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Abstract

This analysis note presents the first measurement of the E double-polarisation

observable for the exclusive γn → K+Σ− reaction using a polarised hydrogen-

deuterium target from the g14 (HDice) run period at CLAS. Circularly polarised

photons of energies between 1.1 and 2.3 GeV were used, with results shown in

200 MeV bins in Eγ and bins of 0.4 in cos θC.M.
K+ .

The g14 experiment ran, and data were collected, during the period December

2011 to May 2012.
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Preface

The material for this analysis note is based on the CLAS thesis “First

Measurement of the E Double-polarization Observable for the γn→ K+Σ− with

CLAS & a New Forward Tagger Hodoscope for CLAS12” by Jamie A. Fleming

(November 2016)1.

1https://www.jlab.org/Hall-B/general/thesis/Fleming_thesis.pdf
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Chapter 11

Introduction2

Experiments involving photoproduction are now commonly used in order to study3

the excitation spectrum of the nucleon. In this chapter, the motivation for such4

experiments will be discussed, as well as the method for extracting the E double-5

polarisation observable. The basis of the theoretical models used to compare with6

data will also be discussed.7

1.1 Motivation8

Establishing the excitation spectrum of the nucleon would be a key advance to9

further our understanding of nucleon structure and Quantum Chromodynamics10

(QCD). Recent theoretical advances allow predictions of the excitation spectrum11

of the nucleon and other nucleon properties directly from QCD in the non-12

perturbative regime, via numerical methods (such as Lattice QCD), which13

complements existing phenomenological theories such as constituent quark14

models. The excited states are predicted to have different couplings to the proton15

and neutron; experimental data on neutron targets is therefore of paramount16

importance for a full determination of the spectrum.17

1



1.2. Extracting the E Double-Polarisation Observable

1.2 Extracting the E Double-Polarisation Ob-18

servable19

The channel described in this note is the γn→ K+Σ− with a circularly polarised20

photon beam and a longitudinally polarised neutron target.21

The differential cross section for meson photoproduction from a polarised22

nucleon target using a polarised photon beam, can be separated into three23

expressions dependent upon the type of double-polarisation experiment being24

conducted [1]. Considering an experiment with polarised photons incident on a25

polarised target:26

dσ

dΩ
=

(
dσ

dΩ

)
0

[1− PlinΣ cos(2φ)

+ Px(−PlinH sin(2φ) + PcircF)

+ Py(T− PlinP cos(2φ))

+ Pz(PlinG sin(2φ)− PcircE)].

(1.1)

Considering an experiment with Beam-Recoil measurements:27

dσ

dΩ
=

(
dσ

dΩ

)
0

[1− PlinΣ cos(2φ)

+ Px′(−PlinOx′ sin(2φ)− PcircCx′)

+ Py′(P− PlinT cos(2φ))

+ Pz′(−PlinOz′ sin(2φ)− PcircCz′)].

(1.2)

Finally, considering an experiment with Target-Recoil measurements:28

dσ

dΩ
=

(
dσ

dΩ

)
0

[1 + PyT + Py′P

+ Px′(PxTx′ − PzLx′)

+ Py′PyΣ

+ Pz′(PxTz′ + PzLz′)].

(1.3)

2



1.3. Theoretical Models for Meson Photoproduction

In this analysis note, the observable of interest is the Beam-Target observable29

E. In order to isolate the observable E, a circularly polarised photon beam and30

a longitudinally polarised target must be used. Other components of the target31

polarisation are therefore zero, Px = Py = 0, while there is no contribution from32

a linearly polarised photon beam, Plin = 0. We simplify our expression for the33

Beam-Target differential cross section, Equation 1.1, using these conditions:34

dσ

dΩ
=

(
dσ

dΩ

)
0

[1− PγP⊕E], (1.4)

35

where Pγ is the polarisation of the incident photon and P⊕ is the polarisation of36

the target. The observable E can be extracted from the beam-asymmetry [2], A,37

which is defined as:38

A =
N 1

2
(→⇐)−N 3

2
(←⇐)

N 1
2
(→⇒) +N 3

2
(←⇒)

, (1.5)

where N represents the appropriate number of events for the corresponding target39

(→) and beam (⇒) polarisation vectors. The beam-asymmetry is then used in40

conjunction with the target and photon polarisations to give an expression for41

the double-polarisation observable E:42

E =
1

PγP⊕
A. (1.6)

1.3 Theoretical Models for Meson Photopro-43

duction44

Information on the nucleon resonance spectrum is extracted by fitting a model45

to experimental data and fitting parameters in the model to extract the masses,46

widths and quantum numbers of the contributing resonances [3]. This fitting47

separates the contributions from different angular momenta, referred to as a48

Partial W ave Analysis (PWA) [4].49

These models consider the processes as being comprised of a resonant and50

background component. These components are parametrised and extracted51

from the experimental data through fitting. As with many models, the more52

3



1.3. Theoretical Models for Meson Photoproduction

experimental data which is available, the more constraints can be placed upon53

the reaction channel to provide more accurate and less ambiguous results.54

If we consider a generic reaction where we have a photon-nucleon interaction,55

a, with some intermediate resonance state, c, which finally ends in a meson-56

nucleon system, b, the Hamiltonian can be written as:57

H = H0 + V , (1.7)

where the first term is the free Hamiltonian, H0, and the second is the interaction58

term, V . As is a common feature of reaction models, this interaction term is split59

into a resonant component, VR, and a background component, VB:60

V = VR(E) + VB, (1.8)

where the resonant component is a function of the total energy, E.61

The probability of the process to occur is governed by a transition matrix,62

Tba, which can be similarly reduced into components:63

Tba(E) = TRba(E) + TBba. (1.9)

The resonant component of this transition matrix can be expanded by64

summing over all possible paths in the process a → c → b, and introducing65

a propagator of state c, gc:66

Tba(E) =
∑
c

Vbagc(E)Tbc(E) + Vba. (1.10)

1.3.1 Isobar Models67

Isobar models attempt to use an effective Lagrangian to simulate the properties68

of interactions. They do this by evaluating tree-level Feynman diagrams for the69

resonant and non-resonant exchange of mesons and baryons. By considering70

the possible exchanges which take place in s-, t- and u-channel reactions, excited71

states can be identified. This tree-level method is useful to simplify the interaction72

to first order, but neglects to take into account effects such as interactions in the73

final state or coupled-channel effects.74

The isobar model we will consider in this analysis note is the KaonMAID75

4



1.3. Theoretical Models for Meson Photoproduction

model [5]1. The model considers low-order diagrams for the interaction, which76

are then split into resonant and non-resonant terms (Born terms). The s-channel77

mechanism represents the resonant contributions, while the t- and u-channel78

mechanisms represent the background contribution.79

These isobar models have seen much use in the energy region under 2 GeV80

due to the smaller importance of higher order diagrams and Born terms at lower81

energies. The models attempt to produce theoretical predictions of polarisation82

observables using various combinations of resonances, which allows for comparison83

between data and prediction in order to infer the presence or absence of a84

resonance. This is not a trivial procedure as many partial waves can be present85

and interfere strongly.86

1.3.2 Coupled-Channel Analysis87

Coupled-Channel (CC) analysis is an attempt to improve the accuracy of the88

isobar model to include final state particle interactions, as well as intermediate89

states such as πN2. These processes can be described as production of a non-90

resonant state which rescatters from the nucleon in order to produce a resonance.91

Coupled-channel analysis also hopes to reduce the ambiguity of resonance92

combinations used to fit data [6]. As it is possible for more than one combination93

of resonances to fit the data well, this disambiguous nature can be removed by94

considering multiple observables on multiple final states. This analysis method95

allows more constraints to be added to the channel which acts as a filter to remove96

resonances which do not contribute to the final state.97

The model we consider in this analysis note is the Bonn-Gatchina (BoGa)98

model3. This coupled-channel model aims to consider multiple decay channels at99

once, with angular and energy dependencies of different observables are analysed100

simultaneously [7]. This provides stable fits for partial waves with high spin and101

provides a smooth behaviour in energy.102

Two particle final states, such as πN , ηN , KΛ, KΣ, ωN and K∗Λ are103

1Maintained and developed by the Institut für Kernphysik, Universität Mainz, Germany.
2Amplitudes of γN → πN process is thought to play a considerable effect in the overall

process γN → πN → KY , where Y is a final state hyperon.
3Maintained and developed by the Helmholtz-Institut für Strahlen- und Kernphysik,

Universität Bonn, Germany; and Kurchatov Institute, Petersburg N uclear Physics Institute
(PNPI), Gatchina, Russia.
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1.3. Theoretical Models for Meson Photoproduction

fitted with the χ2 method. At fixed energies, the unpolarised cross section of104

pseudoscalar mesons is characterised by the differential cross section only. For105

vector mesons however, the unpolarised cross section is characterised by the106

differential cross section and three spin density matrix elements.107
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Chapter 2108

The g14 Experiment109

In this chapter, the data obtained from the g14 run period will be discussed. This110

includes an overview of the HDice target, and details such as run conditions, data111

skimming methods and corrections made to CLAS data.112

2.1 The HDice Target113

The target was designed such that it would be able to achieve high polarisation of114

both “free” protons (from Hydrogen) and neutrons (from Deuterium) with frozen115

spins (‘ice’).116

The advantage of using HD as a polarised (bound) neutron target is manyfold.117

Firstly, the HD target material requires conditions (with respect to magnetic118

field and temperature) achievable in CLAS and it can maintain its polarisation119

for long periods under experimental conditions. Secondly, when compared to120

other bound neutron targets, such as ammonia and butanol (as in the FROST121

target at CLAS [8]), there is less background from unpolarised target material.122

Thirdly, it contains also a highly polarisable proton source.123

In principle very high polarisations are achievable for this set-up; as high124

as 90% H polarisation and up to 60% D polarisation [9] [10]. The drawbacks125

for such a target are that the handling procedures are complex and, as was126

experienced during the g14 run, the risk of losing target polarisation is significant.127

Compounding this, while polarisation can quickly be lost, if no targets are waiting128

to replace a failed target, new targets take months to properly produce.129
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2.1. The HDice Target

2.1.1 HD-ice Target Geometry130

The cells used for the HDice target have dimensions of 15 mmφ × 50 mm; an131

exploded-view of a target cell is shown in Figure 2.1.132

Figure 2.1: Photograph of a deconstructed HDice target, showing the cell, copper

ring and aluminium wires [10].

The aluminium wires are used to mitigate any heat build up in the solid133

HD, these are inserted into holes in a copper ring. This copper ring is double-134

threaded such that it allows the cell to be transferred between dewers without135

violating the magnetic field or temperature conditions. The cell walls are made136

from PolyChloroT riF luoroE thylene (PCTFE - C2ClF3), also referred to as137

KelF , which provides a clean cell with no background for H and D from N uclear138

M agnetic Resonance (NMR) measurements. A more detailed schematic of a139

constructed HD target is shown in Figure 2.2.140

Figure 2.2: HD target schematic, indicating dimensions within the target[11].
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2.2. g14 Run Overview

The constituent materials in the target are broken down into their relative141

abundances in Table 2.1.142

Material Abundance (%)

HD 77

Al 16

KelF 7

Table 2.1: Target material abundances by mass.

2.1.2 Produced Targets143

Only three targets were produced for use with production running during g14,144

although others were used for beam tests. The details of these targets are145

presented in Table 2.2.146

Target Cell Cell Name ρ(g/cm2) ρ wrt 21a Beam Conditions Used

21a Silver 0.028 1.0 Circularly polarised

19b Gold 0.020 0.70 Circularly/linearly polarised

22b Last 0.027 0.96 Linearly polarised

Table 2.2: Summary of the targets produced for the g14 run period and their

characteristics.

2.2 g14 Run Overview147

The g14 run period, also known as the HDice experiment, ran for seven months148

from November 2011 to May 2012. The dataset was subdivided into smaller149

sets based on conditions such as the target cell used, its polarisation and the150

polarisation direction. A breakdown of these periods are shown in Table 2.3.151

Unfortunately during the run period several incidents occurred which led to152

accidental reduction of target polarisation. These occurred in both target 21a153

(periods labelled Silver1/2/3/4/5) and in target 19b (Gold2). At the end of154
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2.2. g14 Run Overview

Silver5b the target lost almost all polarisation; subsequently the 21a target155

was used in order to take data for an empty target. This is a target which156

contains no polarised material, only unpolarised HD. Note that for empty157

target data it is necessary to produce runs with both positive and negative158

torus setting, to account for any differing acceptance effects; these were labelled159

emptyA and emptyB for negative and positive torus settings respectively. Due160

to the unexpected drop in polarisation seen in Silver5b, another target had to161

be installed prematurely, before it was fully polarised and ready for data taking.162

Target 19b was substituted for the 21a target, giving a good set of runs with163

highly polarised HD.164

2.2.1 Estimating Target Polarisations for Periods Silver 4165

and 5166

Some discrepancies were raised with initial results obtained from the Silver4 and167

5 periods. This manifested in a drop in the magnitude of the E observable when168

compared to other periods. This indicated that the true polarisation values for169

Silver4 and 5 were smaller than originally calculated using NMR measurements.170

Members of the g14 group1 studied this issue using the γn → π−p reaction, in171

order to see what the target polarisation would have had to be to produce the172

same E asymmetry in π−p as seen in the Gold2 period, assuming compatible173

and comparable beam helicities. The study indicated a disparity of the values174

given for the target polarisation using the NMR and what was seen for the target175

polarisation of the Silver4 and 5 periods.176

Experimentally, at the start of the Silver4 period the target was rotated177

from spin +Z, parallel to the beam momentum, to −Z anti-parallel to the beam178

momentum. During this process it was noted that there were some mechanical179

failures, although it is not believed that any of these issues should have caused180

significant polarisation loss and it is not known why there should be any disparity181

with the NMR measurement.182

The result from the NMR was given as ∼ 25% whereas the analysis method183

gave a target polarisation of only ∼ 6%. The true cause of this is unknown and184

still being considered within the group.185

1Dao Ho and Peng Peng were responsible for providing this study to the group.
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2.3. Organisation of the g14 Data

2.3 Organisation of the g14 Data186

Data is collected from detectors into Bank Object System (BOS) files [13].187

The dataset is then cooked, where it is converted into usable variables such as188

charge, momentum and particle beta. The cooking was done using the CLAS189

reconstruction and analysis package RECIS and was overseen by the g14 “chef”,190

Franz Klein.191

After the cooking was completed, each detector went though a detailed192

calibration procedure. These were to apply individual corrections to the data193

for each subsystem; ensuring consistency across all runs and indicating potential194

problems. Responsibility for these calibrations were split across the g14 group,195

indicated in Table 2.4.196

Calibration Responsible Prerequisite

Tagger Natalie Walford None

Time-of-Flight Haiyun Lu Tagger

Start Counter Jamie Fleming Tagger

Drift Chamber Dao Ho Time-of-flight & Start Counter

Drift Chamber Alignment Franz Klein Drift Chamber

Electromagnetic Calorimeter Irene Zonta Time-of-flight & Start Counter

Table 2.4: Calibration responsibilities and prerequisites.

