facility - Jefferson Lab
	4.1 CEBAF
	4.1.1 The Injector
	4.1.2 Linear Accelerators
	4.1.3 Recirculation Arcs
	4.1.4 Beam Delivery

	4.2 Hall B
	4.2.1 The Bremsstrahlung Tagging Facility

	4.3 CLAS
	4.3.1 The Start Counter (SC)
	4.3.2 Torus Magnet
	4.3.3 Drift Chambers (DC)
	4.3.4 Cherenkov counters (CC)
	4.3.5 Time-of-Flight Counters (TOF)
	4.3.6 Electromagnetic Calorimeters (EC and LAC)
	4.3.7 Triggers and Data Acquisition (DAQ)

	4.4 The E-06-103 experiment (g13)
	4.4.1 The Cryo-target
	4.4.2 Data Corrections


	5 Analysis
	5.1 The Reaction of Interest
	5.1.1 Angle Definitions

	5.2 Event Selection
	5.2.1 Preliminary Skim
	5.2.2 Defining p1 and p2 Using DOCA
	5.2.3  Selection
	5.2.4 Photon Coincidence Time
	5.2.5 POCA Z-vertex Selection
	5.2.6 Diametric SC Paddle Restriction
	5.2.7 Missing Pion Mass Cut
	5.2.8 Final 2D missing mass selection
	5.2.9 Data reduction summary

	5.3 Cx' extraction
	5.3.1 Analysing Power Ay
	5.3.2 Maximum Likelihood Introduction
	5.3.3 Minimum Log-likelihood Formula
	5.3.4 Parameterisation
	5.3.5 Minimisation
	5.3.6 Background Cx' Measurement
	5.3.7 Sideband Subtraction
	5.3.8 Systematic Uncertainty of Py
	5.3.9 Capturing Statistical Uncertainty (Bootstrap technique)
	5.3.10 Statistical Error Propagation
	5.3.11 Assuming Background Cx' = 0
	5.3.12 Binned Asymmetries Method


	6 Results
	7 Future Work
	7.1 Including g13b
	7.2 Systematic Studies
	7.2.1 Data Selection
	7.2.2 Method of Cx' Extraction
	7.2.3 Cx' Parameterisation
	7.2.4 Signal Ratio Variation
	7.2.5  Cx'BG Variation

	7.3 Measuring Py
	7.4 Extending to CLAS12 and the SVT
	7.4.1 Other Detector Systems


	Bibliography
	Appendix A Establishing the electron efficiency of CLAS12's Forward Tagger
	A.1 Experimental Setup
	A.2 Analysis
	A.3 Formula to remove background contributions
	A.4 Establishing R
	A.5 Establishing EffBG
	A.6 Considering Electron Theta
	A.7 Results

	Appendix B Relativistic Kinematics
	Appendix C Supplementary Formulae
	C.1 DOCA formula
	C.2 Cx' sideband subtraction
	C.2.1 Deriving Cx'
	C.2.2 Origins of Variable Errors