Once calibration is completed the datasets are cooked once again, allowing197

for the new calibration constants for all subsystems to be used. This iterative198

calibration-cooking cycle is continued until the calibration of the data is of a high199

standard and there are no misalignment artefacts in the data2.200

The files produced after cooking are in a compact ROOT Data Summary201

Tape (DST) format, which contains banks of the physical variables allowing for202

the reconstruction of events.203

The analysis for this note was completed using an analysis framework204

based around the (C++ based) object-orientated ROOT framework from CERN205

2Detector calibrations are considered in the recent g14 analysis note for the channel π−p
[14].
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2.4. Data Banks and Skimming

[15]. This framework is named ROOT Bank Event Extraction Routines206

(ROOTBEER), which allows the reading of DST files in a form which is207

independent of CLAS analysis programs and allowing analysis code to be made208

into executables [16].209

2.4 Data Banks and Skimming210

The information reconstructed for each event is stored in “banks”, which can be211

considered as tables of information stored independently for each event. These212

banks are numerous and organised in various ways, such as by detector or by213

reconstruction method.214

2.4.1 Banks215

During the process of data reduction, banks can be kept or removed as required.216

From the complete list of banks retained from the skim3 only a handful were used217

in the final analysis, although others were useful for diagnostic purposes. The218

main bank used in the analysis was the GPID bank [17].219

The GPID bank contains particle information, as well as information from the220

time-of-flight scintillators, start counter and tagger. Initially during the selection221

the Particle IDentification (PID) variable of this bank was used as some initial222

particle selection, though this is not a very robust method. The PID variable223

was mainly considered for some initial diagnostic tests and was later dropped in224

favour of a more robust method of selection.225

The PID variable is defined as follows; the momentum is determined from the226

bending of the particles in the DC magnetic field. From this, values of the particle227

β are trialled using the PDG particle masses. The value of β is measured using228

time-of-flight information and the difference between these measured values and229

the trail values are minimised. This best suited identity is then assigned to the230

particle. This method has associated issues, particularly when particle corrections231

are not taken into account and particularly struggles to separate pions and kaons232

at high momenta.233

3The full bank list is as follows: HEAD, TGBI, EPIC, CL01, ECHB, SCRC, STRE, TAGR,
HBTR, HDPL, TBER, TDPL, MVRT, VERT, RGLK, PART, HBID, TBID, GPID, HEVT,
EVNT, DCPB, TRPB, ECPB, SCPB, STPB, TGPB.
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2.4. Data Banks and Skimming

Other banks used in this analysis are outlined below:234

• HEAD: Bank containing information about the run; primarily used to235

obtain the number of the current run.236

• MVRT: Bank containing information about the event vertex.237

• TBID: Bank containing information about time-based particle ID; us-238

ing details from the time-of-flight, Cherenkov counter, electromagnetic239

calorimeter, start counter and large angle calorimeter.240

• TAGR: Bank containing information from the photon tagger; primarily used241

for the selection of the event photon.242

2.4.2 K+Σ− Skim243

The skim used in this analysis was an exclusive K+Σ− skim. The particle244

identification for charged tracks were taken from the EVNT or PART banks of245

CLAS, and selecting particle β using momentum p (in GeV ): βmin < β < βmax.246

The full requirements of the K+Σ− skim were as follows:247

• Pions:248

βmin =
p√

p2 + 0.32
− 0.03,

βmax =
p√

p2 + 0.052
+ 0.03.

(2.1)

• Kaons:249

βmin =
p√

p2 + 0.62
− 0.05,

βmax =
p√

p2 + 0.42
+ 0.05.

(2.2)

• Protons:250

βmin =
p√

p2 + 1.12
− 0.06,

βmax =
p√

p2 + 0.82
+ 0.06.

(2.3)
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2.5. Applied Corrections to Data

• Z vertex distance for a π+π− pair must be < 2.0 cm.251

• No particle identification cut for neutral particles.252

• Event particles: K+ = 1, π− = 1, π+ = 0, p = 0, neutrals < 3.253

2.4.3 Selection of Experimental Data to be Analysed254

Some individual files and runs were removed due to poor quality data or corrupted255

files. This included runs which were not production quality, either due to the256

stability of the beam delivered to the Hall or simply that these runs were designed257

for some diagnostic reason. The removal of these data was primarily carried out258

during cooking and calibration phases.259

2.5 Applied Corrections to Data260

Although the data had undergone a cycle of calibration and cooking, other261

corrections were still required. These are to account for various systematic effects262

of detectors and the energy loss of particles during detection.263

2.5.1 Kinematic Fitting264

A measured quantity, the particle 4-vector, must fulfil certain kinematic con-265

straints, such as the conservation of momentum. Since these measured quantities266

have some associated uncertainty, the constraints are not perfectly satisfied. The267

constraint boundaries can then be used to slightly change the measured values,268

within the parameters of their uncertainties, without breaking conservation.269

The goal of kinematic fitting is to have an event-by-event least squares fitting270

to ensure the measured values fulfil the constraints. The software used for this271

iterative procedure was developed at Carnegie M ellon U niversity (CMU) [18]272

[19].273

Least squares fitting, utilises the minimisation of the sum of the squares of274

the data offsets from some fit, commonly referred to as residuals. If we consider275

the sum of the residuals for a set of n points for some function f :276

R2 =
∑
i

[yi − f(xi, a1, a2, ..., an)]2, (2.4)
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2.5. Applied Corrections to Data

where yi is the measured value for each of the n events.277

The sum of the squares is used so we can exploit the fact that the residuals278

can be treated as a continuous differentiable quantity. This does mean however279

that outlying points are given disproportionately large weighting due to the280

construction of R2. The condition to minimise R2 for some dataset i = 1, ..., n is:281

∂(R2)

∂ai
= 0. (2.5)

If some measurable quantity is considered, we can write:282

−→η = −→y +−→ε , (2.6)

where −→y are the estimator variables as given by a fit and −→ε are the set of283

deviations needed to shift the observed values of −→η to satisfy the constraints.284

Ideally these shifts in −→η should have a Gaussian distribution around zero. The285

shift distributions are checked at each iteration, which is done by using pull286

distributions in order to measure the relative difference of the values and their287

uncertainties, reminiscent of the residuals. The pulls are defined as:288

z =
ηit − yit
σ2
ηit
− σ2

yit

. (2.7)

The iterations continue until they converge on an ideal Gaussian distribution,289

µ = 0;σ2 = 1.290

2.5.2 CLAS tracking parameters291

Three separate coordinate systems are used in CLAS. These are the tracking292

system, lab system and sector system. It is important to consider the transition293

from the tracking system to the lab system within CLAS for use with the294

correction methods. The track system defines x along the beam line; y through295

the sector centre and z along the average magnetic field direction. Whilst the lab296

system defines the x through the centre of sector 1; y is vertically upwards and z297

is along the direction of the beam line. These systems are shown in Figure 2.3.298
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2.5. Applied Corrections to Data

Figure 2.3: Diagram outlining the two coordinate systems used in CLAS [20].

The track system can be related to the lab system as follows:299 
xtrack

ytrack

ztrack

 =


zlab

cos(α)xlab + sin(α)ylab

− sin(α)xlab + cos(α)ylab

 , (2.8)

where α = π
3
(Nsector − 1).300

The momenta of the tracks are considered in terms of the ratio of momentum301

and charge, q/|p|, the dipolar angle relative to the sector plane, λ and the angle302

in the sector plane relative to the xtrack axis, φ [21]:303 
pxlab

pylab

pzlab

 =


p(cos(λ) sin(φ) cos(α)− sin(λ) sin(α))

p(cos(λ) sin(φ) sin(α) + sin(λ) cos(α))

p cos(λ) cos(φ)

 . (2.9)

2.5.3 Energy Loss Correction304

CLAS uses the curvature of charged particle tracks in the DC to determine305

particle momentum. However, the code used during the reconstruction does not306

take into account the energy loss due to material the particle encounters before307

it reaches the drift chambers. This becomes critically important for photon runs308
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2.5. Applied Corrections to Data

as the start counter is placed surrounding the target, removing yet more energy.309

This is particularly important for low momentum particles which lose their energy310

easily. The Eloss software4 attempts to correct for these energy losses.311

From the event vertex to the drift chambers, the particle must pass through312

a significant amount of material such as the start counter paddles, beam pipe313

and target cell material/wall. The software looks at the path of the particle to314

identify which materials it has passed through. The thicknesses of the various315

materials are calculated and the software attempts to correct the 4-vector for the316

energy which would be lost in the material. Although this has been done for many317

previous experiments at CLAS, the software target was updated specifically for318

the HDice target geometry and material [22].319

2.5.4 Momentum Correction320

The goal of using a correction to particle momentum is to improve the resolution321

of the data; for the g14 period this was done using kinematic fitting. Several322

factors lead to the need for momentum corrections after the calibration phase.323

The CLAS reconstruction momentum is taken from DC information; which means324

that any errors in the alignment of the DC or inaccuracies in the field map will325

be propagated into the reconstructed momenta. The reaction γp → pπ+π− was326

studied to obtain the corrections. The Eloss correction was applied to the final327

state particles before the event was kinematically fitted.328

The correction works in terms of considering three hypotheses; wherein one329

of the final state particles is considered “missing”:330

• γp→ (p)missingπ
+π−,331

• γp→ p(π+)missingπ
−,332

• γp→ pπ+(π−)missing.333

The corrections applied are:334

∆px = pkfitx − pmeasx ,

∆λx = λkfitx − λmeasx ,

∆φx = φkfitx − φmeasx ,

(2.10)

4The Eloss software was written and updated for the g14 run by Eugene Pasyuk of Jefferson
Lab.
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where p is the magnitude of the momentum vector; λ is the dipolar angle relative335

to the sectors (x, y) for the track and φ is the angle of the xtrack relative to the336

(x, y) plane.337

2.5.5 Tagger Correction338

An additional correction must be added to the tagger after calibration, as339

alignment issues lead to photon energies being reconstructed with some offset [21].340

This misalignment comes from the weight of the paddles over time moving them341

from their original alignment, leading to inaccurate values given by certain tagger342

channels. Note that these corrections will also differ according to the energy of343

the electron beam and so must be considered for each beam setting. The reaction344

γp→ pπ+π− was again studied after the Eloss correction was applied. The events345

were then kinematically fitted, and events with a Confidence Level (CL) greater346

than 10% were used to determine the correction. The correction for each beam347

energy, Ebeam is:348

∆Etag =
Ekfit
γ − Emeas

γ

Ebeam
, (2.11)

where Ekfit
γ is the photon energy value from the kinematic fitting and Emeas

γ is349

the photon energy from the tagger system. The correction was then used for the350

associated beam period and then for each tagger paddle on an event-by-event351

basis.352

2.5.6 Neutron Vertex Correction353

If the neutron was able to be reliably detected and the complete final stateK+π−n354

identified, more corrections would need to be made. This consideration is not355

required for this work but would become important during any higher statistics356

experiments.357

Neutrons are detected finally in the CLAS EC. Due to the large interaction358

length for the neutron in the EC, it is difficult to accurately pinpoint the hit359

coordinates. Any offsets in the interaction vertex within the EC can be considered360

using a careful study of the channel γD → π+π−pn. This takes advantage of361

a common production vertex, therefore giving a reliable neutron vertex in the362

target.363
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When considering the K+Σ− channel rather than π+π−pn, there is a subtlety.364

The neutron that we would consider has a displaced vertex as the decay length of365

the Σ− is ∼ 4.43cm. Although generally when CLAS assigns vertex it chooses the366

vertex of the fastest particle in the event (e.g. a fast π±). This is usually a good367

approximation when the neutron comes from the primary interaction vertex, but368

something more subtle would have to be considered and studied to have some369

idea what influence this vertex choice would have in the data.370

These neutron corrections were implemented in the previous measurements in371

CLAS [23] [24].372
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Chapter 3373

γN → K+Σ− Event Selection374

This chapter details the use of the g14 period dataset to reconstruct and identify375

the reaction yield of:376

γn→ K+Σ− → K+π−n. (3.1)

3.1 Outline377

The g14 experiment is one of the first measurements of the photoproduction of378

mesons from a polarised neutron target and will be instrumental in the world379

programme to better establish the excitation spectrum of the nucleon. Expected380

rates are given in [10] as ratios to other decay channels. It is expected that the381

cross section of K+Σ− is one fifth of the cross section of K0Λ. An estimate of382

K0Λ was made by JLab of 104 events for the experimental period, giving 2000383

expected events for K+Σ−. It has since been thought that this initial ratio of384

1 : 5 is a large underestimate, from a relative comparison of other run periods.385

Previous experiments at JLab have shown that this ratio may be much closer386

to 1 : 11. Since this was clearly uncertain, a rough event study was undertaken387

before the full analysis was initiated. This study confirmed that enough events388

were present to warrant a complete analysis.389

This channel is particularly challenging for several reasons other than the low390

relative cross section. Firstly, power of the polarisation observable measurement391

is correlated with the available target polarisation, which was predicted to be able392

1From private correspondence with Franz Klein.
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3.2. Event Selection

to have values of 75% for H and 40% for D. In practice typical values of 15-25%393

were obtained for both H and D. Secondly, CLAS itself was not designed as a394

neutral particle detector, with a neutron efficiency of only 5-7% [10], so with a395

final state neutron this becomes problematic. Misidentification is also a concern,396

specifically the false ID of K+ as π+. Finally, because the target neutron is bound397

inside deuterium, there will be Fermi motion of the nucleon.398

3.2 Event Selection399

After the data is skimmed, as outlined in Section 2.4.2, the files were transferred400

to a storage space at the University of Edinburgh. These individual run files401

were arranged and merged into periods as outlined in Table 2.3. Once this was402

complete the event selection procedure could begin. Each stage of selection was403

carefully monitored in terms of statistics of events removed, in order to ensure404

sensible reductions.405

3.2.1 Coarse Data Reduction406

The skimmed CLAS data contains the events of interest, as well as other reaction407

channels not studied in this analysis note. Initial coarse selection cuts were408

applied to the skimmed data to further reduced the data sample.409

The multiplicity of an event is the number of particles successfully identified410

in the final state. Of course, ideally for this analysis all three final state particles411

would be identified, K+π−n. However, due to the restrictions of CLAS to identify412

neutral particles this is not always possible. This means that the two particles,413

non-exclusive, final state, K+π−, where the neutron has not been detected414

is the primary consideration. For this case the (undetected) neutron can be415

reconstructed from the missing mass : γn → K+π−X. Mx can be evaluated on416

an event-by-event basis to select neutron candidates from the reaction yield.417

By considering the hit multiplicity in CLAS and selecting events with two and418

three particle final states we can reduce the data to be processed. Furthermore,419

we can improve the quality of the data selected by requiring that events also have420

a valid hit in the tagger. The distribution of the selected final states are shown421

in Figure 3.1:422
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3.2. Event Selection

Figure 3.1: Event multiplicity selection.

• 2 or 3 final state particles and a corresponding hit in the tagger.423

Events which do not meet this requirement are removed from the analysis.424

3.2.2 Detector Hits425

Some simple detector requirements can be used to attempt to identify “good”426

events. That is to say, that events are required to have a certain amount of427

information associated with it. The requirements are as follows:428

• All events require at least one corresponding hit in the focal plane detector.429

• All charged particles require a valid event in the drift chamber and the430

time-of-flight paddles.431

• All charged particles require a charge of only one unit.432

• All neutral particles require a valid hit in the electromagnetic calorimeter433

and no hit in the DC.434

Events which do not meet these requirements are removed from the analysis.435
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3.2.3 Particle Mass2 Windows436

The particle mass is calculated using the momentum from the track curvature437

and the particle velocity:438

M2
calc =

p2(1− β2)

β2
. (3.2)

Events of interest in the analysis were kept using a selection on the mass of439

the particles of interest (K+ or π−). A typical mass squared spectra for positive440

particles in CLAS is shown in 3.2. The particle selection cuts were kept wide for441

this initial stage, as refinements to the energy and momentum reconstruction of442

the particles can be carried out at a later stage, as described in Section 2.5.443

Figure 3.2: Histogram showing the mass squared distribution of positive particles

after skimming (log scale). The selection windows are shown in red.

If we consider Figure 3.2, the well defined peaks of the pion (π+), kaon444

(K+) and proton (p) can clearly be seen. For the channel of interest, the final445

state particles are initially selected using charge in tandem with the chosen M2
446

windows. The following M2 windows were chosen:447

• Kaon : 0.1 < M2
K+ < 0.49 GeV 2/c4 (PDG 0.244 GeV 2/c4).448

• Pion : 0.0 < M2
π− < 0.1 GeV 2/c4 (PDG 0.0196 GeV 2/c4).449
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Particles which do not meet these mass requirements are removed from the450

analysis. Figure 3.3 shows the mass squared distribution for all (positive, negative451

and uncharged) particles. The distribution shows similar general features to452

Figure 3.2 but there is a large neutron spike as seen at ∼ 0.88 GeV 2/c4. The453

identification of neutrons is discussed in 3.2.4.454

Figure 3.3: Histogram showing the mass squared distribution of all particles after

skimming (log scale).

Once the mass squared windows are applied, these candidates particles are455

assigned a preliminary particle identification. Further cuts improve the quality456

of this identification and remove the background which is present.457

3.2.4 Neutron Selection458

Neutral particles in CLAS are assigned a nominal value (0.939 GeV/c2), therefore459

neutrons and photons must be separated. This separation is achieved using the460

particle β; the distribution for neutral particle β is shown in Figure 3.4.461
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Figure 3.4: β distribution for neutral candidates. The selection cut is shown in

red, with neutrons falling on the left and photons on the right.

The photon peak can be clearly seen centred around β = 1, with neutron462

populating the lower β regions. In order to decide where the cut should be463

placed to differentiate neutrons and photons, the peak was fitted and the width,464

σ, extracted. To eliminate the photons from the sample, a 3σ wide exclusion465

window was applied to the data. From the extracted σ this corresponded to:466

• Neutrons βn < 0.9.467

Particles which do not meet this requirement in β are removed from the468

analysis.469

3.2.5 Topology470

Following the initial particle identification, a cut on the channel topology for the471

channel of interest was employed. This cut is dependent on the multiplicity of472

the final state:473

• If 2 final state particles; these must have the identities of K+π−.474

• if 3 final state particles; these must have the identities of K+π−n.475

Events which do not meet these requirements are removed from the analysis.476
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3.2.6 Momentum vs ∆β477

Further refinements to the particle ID are carried out by utilising the correlation478

between the independently measured momentum (from the DC) and the measured479

time-of-flight (from the SC). The momentum vs β distribution for positive and480

negative particles is shown in Figure 3.5. The proton and pion bands are clearly481

seen in red, while the kaons can be made out in between. The other bandings,482

having a more horizontal locus, can be attributed to misidentified particles. The483

shadows in the bands (i.e. a mirror band occurring at a different β) are attributed484

to events where the photon was taken to be from the wrong beam bucket and as485

the time-of-flight was calculated by using an incorrect start time. The error in486

the momentum from the track curvature is of the order of ∼ 1%, while in β it487

is up to ∼ 5% as the uncertainty comes from the time-of-flight and path length488

[25].489

Figure 3.5: Momentum vs β distribution for positive and negative particles (log

scale).

Figure 3.5 shows that at higher momenta the kaon and pion candidates490

begin to converge, particularly at > 1.5 GeV/c. At these higher momenta their491

separation becomes difficult due to the worsening β resolution and the proximity492

of their loci.493

To allow more simple particle ID regions to be identified, it is useful to present494
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the data as the difference between the calculated and measured β, referred to as495

∆β.496

The calculated β is obtained using the measured momentum and the PDG497

mass of the particle. By using the PDG mass, we assume that the particle ID is498

correct and the mass is absolute. ∆β is calculated as follows:499

βmeas =
pathDC
ctToF

, (3.3)

βcalc =

√
p2

m2
PDG + p2

, (3.4)

∆β = βmeas − βcalc. (3.5)

∆β is calculated separately for the kaon and pion candidates, with the500

distributions plotted against momenta, as shown in Figure 3.6.501
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Figure 3.6: Momentum vs ∆β distribution (log scale) for K+ candidates (upper)

and for π− candidates (lower).

If we consider the kaon plot, we can see that misidentification of π+ at this502

stage of the analysis is a large problem. Also present, are events which correspond503

to photons from adjacent beam buckets, since no timing selections have yet been504

implemented. We can remove the obvious misidentified pions, the curved band,505

by using 2D momentum dependent ∆β cuts, this is kept deliberately wide as its506

only purpose is for misID removal.507

For the π− candidates the selection is already relatively clean and we use a508

simple 3σ cut in ∆β.509

After the boundaries of the cuts were decided they were applied to the sample,510
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the result of which can be seen in Figure 3.7.511

Figure 3.7: Momentum vs ∆β distribution (log scale) for K+ candidates (upper)

and π− candidates (lower) after cuts in 2D.

Particles which do not meet these requirements in ∆β and momenta are512

removed from the analysis.513

3.2.7 Candidate Photons and Tagger ID514

Removing “accidental events” is used to clean up the timing spectra before more515

formal timing cuts are introduced. Key variables used for this are NGRF and516
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TAGRID from the GPID bank. NGRF stores the number of candidate photons517

associated with an event, while TARGID stores an indexing to the TAGR bank518

indicating which candidate photon corresponds to a particle. The requirements519

introduced were:520

• Number of candidate photons in same RF bucket, must be 1 for K+ and521

π− candidates.522

• The tagger ID of the event must be the same for both the K+ and π−,523

showing they came from the same photon.524

Events which do not meet these requirements are removed from the analysis.525

3.2.8 Photon Identification526

An important step in selection is to clarify the photon corresponding to an event.527

In order to do this, it must be shown that the timing from the tagger and ToF are528

consistent i.e. their difference is in the form of a Gaussian centred around zero.529

The tagger and the photon flight time are used to calculate the arrival time of the530

photon at the vertex, tγ. The ToF and tracking information are used to calculate531

the vertex time from CLAS, tv. The difference between these quantities should532

be minimised in order to identify the photon which most accurately represents533

the event.534

The CLAS time-of-flight vertex time is calculated as:535

tv = tSC − test,

tv = tSC −
l

cβ
,

(3.6)

where tSC is the time-of-flight with respect to the global start time, measured by536

the scintillation counters (SC) and test is the estimated time-of-flight, obtained537

by using the length of the particle track from the vertex to the SC, l.538

The photon time is calculated from the time of the photon to arrive at the539

target centre, tcentre, and the time for the photon to propagate from the target540

centre to the interaction vertex, tprop:541

tγ = tcentre + tprop. (3.7)
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The propagation time can be expanded:542

tprop =
zvert + dtarg

c
, (3.8)

where z is the coordinate of the event vertex on the beam axis and dtarg is the543

offset of the centre of the target on the z-axis2. This then gives:544

tγ = tcentre +
zvert + ztarg

c
. (3.9)

Some offset in the x and y directions will also be present due to the spot size545

of the beam (of order cm) but it should be noted that these will be comparable546

to the vertex resolution.547

The photon coincidence time can then be calculated using Equation 3.6 and548

3.9:549

∆t = tγ − tv. (3.10)

This is shown in Figure 3.8 for both kaons and pions. This plot also gives550

some indication of how well the time-of-flight and tagger were calibrated, as the551

times should be the distributed around zero; in this respect, this plot is a useful552

diagnostic aid during iterations of calibration.553

We see a clear structure oscillating at a characteristic 2 ns; the structure is554

a symptom of the beam timing, indicating these are photons from other beam555

buckets taken in as a random correlation between a particle and the event trigger.556

2In the g14 run period, the offset for the HDice target was -7.5 cm.
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3.2. Event Selection

Figure 3.8: K+ (upper) and π− (lower) timing difference between the start

counter and time-of-flight scintillators.

There is a clear background present in the kaon distribution, which is partially557

derived from the dependence of the vertex time on the momentum but the558

underlying background gives a much clearer indication that there are many559

misidentified pions in the sample. From these plots, it is clear the pions would give560

a cleaner timing selection due to the smaller background. The main consideration561

in doing this is, if we use this do we still select the same the best photon? A562

study addressing this was done and this method actually selects the same photon563

∼ 99% of the time.564

For many events there will be more than one photon registered in the tagger.565
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It is important to consider which of these is the best photon for the event. This566

is done by minimising the timing difference between the vertex and the photon567

time. As well as misidentification, the kaons are influenced by pions which come568

from hyperon decays. This occurs because the hyperon can travel some distance569

before decaying, giving a displaced vertex for these pions. It is thought that this570

is the cause for the asymmetric kaon timing spectrum seen.571

The best photon for both the kaon and pion candidates are shown in Figure572

3.9.573

Figure 3.9: K+ (upper) and π− (lower) timing difference using the selected best

photon. The selection cut is shown in red.
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Once the best photon is chosen all external beam bucket structure is removed,574

although in the case of the kaon other candidates from outside the main peak can575

still be seen. Because of this, the time correlation for the event was taken from576

the pion alone.577

The pion peak was fitted with a Gaussian and σ extracted; a 3σ selection578

was introduced to eliminate the background within the tails of the distribution.579

These backgrounds are generally from random hits which are correlated to an580

event but which do not correspond to the triggered event in CLAS. These events581

are removed by requiring that only a single photon hit is associated with the582

central beam bucket.583

• |∆tπ−| < 1.5 ns.584

Events which do not meet this timing requirement are removed from the585

analysis.586

3.2.9 Data Corrections587

At this stage in the analysis, tagger, momentum and Eloss corrections are applied588

to the data. These corrections were outlined in Section 2.5.589

3.2.10 Corrected ∆β Selection590

After the corrections to the data were complete, another ∆β selection could be591

done. The ∆β distributions after the data corrections are shown in Figure 3.10.592

These plots use the newly corrected β to construct this ∆β.593
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3.2. Event Selection

Figure 3.10: Momentum vs ∆β distribution (log scale) for K+ (upper) and π−

(lower) after data corrections.

For the case of the K+, the background of misidentified events has been594

strongly suppressed. Though pions can be seen in the curving loci coming595

from above, leave some residual signal in the K+ selection region at high596

momenta. This means that even a subtle use of momentum dependent cuts597

will not sufficiently remove the background. Due to this fact a simple linear cut598

was used, as a more complex and sophisticated cut would not yield any great599

benefits. After a Gaussian fit, 3σ cuts were used on the main peaks, allowing the600

outlying misidentified particles to be removed. Note that in Figure 3.11 there is601

still background present, particularly at higher momenta, which is considered in602
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forthcoming sections.603

Figure 3.11: Momentum vs ∆βcorrected distribution (log scale) for K+ (upper) and

π− (lower) after a further selection cut.

• |∆βK+π−| < 0.036.604

Events which do not meet these requirements in ∆β are removed from the605

analysis.606
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3.2.11 Reaction 4-Vectors607

Considering the 4-vectors of the particles involved3, we can represent the K+Σ−
608

reaction as:609

γ + n = K+ + Σ−, (3.11)

which due to 4-momentum conservation is equivalent to:610

γ + n = K+ + π− + n. (3.12)

However since we have difficulty detecting the neutron, the Σ− must be611

reconstructed from the missing mass of the kaon, rather than the invariant mass612

of the π−n system, leading to:613

Σ− = γ + n−K+,

MM(K+) = γ + n−K+.
(3.13)

This allows for the reconstruction of the Σ−. Similarly, the neutron may be614

reconstructed using K+ and π−:615

n
recon

= γ + n−K+ − π−,

MM(K+π−) = γ + n−K+ − π−.
(3.14)

3.2.12 Misidentification of Particles616

A common problem with all kaon analyses in CLAS is the misIDentification617

(misID) of pions as kaons. Although initially we established a wide M2
K window,618

there is still contamination from pions - and to a lesser extent protons. The619

backgrounds can be thought of in two categories:620

• background correlated with the Σ−.621

• background uncorrelated with the Σ−.622

3Where we use the notation X to denote the 4-vector of particle X.
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Figure 3.12: Correlated background seen in the neutron mass spectrum,

reconstructed using the missing mass method.

The mass of the neutron, as reconstructed from the missing mass of K+π−,623

is show in Figure 3.12. The correlated background appears as a bump peaking624

around 1.1 GeV/c2, mainly coming from the reactions:625

• γD → K+∗Σ−(ps),626

• γD → K+Σ−∗(ps),627

with K+∗ and Σ−∗ decay into K+π0 and Σ−π0 respectively4. These therefore628

contribute to γD → K+Σ−(ps) with an additional final state π0.629

The uncorrelated background is a smaller shoulder around 0.8 GeV/c2 in the630

missing mass, related to misidentification, prominently from:631

• γD → π+π−n(ps),632

• γD → π+π−n(ps)π
0,633

where the π+ is misidentified as our final state K+.634

The method of using photon timing (Section 3.2.8) and momentum-dependent635

∆β cuts (Sections 3.2.6 & 3.2.10) remove large proportion of these misidentified636

4It should be noted that the notation of (ps) indicates the spectator proton within deuterium.
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particles, however the sample of events selected is still not clean. Figure 3.13637

shows the M2 window for kaon candidates initially and after the timing/∆β638

selection; from this the reduction in the background is clearly shown. The639

final distribution however shows several features that indicate contamination,640

as highlighted in Figure 3.11.641

Figure 3.13: Initial K+ candidates (upper) in comparison to the K+ candidates

after selections performed using ∆β and photon timing (lower).

These background events are dealt with by implementing cuts in the following642

sections, specifically formulated to identify misidentified particles by looking643

reaction kinematics, including missing mass distributions and the reconstructed644
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(undetected) neutron mass.645

3.2.12.1 Misidentification of π+ as K+
646

The misID of pions as kaons is the major source of background to be contended647

with in the K+Σ− channel. In order to separate out the contribution from pions648

we can exploit the use of the particle PDG masses. The final state K+π− can649

be considered for a single event as follows: What if the selected K+ is really a650

misidentified π+, such that the final state is really π+π−? If we assign the ‘kaon’651

to have the PDG mass of a pion we can look at a 2D representation, allowing us652

to separate events where the kaons are correctly identified from events where this653

is incorrect. In this vein Equation 3.13 becomes:654

MM(K+

π+
PDG

) = γ + n−K+

π+
PDG

, (3.15)

where K+

π+
PDG

, is a kaon candidate which has been assigned the PDG mass of the655

pion.656

This idea can be simply extended, when the reconstruction of the undetected657

neutron is considered, from Equation 3.14:658

MM(K+

π+
PDG

π−) = γ + n−K+

π+
PDG

− π−. (3.16)

The 4-vectors outlined in Equations 3.15 and 3.16 can be plotted in 2D, as in659

Figure 3.14.660
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Figure 3.14: Missing mass of K+π− vs ‘K+’π−, where ‘K+’ has the PDG mass

of a π+. The selection cut is shown in red.

Here the pion band can be seen corresponding to∼ 0.9GeV/c2 inMM(‘K+’π−).661

This band was analysed by taking projections in MM(‘K+’π−) and fitting with662

a Gaussian. These fits were found to be consistent within both the signal and663

background peaks, therefore a horizontal cut may be applied at 1.0GeV to remove664

a large proportion its contribution. The remaining background is not as cleanly665

separated and will need to be removed by another method.666

• MM(K+
π+
PDG

π−) > 1.0 GeV .667

Events which do not meet this requirement are removed from the analysis.668

3.2.12.2 Misidentification of K− as π−
669

MM(K+π−
K−PDG

) = γ + n−K+ − π−
K−PDG

. (3.17)

We can consider kaons which are misidentified as pions using a similar method,670

as in Equation 3.17, although this contribution is far lower than that shown in671

Section 3.2.12.1. This is plotted in the same way, shown in Figure 3.15.672
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Figure 3.15: Missing mass of K+π− vs K+‘π−’, where ‘π−’ has the PDG mass of

a K−.

The main central peak corresponds to a reconstructed neutron while the right-673

hand peak shows a neutron plus an additional π0. These come from the decays;674

γD → K+∗Σ−(ps) and γD → K+Σ−∗(ps). The events we wish to separate are675

the uncorrelated background present above the neutron peak, as these are kaons676

which have been misidentified as pions. In order to parameterise a cut in 2D,677

projections were taken in MM(‘K+’π−) and fitted with Gaussians. Due to the678

proximity of the peaks a width of 1σ in each fit was considered to parameterise679

a linear cut in 2D. The majority of this uncorrelated background was removed680

using this linear cut, shown in Figure 3.16.681
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Figure 3.16: Missing mass of K+π− vs K+‘π−’, after the 2D selection cut has

been applied.

3.2.12.3 Misidentification of p as K+
682

The final, and smallest, contribution from misidentified particles is from protons683

being falsely identified as kaons. Again, the missing mass can be considered as:684

MM(K+
pPDG

π−) = γ + n−K+

pPDG
− π−. (3.18)
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Figure 3.17: Missing mass of K+π− vs ‘K+’π−, where ‘K+’ has the PDG mass

of a p.

This 4-vector is plotted as before and similarly we remove the left peak, as685

seen in Figure 3.18. This was done by taking projections in MM(K+π−)and686

fitting with Gaussians. A width of 3σ was considered, in order to parameterise a687

linear cut in 2D.688

Figure 3.18: Missing mass of K+π− vs ‘K+’π−, after the 2D selection cut has

been applied.
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3.2.13 ΣΛ Separation689

In 1D, we can consider the spectrum of the reconstructed Σ−, as in Figure 3.19.690

This explicitly shows the missing mass from the selected kaon. Although there is691

a clear peak of the Σ−, there are still peaks present from Λ and Σ∗(1385) channels.692

Figure 3.19: Missing mass spectrum of the K+, clearly showing the Λ, Σ− and

Σ(1385).

These background channels decay as follows:693

• Λ694

pπ− ∝ 63.9%,

nπ0 ∝ 35.8%.
(3.19)

• Σ(1385)695

Λπ ∝ 87.0%,

Σπ ∝ 11.7%,

Λγ ∝ 1.25%.

(3.20)

This distribution can be considered far more clearly when plotted in 2D with696

MM(K+π−), as shown in Figure 3.21.697
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Figure 3.20: 2D plot of the reconstructed Σ− [MM(K+)] vs. the reconstructed

neutron [MM(K+π−)].

In this plot, the Σ−(PDG 1198 MeV ) can be seen; in addition the Λ (PDG698

1116 MeV ) is also present at lower mass, although clear separation can only be699

seen in 2D. Considering the 2D distribution also clearly shows a contribution700

from Σ0 (PDG 1193 MeV ), where there is an additional π0 in the final state.701

The Σ0 decays as follows:702

• Σ0
703

Λγ ∝ 100%. (3.21)

The Σ− can then be isolated using a linear cut in 2D, to remove contributions704

from Λ and Σ0. This was parameterised using projections in both MM(K+) and705

MM(K+π−); using 3σ widths to parameterise the selection cut. The distribution706

after this cut is shown in Figure 3.21.707
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Figure 3.21: 2D plot of the reconstructed Σ− vs the reconstructed neutron after

introducing a linear 2D selection cut. Both the Λ and Σ0 peaks are removed,

leaving only Σ−.

3.2.14 Neutron Reconstruction708

In order to reconstruct the Σ−, only the final state kaon is required, however this709

method comes with a large amount of associated background, mostly in the form710

of misidentification. To overcome this it is key to also detect the final state pion,711

in order to reconstruct the neutron from the non-exclusive reaction. Using the712

missing mass technique, we are able to reconstruct the neutron from the kaon713

and the pion produced from the Σ− decay.714

The missing mass distribution from Equation 3.14 can be seen in Figure715

3.22. The neutron peak (PDG 939.56 MeV ) is clear, although a higher mass716

background can be seen.717
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Figure 3.22: Reconstructed neutron using the missing mass technique

[MM(K+π−)] after misID selections have been applied.

The nature of this background is clearer when presented in 2D versus718

momentum of the K+, Figure 3.23. The neutron peak was fitted with a Gaussian,719

in 1D, and 1σ cut introduced.720

Figure 3.23: Reconstructed neutron using the missing mass technique vs

Momentum. The selection cut is shown in red.

• MM(K+π−) < 1.0 GeV/c2.721
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Events which do not meet this requirement are removed from the analysis.722

3.2.15 Quasi-free Selection for the Complete Final State723

Considering the reaction γD → K+Σ−(ps) is a different proposal than γn →724

K+Σ−. There are two contributions to this channel, one where the proton is a725

spectator to the reaction and one where it has an interaction with the produced726

particles. The former is the quasi-free reaction, where the proton momentum727

distribution is mainly dominated by the Fermi motion; the latter represents728

rescattering in which the proton is hit by a kaon or a sigma and gains momentum.729

If the final state neutron can be detected, the proton in the deuterium nucleus730

can be reconstructed. The hope is then that quasi-free regions in this proton can731

be identified such that the proton is truly a spectator, ps. For this the spectator732

proton will recoil with the Fermi momentum of the initial state. In our case,733

the inability to detect the final state neutron without compromising the available734

statistical data sample, means that this is not applicable to the main data set735

but as a formality this procedure will be briefly discussed. The 4-vector equation736

can be constructed:737

γ +D = ps +K+ + π− + n. (3.22)

Provided the final state neutron can be detected, the undetected proton can738

then be reconstructed using the missing 4-momentum method:739

p
missing

= γ +D −K+ − π− − n. (3.23)

The distributions of the reconstructed spectator proton mass and momentum740

are shown in Figures 3.24 and 3.25 respectively.741

50



3.2. Event Selection

Figure 3.24: Missing mass of the spectator proton, ps, from the missing mass

technique.

Figure 3.25: Missing momentum of the spectator proton, ps. The selection cut is

shown in red.

The form the missing momentum the quasi-free events can be isolated. The742

Fermi motion inside the deuteron nucleus results in final state interactions having743

a greater contribution at high momenta. There should therefore be a restriction744

placed upon the momentum of the (reconstructed) spectator proton.745
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• Momentum ps < 0.2 GeV/c.746

For the cases where the neutron is detected, events which do not meet this747

requirement are removed from the analysis. Note that the fraction of data in748

which the neutron is detected is small (∼ 5%). The main results for E are749

extracted from the larger yield where the final state neutron is not detected.750

3.2.16 K+Σ− Threshold Energy751

When considering the K+Σ− channel, in order to create the final state particles752

there is a minimum photon energy required. This can be calculated and the753

minimum threshold energy for the incident photon applied. A typical distribution754

of the photon energies is given in Figure 3.26.755

Figure 3.26: A typical spectrum of photon energy when using circularly polarised

beam. The selection cut is shown in red.

The energy-momentum relation is used to relate the total energy E, rest mass756

m0 and momentum p:757

E2 = (pc)2 + (m0c
2)2, (3.24)

where c is the speed of light. This can be reduced, using natural units to:758

E2 = p2 +m2
0. (3.25)
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It can then be extended into a many-body equation:759 (
n=1,2,...∑

n

En

)2

=

(
n=1,2,...∑

n

pn

)2

+ (m0)2. (3.26)

Specifically, considering the final state of K+Σ−, this becomes:760

(Eγ +mn)2 = (pγ + pn)2 + (mK+ +mΣ−)2. (3.27)

We assume that the neutron is at rest in this case for simplicity (although in761

reality it will have some intrinsic Fermi momentum). This leads to:762

E2
γ + 2Eγmn +m2

n = p2
γ + (mK+ +mΣ−)2,

Eγ =
(mK+ +mΣ−)2 −m2

n

2mn

.

(3.28)

Substituting the PDG particle masses, we find the minimum energy required763

to produce this final state.764

• Threshold energy for photons: Eγ > 1.055 GeV .765

Events which do not meet this requirement are removed from the analysis.766

3.2.17 Event z-vertex767

Events must be consistent with a vertex originating from the polarised target768

material rather than any of the surrounding unpolarised material, thus a selection769

in the z-vertex must be added. In the case of our reaction channel only the final770

state kaon originates from the target, whereas the pion has a displaced vertex, as771

this is a decay product of the Σ− which will have a decay distance of cτ ∼ 4.43772

cm. Although this may still decay within the target area, there is a considerable773

proportion of Σ− decays which will take place outside of the target. Therefore,774

it would be unwise to exclude all pion event from out-with the target, as these775

may-well be consistent with good K+Σ− events.776

The events from the HD were selected by simply looking at the z-vertex777

(reconstructed from the incident beam and the measured kaon) and applying a778
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cut from -10.5 to -5.5 cm, this excludes events originating from the target cell779

windows. The distribution of kaons in the z-vertex is shown in Figure 3.27.780

Figure 3.27: K+ z-vertex from the centre of CLAS. The selection cut is shown in

red.

• (−10.5) < ZK+

vert < (−5.5) cm.781

Events which do not meet this requirement are removed from the analysis.782

3.2.17.1 Cell Contributions783

It is important to note that although a cut in the z-vertex has been performed,784

there are still unpolarised events within the sample present from the empty target.785

In order to maintain the low temperatures required in the cell, the design required786

aluminium cooling wires to be placed inside and the cell walls to be made of KelF.787

These materials contain only unpolarised protons and neutrons and so events788

which consider these as the target proton or neutron will have no analysing power.789

Runs with an empty target (containing no polarised material) were conducted790

in order to assess the contribution from the cell. Note that these runs were791

conducted for each torus setting (+1920 A and −1500 A). The z-vertex792

distribution from the empty target can be compared to the production target.793

The peaks outside the polarised target area were normalised by considering the794

integrals of the region -2 to +30 cm. The empty target data was then scaled to795
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reflect the true contribution in the data, as shown in Figure 3.28. An explicit796

discussion of the method to account for this target background is given in Section797

4.2.798

Figure 3.28: K+ z vertex from the centre of CLAS, compared with scaled empty

target data.

3.2.18 Fiducial Cuts799

The segmented design of the CLAS detector, using six superconducting coils of800

the torus magnet leads to low acceptance regions around the sector boundaries,801

these can be seen in Figure 3.29. These regions are primarily used for placement802

of cabling and electronics for CLAS sub-detectors, monitoring and are considered803

as dead regions of the detector. These acceptances are non-uniform close to the804

sector boundaries and difficult to model accurately as the magnetic field changes805

quickly.806
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Figure 3.29: K+ polar vs azimuthal angles.

Events which are detected around these areas tend to have much larger807

uncertainties and cannot be thought of as reliable, so a standard cut is808

implemented to remove the regions close to the coils. This selection introduces a809

5◦ band on the azimuthal angle around each coil, the effect of this cut is shown810

in Figure 3.30.811

Figure 3.30: K+ polar vs azimuthal angles, after the removal of the fiducial

regions around the CLAS sectors.
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The areas removed around the coils are as detailed in Table 4.15.812

Coil Angular Range Removed (◦)

1 25− 35

2 85− 95

3 145− 155

4 205− 215

5 265− 275

6 325− 335

Table 3.1: Removed azimuthal regions.

3.2.19 Final Reconstructed Σ− Selection813

The particles to be used in the construction of the E double-polarisation814

observable are finally chosen with a selection cut on the mass of the reconstructed815

Σ−. A typical distribution of the events is shown in Figure 3.31.816

Figure 3.31: Events which have been selected, reconstructed as Σ−, using the

MM(K+). The selection cut is shown in red.

This is simply fitted with a Gaussian and a 3σ cut applied, giving the final817

selection of particles used in the construction of the asymmetry.818
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• 1.10 < MΣ− < 1.30 GeV/c2.819

Events which do not meet this requirement are removed from the analysis.820

3.2.20 Three particle final state821

The desired final state to identify is the full K+π−n, rather than the incomplete822

K+π−. The detection efficiency of neutrals in CLAS is low and combining this823

with the relatively low cross section of the channel, this leaves too few events for824

a useful analysis.825

The Σ− can be reconstructed given a three particle final state using both the826

missing-mass of the kaon, Figure 3.32, and the invariant mass of the π−n system,827

Figure 3.33.828

Figure 3.32: Events which has been selected, reconstructed as Σ−, where the final

state neutron has been identified.
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Figure 3.33: Reconstructed Σ−, using the invariant mass method [M(nπ−)].

Comparing these plots to the final selection in the two particle final state,829

we find a difference in statistics of a factor ∼ 20. This would be a preferable830

final state to analyse, in terms of minimising background and taking advantage831

of the ability to use the invariant mass, as has been done in measurements of the832

cross section [24], however the statistics available for this work does not make833

this viable.834

3.2.21 Summary835

A summary of the applied selection cuts and corrections in this chapter are836

outlined below.837
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Cut Constraint

Particle Multiplicity 2 or 3 final state particles

Tagger Condition Events must have a valid hit in the tagger

DC Condition For charged particles require an event in the DC

SC Condition For charged particles require and event in the ToF

EC Condition For neutral particle require an event in the EC

Charge Removal For charged particles, require only one unit of charge

Kaon M2 0.1 < M2
K+ < 0.49 GeV 2/c4

Pion M2 0.0 < M2
π− < 0.1 GeV 2/c4

Neutron β βn < 0.9

Topology Final state K+π− or K+π−n

Kaon ∆β Momentum dependant, see 3.2.6

Pion ∆β |∆βπ−| < 0.051

Candidate Photons NGRFK+ = NGRFπ− = 1

Event best photon TAGRIDK+ = TAGRIDπ−

Best photon selection |∆tπ− | < 1.5 ns

Post correction ∆β |∆βK+/π− | < 0.036

Misidentification π+ Remove π+ selected as K+

Misidentification K− Remove K− selected as π−

Misidentification p Remove p selected as K+

Σ−/Λ Separation see 3.2.13

Reconstructed neutron MM(K+π−) < 1.0 GeV/c2

Threshold energy Eγ > 1.055 GeV

Z-vertex −10.5 < zK+ < −5.5 cm

Fiducial ±5◦ around sector boundaries

Sigma mass 1.10 < MΣ− < 1.30 GeV/c2

Table 3.2: Table summarising the particle identification cuts of the K+Σ−

channel.
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Chapter 4838

Systematic Studies839

In this chapter, systematic studies performed on the g14 data are considered.840

These include the target subtraction method, as well as studies attempting to841

quantify the magnitude of systematics caused by the selection cuts imposed842

and the influence of the K+Σ0 background on the final results of the double-843

polarisation observable E.844

4.1 Asymmetry of Empty (Unpolarised) Tar-845

gets846

A first test of the integrity of the data and analysis method is to extract the847

asymmetry from the unpolarised (or empty) target. This of course should be848

consistent with zero as the target cell itself is made of only non-polarised protons849

and neutrons. The analysis also allows these events to be removed or accounted850

for when calculating the value of E, as these target support structures will still851

contribute to the yield with the polarised material in place.852

The plots given in Figures 4.1 - 4.4 show the E observable across all energy bins853

along with a linear fit for the emptyA period, the results of which are provided854

in Table 4.1. Similar results are shown for the emptyB period in Figures 4.5 -855

4.8, with the results shown in Table 4.2. It should be noted that empty bins856

correspond to points which are not statistically defined due to insufficient events857

(i.e. the extracted value of E has errors greater than ±1).858
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4.1. Asymmetry of Empty (Unpolarised) Targets

Figure 4.1: E double-polarisation observable for empty target period A: all

energies (1.1-2.3 GeV ).
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4.1. Asymmetry of Empty (Unpolarised) Targets

Figure 4.2: E double-polarisation observable for empty target period A: 1.1-1.3

GeV (upper), 1.3-1.5 GeV (lower).
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4.1. Asymmetry of Empty (Unpolarised) Targets

Figure 4.3: E double-polarisation observable for empty target period A: 1.5-1.7

GeV (upper), 1.7-1.9 GeV (lower).
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4.1. Asymmetry of Empty (Unpolarised) Targets

Figure 4.4: E double-polarisation observable for empty target period A: 1.9-2.1

GeV (upper), 2.1-2.3 GeV (lower).
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4.1. Asymmetry of Empty (Unpolarised) Targets

Empty Target A

Eγ Bin Fit value Fit Error χ2/dof

(GeV )

All Energies −0.04 0.06 0.45

1.1-1.3 0.10 0.26 1.51

1.3-1.5 −0.04 0.14 0.25

1.5-1.7 0.10 0.14 1.15

1.7-1.9 −0.18 0.16 0.57

1.9-2.1 −0.01 0.16 0.28

2.1-2.3 −0.01 0.18 1.03

Table 4.1: Summary of linear fitting to E double-polarisation observable for the
empty target A.

Figure 4.5: E double-polarisation observable for empty target period B: all

energies (1.1-2.3 GeV ).
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4.1. Asymmetry of Empty (Unpolarised) Targets

Figure 4.6: E double-polarisation observable for empty target period B: 1.1-1.3

GeV (upper), 1.3-1.5 GeV (lower).
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4.1. Asymmetry of Empty (Unpolarised) Targets

Figure 4.7: E double-polarisation observable for empty target period B: 1.5-1.7

GeV (upper), 1.7-1.9 GeV (lower).
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4.1. Asymmetry of Empty (Unpolarised) Targets

Figure 4.8: E double-polarisation observable for empty target period B: 1.9-2.1

GeV (upper), 2.1-2.3 GeV (lower).

From these results, we can see that the target value of E is consistent with zero859

for both targets at all energies as there is no statistically significant deviation from860

zero, with the typical χ2/dof highlighting the small number of events present in861

the data-sample. Therefore, it can be said that an empty target cell does not862

contribute to the asymmetry.863
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4.2. Empty Target Removal Methods

Empty Target B

Eγ Bin Fit value Fit Error χ2/dof

(GeV )

All Energies −0.06 0.15 0.32

1.1-1.3 −0.27 0.49 0.26

1.3-1.5 0.01 0.37 0.35

1.5-1.7 −0.29 0.35 0.7

1.7-1.9 0.51 0.48 0.28

1.9-2.1 0.27 0.44 0.69

2.1-2.3 −0.46 0.49 0.31

Table 4.2: Summary of linear fitting to E double-polarisation observable for the
empty target B.

4.2 Empty Target Removal Methods864

The cell walls of the HD target will remain present in the events selected. It865

is important to remove this contribution as these protons and neutrons are not866

polarised. Including these non-polarised events would lead to a dilution in the867

asymmetry and the value of the polarisation observable E. To account for this868

effect, two paths can be taken. Firstly, the removal of the empty target data using869

a simple subtraction or secondly by diluting the asymmetry in order to account870

for the unpolarised material. Both methods are considered in this analysis note871

and compared for consistency.872

4.2.1 Empty Target Subtraction873

The first method attempts to subtract the yield from the unpolarised empty target874

cell material before calculating the E observable. To achieve this, a suitable875

normalisation of the empty target data must be made to accurately assess its876

contribution to the polarised target run period.877

The method adopted was to normalise the yield from the empty and polarised878

run periods for beam-line components downstream of the target cell. These should879

give the same contribution to the yield from both run periods if the normalisation880

is correct. A typical target distribution is shown in Figure 4.9; the spikes seen at881
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4.2. Empty Target Removal Methods

z > 0 cm are peaks which characterise the physical structure of the cell.882

Figure 4.9: K+ z vertex from the centre of CLAS, compared with scaled empty

target data.

The yield of events, Ytotal, from running with the polarised HD target can883

be expressed as having contributions from the polarised HD, YHD, and the non-884

polarised target cell, Yempty:885

Ytotal = YHD + Yempty. (4.1)

This can then be separated into the aligned and anti-aligned helicity condi-886

tions, where the beam (magnitude 1) and target (magnitude 1/2) polarisation887

vectors are parallel and anti-parallel respectively:888

Y
3
2
HD = Y

3
2
total −

ε

2
Yempty,

Y
1
2
HD = Y

1
2
total −

ε

2
Yempty,

(4.2)

where we also introduce a normalisation factor, ε. The factor 2 is introduced to889

ensure a zero contribution to the asymmetry from the empty data.890
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4.2. Empty Target Removal Methods

The z component of the interaction vertex for empty target and full target891

runs are plotted, Figure 4.9. The histograms are scaled in order to account for892

differences in beam and run time1.893

It is clear that the yields from the downstream components in the beam-line894

are in good agreement between the production data and the scaled empty target895

data. Target scaling is done in each Eγ bin rather than across the whole energy896

range, in an attempt to account for variations seen across the energy range. The897

scaled empty target events are then subtracted from the production data. This is898

the used in association with the average photon beam polarisation of the energy899

bin, giving the total scaling factor. Typical scalings for each energy bin are900

presented in Table 4.3.901

Eγ Bin Empty Target Scaling

(GeV )

1.1-2.3 6.5

1.1-1.3 9.5

1.3-1.5 8.1

1.5-1.7 7.1

1.7-1.9 6.2

1.9-2.1 5.6

2.1-2.3 5.2

Table 4.3: Summary of the empty target scaling factor with respect to the selected
photon energy bins, 1/(P̄γP⊕).

4.2.2 Empty Target Dilution Factor902

The second approach to dealing with the empty target contribution is to leave903

the yield in the data sample used to calculate the asymmetry - but to calculate904

the resulting dilution of the extracted value due to the unpolarised contribution.905

We can consider the yield of events, as in Equation 1.6, for the signal (S) and906

empty target (E) respectively:907

1Note that there exists a special case for the Gold2 target, as there are less aluminium wires
in the cell. As such, there is an additional factor of 0.7 introduced in the scaling.
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4.2. Empty Target Removal Methods

Y ±
S = A±

S (1∓ EPγP⊕), (4.3)

Y ±
E = A±

E(1∓ EPγP⊕), (4.4)

where ± indicates the beam helicity and A± represents some acceptance present.908

As it has been shown in Section 4.1, the value of the E observable is consistent909

with zero for the empty target. Hence, the second term within Equation 4.4 is in910

fact zero.911

If the total yield of events for a process is considered, where there is some912

weighting of the true signal and empty target, Equations 4.3 and 4.4 can be913

combined as follows:914

Y ±
T = Y ±

S + Y ±
E ,

= A±
S + A±

E ∓ A
±
SEPγP⊕,

(4.5)

Y ±
T = A±

T ∓ A
±
SEPγP⊕, (4.6)

where A±
S and A±

E have been enveloped into some total acceptance A±
T . Using915

this, the total asymmetry of yields can be constructed, similarly to Equation 1.5:916

A =
Y −
T − Y

+
T

Y −
T + Y +

T

,

=
(A−

T + A−
SEPγPT )− (A+

T − A
+
SEPγPT )

(A−
T + A−

SEPγPT ) + (A+
T − A

+
SEPγPT )

.

(4.7)

We assume that the acceptance effects for both ± cases are equivalent, which917

then allows us to simplify to:918

A =
ASEPγP⊕

AT
. (4.8)

It is important to note that AS is not known as the signal cannot be sufficiently919

separated from the total and empty data. E can then be written:920
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4.2. Empty Target Removal Methods

E =
AT
AS

1

PγP⊕
A,

=
AT

AT − AE
1

PγP⊕
A,

=
1

AT−AE

AT

1

PγP⊕
A,

=
1

1− AE

AT

1

PγP⊕
A,

(4.9)

E =
1

1− εNE

NT

1

PγP⊕
A, (4.10)

where NE/T are the number of events in the empty target and total data921

respectively, while ε is the scaling factor of the empty target in regions outside922

the target material.923

The additional factor present in Equation 4.10 represents the dilution factor924

and uses the calculated scaling of the empty target to account for the contribution925

of the target cell to the polarisation observable E.926

4.2.3 Empty Target Results927

The results for the E observable are shown, binned in 200 MeV energy bins (Eγ)928

as a function of the kaon centre-of-mass angle (cos θCMK+ ) with bins of width 0.4. A929

comparison is made between the empty target subtraction and dilution methods.930

4.2.3.1 Empty Target Dilution Method931

The motivation behind this method were outlined in Section 4.2.2, with the results932

for the E double-polarisation observable for the target dilution method shown in933

Figures 4.10 - 4.13:934
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4.2. Empty Target Removal Methods

Figure 4.10: Results for the E double-polarisation observable using the target

dilution method: All energies (1.1-2.3 GeV ).
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4.2. Empty Target Removal Methods

Figure 4.11: Results for the E double-polarisation observable using the target

dilution method; 1.1-1.3 GeV (upper), 1.3-1.5 GeV (lower).

76



4.2. Empty Target Removal Methods

Figure 4.12: Results for the E double-polarisation observable using the target

dilution method; 1.5-1.7 GeV (upper), 1.7-1.9 GeV (lower).
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4.2. Empty Target Removal Methods

Figure 4.13: Results for the E double-polarisation observable using the target

dilution method; 1.9-2.1 GeV (upper), 2.1-2.3 GeV (lower).

78



4.2. Empty Target Removal Methods

4.2.3.2 Empty Target Subtraction Method935

The motivation behind this method were outlined in Section 4.2, with the results936

for the E double-polarisation observable for the target subtraction method shown937

in Figures 4.14 - 4.17:938

Figure 4.14: Results for the E double-polarisation observable using the target

subtraction method: All energies (1.1-2.3 GeV ).
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4.2. Empty Target Removal Methods

Figure 4.15: Results for the E double-polarisation observable using the target

subtraction method; 1.1-1.3 GeV (upper), 1.3-1.5 GeV (lower).
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4.2. Empty Target Removal Methods

Figure 4.16: Results for the E double-polarisation observable using the target

subtraction method; 1.5-1.7 GeV (upper), 1.7-1.9 GeV (lower).
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4.2. Empty Target Removal Methods

Figure 4.17: Results for the E double-polarisation observable using the target

subtraction method; 1.9-2.1 GeV (upper), 2.1-2.3 GeV (lower).
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4.2. Empty Target Removal Methods

4.2.3.3 Comparison of Empty Target Methods939

It is important that the two empty target methods are shown to be consistent. To940

that end the differences in the value of E for the dilution and subtraction methods941

are shown in Figures 4.18 - 4.21. These are fitted with a 0th order polynomial,942

the fit values of which are presented in Table 4.4.943

Figure 4.18: Difference in E for both target methods: All energies (1.1-2.3 GeV ).
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4.2. Empty Target Removal Methods

Figure 4.19: Difference in E for both target methods; 1.1-1.3 GeV (upper), 1.3-1.5

GeV (lower).
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4.2. Empty Target Removal Methods

Figure 4.20: Difference in E for both target methods; 1.5-1.7 GeV (upper), 1.7-1.9

GeV (lower).
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4.2. Empty Target Removal Methods

Figure 4.21: Difference in E for both target methods; 1.9-2.1 GeV (upper), 2.1-2.3

GeV (lower).

The two target methods are consistent within statistics, as should be expected.944

The low value of the chi2/dof is a reminder that these datasets are highly945

correlated and as such the error bars are excessively large. These results indicate946

that the HD target used in this experiment is indeed a relatively clean target947

where the empty target subtraction method is valid.948
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4.3. Systematic Effects in the Extraction of an Asymmetry

Eγ Bin Fit value Fit Error χ2/dof

(GeV )

All Energies 0.05 0.07 0.02

1.1-1.3 0.13 0.29 0.10

1.3-1.5 0.05 0.16 0.18

1.5-1.7 0.12 0.15 0.15

1.7-1.9 0.04 0.18 0.20

1.9-2.1 0.05 0.19 0.06

2.1-2.3 0.02 0.22 0.24

Table 4.4: Summary of the differences in the target methods, using a 0th degree
polynomial fit.

4.3 Systematic Effects in the Extraction of an949

Asymmetry950

This section presents results from investigations into potential systematics in951

the extraction of the asymmetry, A, arising from detector acceptance effects.952

The extracted value for the asymmetry should not show any dependence on the953

azimuthal angle of the reaction products. This lack of dependence on φ was954

checked using the final state kaon in the analysis presented below.955

The initial step is to plot the polarisation observable E versus φ of the kaon,956

Figures 4.22 - 4.25. This allows the value of Aφ to be compared to the double-957

polarisation observable E 2. This comes from rearranging Equation 1.6 into:958

Aφ = PγP⊕E. (4.11)

2 Note that the region φ = 0 − 30◦ have been shifted to 360 − 390◦ so that no sectors are
split while plotting.
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4.3. Systematic Effects in the Extraction of an Asymmetry

Figure 4.22: E double-polarisation observable in terms of the azimuthal angle φ:

all energies (1.1-2.3 GeV ).
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4.3. Systematic Effects in the Extraction of an Asymmetry

Figure 4.23: E double-polarisation observable in terms of the azimuthal angle φ:

1.1-1.3 GeV (upper), 1.3-1.5 GeV (lower).
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4.3. Systematic Effects in the Extraction of an Asymmetry

Figure 4.24: E double-polarisation observable in terms of the azimuthal angle φ:

1.5-1.7 GeV (upper), 1.7-1.9 GeV (lower).
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4.3. Systematic Effects in the Extraction of an Asymmetry

Figure 4.25: E double-polarisation observable in terms of the azimuthal angle φ:

1.9-2.1 GeV (upper), 2.1-2.3 GeV (lower).

A fit was made with a zero degree polynomial, the results of which are shown959

in Table 4.5, giving an average value for Aφ in each energy bin. The average960

value for E was calculated from this and could be compared to the values of the961

asymmetry A, calculated for cos θCMK+ .962

These results indicate that the calculated value of E in terms of φ is963

statistically consistent with the average value seen in terms of cos θCMK+ . This964

is shown in all Eγ bins and integrated over all kaon angles. A study was also965

performed in order to see how the way in which the φ acceptance is modelled966
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4.3. Systematic Effects in the Extraction of an Asymmetry

Eγ Bin Aφ fit Calculated E Fitted E (cos θCMK+ ) Fit Error χ2/dof

(GeV )

1.1-2.3 0.054 0.30 0.29 0.01 0.56

1.1-1.3 0.020 0.11 0.13 0.19 1.17

1.3-1.5 0.048 0.26 0.29 0.10 1.43

1.5-1.7 0.089 0.48 0.48 0.10 0.86

1.7-1.9 0.038 0.21 0.18 0.12 0.59

1.9-2.1 0.042 0.23 0.19 0.14 1.47

2.1-2.3 0.059 0.33 0.26 0.14 0.50

Table 4.5: Summary of the E double-polarisation observable, as calculated in
terms of φ. This can be compared with the average value of the E observable
plotted with cos θCMK+ .

influences the results of the observable E.967

4.3.1 Effect of φ Acceptance968

Further studies of any potential φ dependent systematics were explored using969

simulated pseudo-data. Events were generated using an event generator with a970

fixed value for E. These data were then passed through the data analysis code971

used for the real data. Different conditions were placed on this pseudo-data972

sample to explore possible systematic effect. These were assessed by comparison973

of the extracted value of E from the data. Three scenarios were considered for974

this study:975

• Uniform acceptance in φ.976

• Removing fiducial regions in CLAS, which limit the φ acceptance of the977

final state particles.978

• Realistic cosine function (mimicking some realistic CLAS acceptance)3.979

Each time the generator was run, plots were made of E vs φ for each scenario.980

These plots were then fitted with a zero degree polynomial and compared to the981

3This function was obtained from Nicholas Zachariou.
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4.3. Systematic Effects in the Extraction of an Asymmetry

‘true’ value of E given to the generator (taken as +0.7 for these studies). As982

well as investigating the acceptance effects described above in extracting E, two983

different methods were explored:984

1. Using the histograms for the asymmetry method.985

2. Using bins for the asymmetry method then performing a pol0 fit of the986

observable in φ.987

An example of the results obtained from one run is given in Figure 4.26 with988

fitted values given in Table 4.6. where the value of E is shown for all three989

acceptance scenarios. It should be noted that this only indicated one trial, so990

there will be some natural deviation from the true value of E.991
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4.3. Systematic Effects in the Extraction of an Asymmetry

Figure 4.26: An event generator is used to compare the results of three

acceptances to a given true value of the double-polarisation observable E (0.7).

This shows the results for one trial.
94



4.3. Systematic Effects in the Extraction of an Asymmetry

Acceptance Fit Value Fit Error χ2/dof

Constant 0.695 0.011 1.30

Fiducial Regions 0.680 0.014 1.17

Realistic CLAS Acceptance 0.670 0.018 1.02

Table 4.6: Summary of produced values of E for the three acceptances. The true
value of E given to the generator was 0.7.

Many trials are carried out in order to account for any statistical deviation and992

in aid of obtaining a more accurate estimate of the observable E. The true value,993

was fixed for the study, so that any deviations coming from the φ acceptance or994

extraction method could be easily identified.995

A detailed run was performed where 5000 trials, in each of which 25K events996

were produced. The results from these trials are plotted to give a Gaussian997

distribution which is then fitted. Results from these trials are presented in Figures998

4.27 and 4.28, using the ratio and fit methods respectively.999
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4.3. Systematic Effects in the Extraction of an Asymmetry

Figure 4.27: Collated results for 5000 generated trials, with the value of the E
observable calculated using the ratio method.
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4.3. Systematic Effects in the Extraction of an Asymmetry

Figure 4.28: Collated results for 5000 generated trials, with the value of the E
observable calculated using the fitting method.
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4.4. Study of Dependence of Extracted E on Spectator Momentum

As expected from these, we see that there is a clear distribution forming1000

around the true value of 0.7. This is shown for both methods of calculating the1001

polarisation observable, note that these methods are only comparable because we1002

have chosen for E to be a constant, rather than having a dependence in energy or1003

φ. The results of fitting these two methods are presented in Tables 4.7 and 4.8.1004

Acceptance Fit Mean Fit σ

Constant 0.7 0.011

Fiducial Regions 0.7 0.014

Realistic CLAS Acceptance 0.7 0.018

Table 4.7: Summary of produced values of E for the three acceptances over 5000
trials. The value of E was calculated using the ratio method.

Acceptance Fit Mean Fit σ

Constant 0.7 0.011

Fiducial Regions 0.7 0.014

Realistic CLAS Acceptance 0.7 0.18

Table 4.8: Summary of produced values of E for the three acceptances over 5000
trials. The value of E was calculated using the fitting method.

These show that for both methods and all acceptances that the obtained1005

values for E are consistent with the initial value given to the generator within 1σ.1006

This illustrates that there is no effect of the φ acceptance on the construction of1007

the E observable.1008

4.4 Study of Dependence of Extracted E on1009

Spectator Momentum1010

Ideally the event sample for analysis would be made using the complete final1011

state, K+π−n, allowing the spectator proton (ps) momentum to be reconstructed1012

on an event-by-event basis; but as was shown in Section 3.2.20, isolating the1013
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4.4. Study of Dependence of Extracted E on Spectator Momentum

exlusive K+π−n final state lowers the statistics by a factor of ∼ 20. A study to1014

constrain any dependencies of E on the spectator proton momentum was carried1015

out as described below.1016

The kinetic energy of the K+ can be calculated from the kinematics of the1017

two-body reaction, allowing the comparison of the measured and calculated values1018

of kinetic energy. By considering the difference, ∆TK+ , the quasi-free events can1019

be emphasised with an appropriate cut. Figure 4.29 highlights the separation1020

achievable in spectator momentum by careful selection of ∆TK+1021

Figure 4.29: Momentum of the spectator proton; shown for all ∆TK+ , for

|∆TK+ | < 0.05 GeV and for |∆TK+| > 0.05 GeV .

It is constructive to calculate and compare the double-polarisation observable1022

E with results obtained for the nominal selection, in order to show the effect of1023

emphasising/suppressing the quasi-free events, Figure 4.30.1024
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4.4. Study of Dependence of Extracted E on Spectator Momentum

Figure 4.30: Comparisons of the calculated values of the E observable for the

quasi-free emphesised selection cut (upper) and the quasi-free suppressed selection

cut (lower) compared with the nominal selection cut for kinetic energy selection.

It can be seen from Figure 4.30 that the results for emphasising and1025

suppressing the quasi-free contributions are consistent with the results from the1026

nominal selection, with only a handful of bins falling outwith the statistical1027

errors. Therefore, we can conclude that any benefit that would be derived by1028

emphasising these events is far outweighed by the statistics available in this1029

analysis. Furthermore, if we consider the results of the selections together, Figure1030

4.31, we see that the differences obtained are statistically consistent with zero.1031
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4.5. Systematic Studies on Selection Cuts

Figure 4.31: Differences in the calculated values of the E observable for the quasi-

free emphasised and quasi-free suppressed selections of the spectator momentum.

4.5 Systematic Studies on Selection Cuts1032

It is important to quantify the effect of selection cuts on the extracted E1033

observable. In order to study the stability of these selection cuts, all 30 bins1034

(5 bins of cos θCMK+ within 6 bins of Eγ) were considered and the difference in the1035

observable (∆E) investigated. The cuts investigated are shown in Table 4.9.1036

Selection Cut Method of Variation

Best Photon 0.5 ns Expansion/Contraction

∆βK+π− σ Contraction

Reconstructed Neutron σ Expansion

K+ Z Vertex 0.2 cm Expansion/Contraction

Fiducial Region 2◦ Expansion/Contraction

Σ− Mass Window σ Contraction

MisIdentification Removal 2D Variation

Table 4.9: Summary of selection cut studies.

The difference in the observed values of E (∆E) are considered, although it1037
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4.5. Systematic Studies on Selection Cuts

should be noted that for each value there will be both a statistical and a systematic1038

component present. The systematics are presented as the average mean of the1039

observable difference (∆E) as follows:1040

σsys(cut) =

√√√√ 1

N

N∑
i=1

∆Ei (4.12)

where N represents the total number of bins available. This method is used in1041

order to minimise the influence of statistical fluctuations.1042

The following sections will discuss the nature of each of the cuts. The overall1043

systematic effects of the cut variations are discussed in Section 4.5.8.1044

4.5.1 Photon Timing1045

The spectrum of the timing difference between the start counter and the time-1046

of-flight scintillators was shown in Figure 3.8. To assess the stability of the1047

|∆tπ−| < 1.5 ns cut, the width is expanded and contracted by 0.5 ns, shown in1048

Figure 4.32.1049

Figure 4.32: π− timing difference using the selected best photon. The selection

cuts used for the systematic studies are shown; |∆tπ−| < 1.0 ns, 1.5 ns, 2.0 ns.

For each of these selections, the observable E is calculated. The new selections1050

for the systematic studies are compared to the nominal selection. These are shown1051
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4.5. Systematic Studies on Selection Cuts

together in Figure 4.33 4:1052

Figure 4.33: Comparisons of the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) compared

with the nominal selection cut for photon timing.

From Figure 4.33, we can see that the variation in the value of the E observable1053

is well within the statistical errors for the data, showing that the statistical1054

uncertainties are dominant over the systematic uncertainties. In order to limit the1055

effect of this, the difference in E is considered and averaged over all energy bins1056

in order to minimise the influence of statistical fluctuations, however this should1057

4Within these plots, all bins in Eγ and cos θCMK+ are shown with each 200 MeV energy bins
separated by the dashed lines.
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4.5. Systematic Studies on Selection Cuts

still be considered as an upper limit of the systematic error. The differences in1058

the observable E are shown in Figure 4.34 5.1059

Figure 4.34: Differences in the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) from the

nominal selection cut for photon timing.

From Figure 4.34, we can see that there seems to be no obvious Eγ or cos θCMK+1060

dependence on the values of ∆E. The average values obtained are presented in1061

Table 4.10.1062

5Within these plots, all bins in Eγ and cos θCMK+ are shown with each 200 MeV energy bins
separated by the dashed lines. Error bars are not shown on this plot because the values of E
are not truly independent as they are formed from non-exclusive subsets of the same dataset.
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Selection Cut Average ∆E

Contracted Timing −0.0031

Expanded Timing 0.0097

Table 4.10: Summary of the average ∆E values obtained for the best photon
timing cut.

As stated before, the systematics shown here realistically represent an upper1063

estimate. As such, the larger of these are chosen to represent the systematic1064

uncertainty inherent in the best photon timing cut.1065

4.5.2 ∆βK+π−1066

The distributions of momentum vs ∆β for both K+ and π− candidates, after data1067

corrections, were shown in Figure 3.11. To assess the stability of the |∆βK+π−| <1068

0.036 cut, this is contracted from 3σ to 2σ. The K+ and π− selections are now1069

split into two subsections.1070

4.5.2.1 ∆βK+1071

The selections for the systematic study of the ∆βK+ are shown in Figure 4.35.1072
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Figure 4.35: Momentum vs ∆βcorrected distribution for K+ candidates. The

selection cuts used for the systematic studies are shown; |∆βK+| < 0.024 (2σ),

0.036 (3σ).

For the contracted selection, the observable E is calculated and compared with1073

the nominal. These are shown together in Figure 4.36. Once again we can see1074

that the variation in the value of the E observable is well within the statistical1075

errors for the data, showing that the statistical uncertainties are dominant over1076

the systematic uncertainties. The differences in the observable E are shown in1077

Figure 4.37.1078
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Figure 4.36: Comparison of the calculated values of the E observable for the

contracted (2σ) selection cut compared with the nominal (3σ) selection cut for

∆βK+ .

Figure 4.37: Differences in the calculated values of the E observable for the

contracted selection cut from the nominal selection cut for ∆βK+ .

From Figure 4.37, we can again see that there seems to be no obvious Eγ or1079

cos θCMK+ dependence on the values of ∆E. The average value obtained is presented1080

in Table 4.11.1081
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Selection Cut Average ∆E

Contracted ∆β for K+ 0.0076

Table 4.11: The average ∆E value obtained for the ∆βK+ cut.

4.5.2.2 ∆βπ−1082

The selections for the systematic study of the ∆βπ− are shown in Figure 4.38.1083

Figure 4.38: Momentum vs ∆βcorrected distribution for π− candidates. The

selection cuts used for the systematic studies are shown; |∆βπ−| < 0.024 (2σ),

0.036 (3σ).

For the contracted selection, the observable E is calculated and compared with1084

the nominal. These are shown together in Figure 4.39. Once again we can see1085

that the variation in the value of the E observable is well within the statistical1086

errors for the data, showing that the statistical uncertainties are dominant over1087

the systematic uncertainties. The differences in the observable E are shown in1088

Figure 4.40.1089
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Figure 4.39: Comparison of the calculated values of the E observable for the

contracted (2σ) selection cut compared with the nominal (3σ) selection cut for

∆βπ− .

Figure 4.40: Differences in the calculated values of the E observable for the

contracted selection cut from the nominal selection cut for ∆βπ− .

From Figure 4.40, we can again see that there seems to be no obvious Eγ or1090

cos θCMK+ dependence on the values of ∆E. The average value obtained is presented1091

in Table 4.12.1092
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Selection Cut Average ∆E

Contracted ∆β for π− −0.041

Table 4.12: The average ∆E value obtained for the ∆βπ− cut.

4.5.3 Reconstructed Neutron1093

The selections for the systematic study of the reconstructed neutron mass1094

(MM(K+π−)) are shown in Figure 4.41.1095

Figure 4.41: Reconstructed neutron using the missing mass technique. The

selection cuts used for the systematic studies are shown; MM(K+π−) < 1.0

GeV/c2 (1σ), 1.05 GeV/c2 (2σ).

For the expanded selection, the observable E is calculated and compared to1096

the nominal. These are shown together in Figure 4.42. Once again we can see1097

that the variation in the value of the E observable is well within the statistical1098

errors for the data. The differences in the observable E are shown in Figure 4.43.1099
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Figure 4.42: Comparison of the calculated values of the E observable for the

expanded (2σ) selection cut compared with the nominal (1σ) selection cut for the

reconstructed neutron.

Figure 4.43: Differences in the calculated values of the E observable for the

expanded selection cut from the nominal selection cut for the reconstructed

neutron.

From Figure 4.43, we can again see that there seems to be no obvious Eγ or1100

cos θCMK+ dependence on the values of ∆E. The average value obtained is presented1101

in Table 4.13.1102
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Selection Cut Average ∆E

Expanded MM(K+π−) −0.0337

Table 4.13: The average ∆E value obtained for the MM(K+π−) cut.

4.5.4 Z-Vertex1103

The spectrum of the kaon z-vertex from the centre of CLAS was shown in Figure1104

3.27. To assess the stability of the (−10.5) < ZK+

vert < (−5.5) cm cut, the width1105

is expanded and contracted by 0.2 cm, shown in Figure 4.44.1106

Figure 4.44: K+ z-vertex from the centre of CLAS. The selection cuts used

for the systematic studies are shown; ZK+

vert [−10.3,−5.7] cm, [−10.5,−5.5] cm,

[−10.7,−5.3] cm.

For each of these selections, the observable E is calculated. The new selections1107

for the systematic studies are compared to the nominal selection, which are shown1108

together in Figure 4.45.1109
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4.5. Systematic Studies on Selection Cuts

Figure 4.45: Comparisons of the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) compared

with the nominal selection cut for the z-vertex of the K+.

From Figure 4.45, we can see that the variation in the value of the E observable1110

is well within the statistical errors for the data, The differences in the observable1111

E are shown in Figure 4.46.1112
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Figure 4.46: Differences in the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) from the

nominal selection cut for the z-vertex of the K+.

From Figure 4.46, we can see that there seems to be no obvious Eγ or cos θCMK+1113

dependence on the values of ∆E. The average values obtained are presented in1114

Table 4.14.1115

As stated before, the systematics shown here realistically represent an upper1116

estimate. As such, the larger of these are chosen to represent the systematic1117

uncertainty inherent in the z-vertex cut.1118
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Selection Cut Average ∆E

Contracted Z-vertex 0.0122

Expanded Z-vertex −0.0261

Table 4.14: Summary of the average ∆E values obtained for the z-vertex cut.

4.5.5 Fiducial Cuts1119

The spectrum of the polar and azimuthal angles of the K+ were shown in Figure1120

3.30. To assess the stability of the fiducial region cut (±5◦), the width is expanded1121

and contracted by 2◦, shown in Figure 4.47.1122

Figure 4.47: K+ polar vs azimuthal angles (log scale). The selection cuts used

for the systematic studies are shown; |φK+ | < ±3◦, ±5◦, ±7◦.

For each of these selections, the observable E is calculated. The new selections1123

for the systematic studies are compared to the nominal selection. These are shown1124

together in Figure 4.48.1125
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Figure 4.48: Comparisons of the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) compared

with the nominal selection cut for the fiducial regions.

From Figure 4.48, we can see that the variation in the value of the E observable1126

is again well within the statistical errors for the data. The differences in the1127

observable E are shown in Figure 4.49.1128
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Figure 4.49: Differences in the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) from the

nominal selection cut for the fiducial regions.

From Figure 4.49, we can see that there seems to be no obvious Eγ or cos θCMK+1129

dependence on the values of ∆E. The average values obtained are presented in1130

Table 4.15.1131

The larger of these are chosen to represent the systematic uncertainty inherent1132

in the fiducial region cut.1133
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Selection Cut Average ∆E

Contracted Fiducial Region 0.0012

Expanded Fiducial Region −0.0007

Table 4.15: Summary of the average ∆E values obtained for the fiducial cuts.

4.5.6 Σ− Mass1134

The spectrum of the reconstructed Σ− mass, using the missing mass technique1135

(MM(K+)), was shown in Figure 3.31. To assess the stability of this selection1136

cut, the width is expanded and contracted by 1σ, shown in Figure 4.50.1137

Figure 4.50: Reconstructed Σ− mass spectrum. The selection cuts used for the

systematic studies are shown; MΣ− 2σ, 3σ, 4σ.

For each of these selections, the observable E is calculated and compared to1138

the nominal selection. These are shown together in Figure 4.51.1139
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Figure 4.51: Comparisons of the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) compared

with the nominal selection cut for the reconstructed Σ−.

From Figure 4.51, the variation in the value of the E observable is well within1140

the statistical errors for the data. The differences in the observable E are shown1141

in Figure 4.52.1142
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Figure 4.52: Differences in the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) from the

nominal selection cut for the reconstructed Σ−.

From Figure 4.52, we can see that there seems to be no obvious Eγ or cos θCMK+1143

dependence on the values of ∆E. The average values obtained are presented in1144

Table 4.16.1145

Again, the larger of these are chosen to represent the systematic uncertainty1146

inherent in the Σ− mass window.1147
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Selection Cut Average ∆E

Contracted Σ− Mass Window 0.0298

Expanded Σ− Mass Window −0.0730

Table 4.16: Summary of the average ∆E values obtained for the Σ− mass window.

4.5.7 MisIdentification Cuts1148

The removal of the misidentified background was discussed in Section 3.2.12. This1149

outlined the selections in 2D, which will be discussed individually here.1150

4.5.7.1 MM(K+π−) vs. MM(π+π−)1151

MM(K+

π+
PDG

) = γ + n−K+

π+
PDG

, (4.13)

Equation 4.13 was used in order to identify pions which have been misidenti-1152

fied as kaons. The contamination from this was shown in Figure 3.14. To assess1153

the stability of this selection cut, the cut is expanded and contracted by 1σ in1154

the projection of MM(K+
π+
PDG

π−), shown in Figure 4.53.1155

Figure 4.53: Missing mass of K+π− vs ‘K+’π−, where ‘K+’ has the PDG mass of

a π+. The selection cuts used for the systematic studies are shown; MM(‘K+’π−)

2σ, 3σ, 4σ.
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The observable E is calculated and compared to the nominal selection; shown1156

together in Figure 4.54.1157

Figure 4.54: Comparisons of the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) compared

with the nominal selection cut to remove pions misidentified as kaons.

From Figure 4.54, we can see that the variation in the value of the E observable1158

is well within the statistical errors for the data. The differences in the observable1159

E are shown in Figure 4.55.1160
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Figure 4.55: Differences in the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) from the

nominal selection cut to remove pions misidentified as kaons.

From Figure 4.55, we can see that there seems to be no obvious Eγ or cos θCMK+1161

dependence on the values of ∆E. The average values obtained are presented in1162

Table 4.17.1163

Once again the larger of these are chosen to represent the systematic1164

uncertainty inherent in the misidentification of pions as kaons.1165

4.5.7.2 MM(K+π−) vs. MM(K+K−)1166

MM(K+π−
K−PDG

) = γ + n−K+ − π−
K−PDG

. (4.14)
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Selection Cut Average ∆E

Contracted MM(‘K+’π−) Cut −0.0060

Expanded MM(‘K+’π−) Cut 0.0053

Table 4.17: Summary of the average ∆E values obtained for the MM(‘K+’π−)
selection.

Equation 4.14 was used in order to identify kaons which have been misidenti-1167

fied as pions. The contamination from this was shown in Figure 3.15. To assess1168

the stability of this selection cut, the cut is expanded by 1σ in the projection of1169

MM(K+π−
K−PDG

), shown in Figure 4.56 6.1170

Figure 4.56: Missing mass of K+π− vs K+‘π−’, where ‘π−’ has the PDG mass of a

K−. The selection cuts used for the systematic studies are shown; MM(K+‘π−’)

1σ, 2σ.

As with the other cases the observable E is calculated and compared to the1171

nominal selection. This is shown in Figure 4.57.1172

6Colour change for clarity.
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Figure 4.57: Comparisons of the calculated values of the E observable for the

expanded selection cut compared with the nominal selection cut to remove kaons

misidentified as pions.

From Figure 4.57, we can see that the variation in the value of the E observable1173

is well within the statistical errors for the data. The differences in the observable1174

E are shown in Figure 4.58.1175

Figure 4.58: Differences in the calculated values of the E observable for

the expanded selection cut from the nominal selection cut to remove kaons

misidentified as pions.
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From Figure 4.58, we can see that there seems to be no obvious Eγ or cos θCMK+1176

dependence on the values of ∆E. The average value obtained is presented in1177

Table 4.18.1178

Selection Cut Average ∆E

Expanded MM(K+‘π−’) Cut 0.0173

Table 4.18: Summary of the average ∆E value obtained for the MM(K+‘π−’)
selection.

4.5.7.3 MM(K+π−) vs. MM(pπ−)1179

MM(K+
pPDG

π−) = γ + n−K+

pPDG
− π−. (4.15)

Equation 4.15 was used in order to identify protons which have been1180

misidentified as kaons. The contamination from this was shown in Figure 3.17.1181

To assess the stability of this selection cut, the cut is expanded and contracted1182

by 1σ in the projection of MM(K+
pPDG

π−), shown in Figure 4.59.1183

Figure 4.59: Missing mass of K+π− vs ‘K+’π−, where ‘K+’ has the PDG mass of

a p. The selection cuts used for the systematic studies are shown; MM(‘K+’π−)

2σ, 3σ, 4σ.
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For each of these selections, the observable E is calculated and compared to1184

the nominal selection. These are shown together in Figure 4.60.1185

Figure 4.60: Comparisons of the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) compared

with the nominal selection cut to remove protons misidentified as kaons.

From Figure 4.60, we can see once again that the variation in the value of the1186

E observable is well within the statistical errors for the data. The differences in1187

the observable E are shown in Figure 4.61.1188
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Figure 4.61: Differences in the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) from the

nominal selection cut to remove protons misidentified as kaons.

From Figure 4.61, we can see that there seems to be no obvious Eγ or cos θCMK+1189

dependence on the values of ∆E. The average values obtained are presented in1190

Table 4.19.1191

The larger of these are chosen to represent the systematic uncertainty inherent1192

in the misidentification of protons as kaons.1193
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Selection Cut Average ∆E

Contracted MM(‘K+’π−) Cut −0.0650

Expanded MM(‘K+’π−) Cut 0.0508

Table 4.19: Summary of the average ∆E values obtained for the MM(‘K+’π−)
selection.

4.5.7.4 MM(K+) vs. MM(K+π−)1194

The reconstructed Σ− and n were used in order to separate different final state1195

contributions. This was shown in Figure 3.19. To assess the stability of this1196

selection cut, the cut is expanded and contracted by 1σ in the projection of1197

MM(K+), shown in Figure 4.62.1198

Figure 4.62: Missing mass of K+ vs K+π−. The selection cuts used for the

systematic studies are shown; MM(K+) 2σ, 3σ, 4σ.

For each of these selections, the observable E is calculated. The new selections1199

for the systematic studies are compared to the nominal selection. These are shown1200

together in Figure 4.63.1201
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Figure 4.63: Comparisons of the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) compared

with the nominal selection cut to isolate the Σ− peak.

From Figure 4.63, we can see that the variation in the value of the E observable1202

is well within the statistical errors for the data. The differences in the observable1203

E are shown in Figure 4.64.1204
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Figure 4.64: Differences in the calculated values of the E observable for the

contracted selection cut (upper) and the expanded selection cut (lower) from the

nominal selection cut to isolate the Σ− peak.

From Figure 4.64, we can see that there seems to be no obvious Eγ or cos θCMK+1205

dependence on the values of ∆E. The average values obtained are presented in1206

Table 4.20.1207

As in other cases, the larger of these are chosen to represent the systematic1208

uncertainty inherent in the misidentification of protons as kaons.1209
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Selection Cut Average ∆E

Contracted Cut 0.0206

Expanded Cut −0.0190

Table 4.20: Summary of the average ∆E values obtained for the MM(‘K+’π−)
selection.

4.5.8 Combining Selection Systematics1210

From these individual contributions of the systematic uncertainties for the event1211

selection a total error may be obtained by combining these in quadrature. This,1212

however is not trivial, since in order to preserve statistics the misidentification1213

selections were made simultaneously, meaning they are highly correlated. This1214

correlation means that the systematics from the misidentification of particles1215

cannot be considered as independent effects. The largest of these systematic1216

uncertainties was chosen to represent the contribution from the misidentification1217

selection. These were then combined in quadrature, which are summarised in1218

Table 4.21.1219

Selection Cut Associated Systematic Uncertainty

Best Photon Timing 0.0097

∆βK+ 0.0076

∆βπ− −0.0406

Reconstructed Neutron −0.0337

Z-Vertex −0.0261

Fiducial Regions 0.0012

Σ− Mass −0.0730

MisIdentification −0.065

Combined 0.11

Table 4.21: Summary of the systematic uncertainties for selection cut studies.

Results for all bins of the E observable are shown with this combined1220

systematic uncertainty included in Figure 4.65.1221
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Figure 4.65: Results for the E double-polarisation in 200 MeV bins in Eγ, shown

with statistical errors (upper). The combined systematic errors for the selection

cuts are also shown (lower).

4.6 Polarisation Systematic1222

Systematics arising from the target polarisation, the photon beam polarisation1223

and the beam-charge asymmetry which must be considered. The systematic1224

uncertainty of the target polarisation is summarised in Table 4.22. The photon1225

beam polarisation for each run period was presented in Table 2.3, based on Møller1226

measurements. The uncertainty in the photon beam polarisation was calculated1227

to be 3.3 − 3.5% for 82 − 88% polarisation. This was shown to dominate the1228

uncertainty in the beam-charge asymmetry, which was of order 0.1% [14]. This1229

leads to the systematic uncertainties presented in Table 4.23.1230

The systematic error associated with the empty target subtraction was taken1231

to be negligible compared to the statistical error, from the agreement between1232

different analysis methods, shown in Section 4.2.3.3. Systematics in the measured1233
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4.6. Polarisation Systematic

photon flux are assumed to cancel in the asymmetry and to be of similar1234

magnitude for both helicities. There was no significant variation in the asymmetry1235

found when varying the particle selection cuts, these were found to be consistent1236

within uncertainties.1237

These polarisation uncertainties are combined in quadrature in order to give1238

a systematic in the polarisation factor of the E observable:1239

1

PγP⊕
. (4.16)

Contribution to Polarisation Systematic Uncertainty

HD Polarisation Measurement 6.0%

Photon Beam Polarisation 3.4%

Beam-charge Asymmetry 0.1%

Total Polarisation Systematic Uncertainty 6.9%

Table 4.23: Summary of the systematic uncertainties for polarisation
measurements.

Results for all bins of the E observable are shown with this combined1240

systematic uncertainty from selection cuts and polarisation included in Figure1241

4.66.1242
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4.7. Background Estimation from the K+Σ0 Channel

Figure 4.66: Results for the E double-polarisation in 200 MeV bins in Eγ, shown

with statistical errors (upper). The combined systematic errors for the selection

cuts and polarisation are also shown (lower).

4.7 Background Estimation from the K+Σ0 Chan-1243

nel1244

The main backgrounds present in the K+Σ− channel arise from the decays of Λ1245

and Σ0. As was presented, in Section 3.2.13, the contribution from K+Λ can be1246

efficiently removed using the data selection cuts. The K+Σ0 channel has a similar1247

kinematics to the channel of interest and its full suppression is not possible. An1248

accurate estimate of the contribution from K+Σ0 to the K+Σ− yield can be made1249

using the experimental data.1250

The background contribution coming from the proton in this channel can be1251

estimated by considering the inclusive K+X skim. This allows for proton events1252

to be included in the selection rather than being removed during the initial skim.1253
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4.7. Background Estimation from the K+Σ0 Channel

This is useful because if we remember that CLAS does not have 100% detector1254

acceptance, some of these events will be incorrectly selected because the proton,1255

which would usually be used to veto the event, was not detected. This can occur1256

when the proton hits the torus coils for example.1257

It is possible to include a final state proton in the particle selection, where1258

these events can be considered, while allowing all other selection requirements1259

to remain intact. This means that we can evaluate the contribution of events1260

containing an undetected proton by comparing events with detected protons and1261

evaluating the detection efficiency of protons in CLAS.1262

Using the K+X skim, the standard analysis code can be run alongside a code1263

which includes the proton. This leaves us with two different final states:1264

• K+π−n,1265

• K+π−p,1266

where if there is a third particle detected it must be a neutron or a proton1267

respectively. These final states can be compared which indicates the ratio of1268

Σ0 events which are rejected using the exclusive K+Σ− skim. Considering all1269

energies and angles, the comparison between the events in these final states are1270

shown in Table 4.24.1271

Events Present Events Present Proton Final

K+π−n K+π−p State Percentage (%)

10193 1662 16.3

Table 4.24: Summary of the number of final state events when excluding and
including a final state proton.

The total amount of Σ0 which can contaminate the final sample, of course,1272

depends on the proton detection efficiency of CLAS. For the g14 run period this1273

was calculated to be ∼ 60%7, meaning that ∼ 40% of the proton events were not1274

detected and removed but remain in the sample.1275

The percentage contamination over all energies and angles can be calculated1276

to be 10.5(3)%.1277

7From private conversations with Franz Klein; periods silver1 and silver2 had a proton
efficiency of ∼ 70%, whereas all other periods were ∼ 60%. We use the worst case scenario for
the calculations here.
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4.7. Background Estimation from the K+Σ0 Channel

Energy Bin GeV Proton Contamination (%) Error (%)

1.1-1.3 GeV 12.5 2.1

1.3-1.5 GeV 12.7 1.5

1.5-1.7 GeV 11.7 1.3

1.7-1.9 GeV 17.9 2.4

1.9-2.1 GeV 14.1 1.9

2.1-2.3 GeV 14.8 2.4

Table 4.25: Outline of how the proton contribution evolves with the photon
energy, Eγ.

4.7.1 Energy Dependence of K+Σ0
1278

The percentage of proton events mixing with theK+Σ− channel can be considered1279

in terms of the photon energy. The contributions in each 200 MeV energy bin1280

are outlined in Table 4.25.1281

There is some variation in the contribution with energy, particularly in the1282

fourth energy bin, detailed further in Section 4.7.2. Otherwise, these results1283

indicate that the contribution is relatively stable with respect to photon energy,1284

which is expected as the cross section for the K+Σ0 channel mirrors that of the1285

K+Σ− channel well.1286

4.7.2 Angular Dependence of K+Σ0
1287

Similarly, the contribution can be expanded in terms of the kaon production1288

angle, these are separated into cases for parallel and anti-parallel beam-target1289

helicities. These shown in Tables 4.26, 4.27 and Tables 4.28, 4.29 for parallel and1290

anti-parallel respectively.1291

A key feature seen here is the strong contribution at very backward angles, as1292

much as a factor 2 or in some cases greater, than at central and forward angles.1293

Considering the issue seen in the photon energy bin 1.7-1.9 GeV ; we see that in1294

the first angular bin the contamination is ∼ 40%. This is a significantly larger1295

value than other bins effect of the background.1296

An estimation of the background is included in the systematic error estimate1297

for the final results.1298
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4.7. Background Estimation from the K+Σ0 Channel

Angular Bin (cos θCMK+ ) Contamination (%) Error (%)

1.1-1.3 GeV

(−1.0)-(−0.6) 25.6 7.8

(−0.6)-(−0.2) 10.6 2.0

(−0.2)-0.2 6.1 1.4

0.2-0.6 7.5 2.1

0.6-1.0 N/A N/A

1.3-1.5 GeV

(−1.0)-(−0.6) 16.9 4.0

(−0.6)-(−0.2) 14.8 2.0

(−0.2)-0.2 9.8 1.2

0.2-0.6 5.5 1.0

0.6-1.0 16.7 5.9

1.5-1.7 GeV

(−1.0)-(−0.6) 22.8 5.2

(−0.6)-(−0.2) 13.5 2.3

(−0.2)-0.2 6.9 1.0

0.2-0.6 8.5 1.3

0.6-1.0 6.9 2.4

Table 4.26: Outline of how the proton contribution evolves with the cosine of the
K+ centre-of-mass angle, cos θCMK+ , from 1.1- 1.7 GeV for parallel beam-target
helicity, N 3

2
.
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4.7. Background Estimation from the K+Σ0 Channel

Angular Bin (cos θCMK+ ) Contamination (%) Error (%)

1.7-1.9 GeV

(−1.0)-(−0.6) 39.3 10.3

(−0.6)-(−0.2) 16.7 3.5

(−0.2)-0.2 14.2 2.1

0.2-0.6 9.6 1.7

0.6-1.0 9.8 3.3

1.9-2.1 GeV

(−1.0)-(−0.6) 23.8 7.2

(−0.6)-(−0.2) 14.6 4.3

(−0.2)-0.2 16.0 2.8

0.2-0.6 8.0 1.8

0.6-1.0 8.0 3.2

2.1-2.3 GeV

(−1.0)-(−0.6) 16.7 5.4

(−0.6)-(−0.2) 25.0 8.5

(−0.2)-0.2 14.9 3.8

0.2-0.6 5.7 1.7

0.6-1.0 11.8 5.2

Table 4.27: Outline of how the proton contribution evolves with the cosine of the
K+ centre-of-mass angle, cos θCMK+ , from 1.7- 2.3 GeV for parallel beam-target
helicity, N 3

2
.
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4.7. Background Estimation from the K+Σ0 Channel

Angular Bin (cos θCMK+ ) Contamination (%) Error (%)

1.1-1.3 GeV

(−1.0)-(−0.6) 41.2 11.4

(−0.6)-(−0.2) 13.8 2.3

(−0.2)-0.2 9.4 1.8

0.2-0.6 6.7 1.8

0.6-1.0 N/A N/A

1.3-1.5 GeV

(−1.0)-(−0.6) 27.8 6.0

(−0.6)-(−0.2) 12.8 1.7

(−0.2)-0.2 6.6 1.0

0.2-0.6 5.9 1.0

0.6-1.0 11.1 4.5

1.5-1.7 GeV

(−1.0)-(−0.6) 25.2 5.6

(−0.6)-(−0.2) 11.1 1.8

(−0.2)-0.2 8.5 1.1

0.2-0.6 6.3 1.0

0.6-1.0 5.5 1.9

Table 4.28: Outline of how the proton contribution evolves with the cosine of the
K+ centre-of-mass angle, cos θCMK+ , from 1.1- 1.7 GeV for anti-parallel beam-target
helicity, N 1

2
.
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4.7. Background Estimation from the K+Σ0 Channel

Angular Bin (cos θCMK+ ) Contamination (%) Error (%)

1.7-1.9 GeV

(−1.0)-(−0.6) 34.2 9.7

(−0.6)-(−0.2) 17.5 3.4

(−0.2)-0.2 11.1 1.6

0.2-0.6 10.8 1.8

0.6-1.0 6.3 2.1

1.9-2.1 GeV

(−1.0)-(−0.6) 27.8 7.4

(−0.6)-(−0.2) 17.3 5.2

(−0.2)-0.2 15.1 2.8

0.2-0.6 7.8 1.8

0.6-1.0 3.8 1.9

2.1-2.3 GeV

(−1.0)-(−0.6) 27.0 7.3

(−0.6)-(−0.2) 17.5 6.2

(−0.2)-0.2 19.1 4.0

0.2-0.6 10.8 2.6

0.6-1.0 1.8 1.8

Table 4.29: Outline of how the proton contribution evolves with the cosine of the
K+ centre-of-mass angle, cos θCMK+ , from 1.7- 2.3 GeV for anti-parallel beam-target
helicity, N 1

2
.
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4.7. Background Estimation from the K+Σ0 Channel

4.7.3 Producing a Correction1299

Accounting for the dilution in the E observable from the K+Σ0 channel requires1300

careful treatment of the construction of the observable.1301

E was defined in Equation 1.6, but is shown again here:1302

E =
1

PγP⊕
A, (4.17)

where A was defined as:1303

A =
N 1

2
(→⇐)−N 3

2
(←⇐)

N 1
2
(→⇒) +N 3

2
(←⇒)

, (4.18)

where N represents the appropriate number of events for the corresponding target1304

(→) and beam (⇒) polarisation vectors.1305

If we realise that the observable E we measure is really some combination of1306

the observable from the K+Σ− channel (EΣ−) and the K+Σ0 channel (EΣ0), we1307

can consider the measured observable as the total (Etotal):1308

Etotal = εEΣ− + ξEΣ0 , (4.19)

where ε, ξ ∈ Q[0, 1] and ε+ ξ
!

= 1. N can be expanded in a similar way:1309

N total = NΣ− +NΣ0

, (4.20)

where we wish to isolate the Σ− term:1310

N total = NΣ−(1 +
NΣ0

NΣ−
). (4.21)

Equation 4.21 can then be simplified:1311

N total = NΣ−(1 + C). (4.22)

where the contamination, C, is defined as NΣ0

NΣ− . It should be noted that these1312

should be treated separately, in the 1
2

and 3
2

case:1313

N total
1
2

= NΣ−
1
2

(1 + C 1
2
),

N total
3
2

= NΣ−
3
2

(1 + C 3
2
).

(4.23)
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4.7. Background Estimation from the K+Σ0 Channel

The values of C 1
2

and C 3
2

are those which have been calculated for the1314

contaminations throughout Tables 4.26-4.29. We can therefore construct the1315

asymmetry A in this notation:1316

A =
NΣ−

1
2

(1 + C 1
2
)−NΣ−

3
2

(1 + C 3
2
)

NΣ−
1
2

(1 + C 1
2
) +NΣ−

3
2

(1 + C 3
2
)
. (4.24)

In the case where the target-asymmetry of the two channels are the same, we1317

have the case, C 1
2

= C 3
2
.1318

Finally we wish to present the true E observable for the K+Σ− channel.1319

NΣ−
1
2

=
N total

1
2

(1 + C 1
2
)
,

NΣ−
3
2

=
N total

3
2

(1 + C 3
2
)
.

(4.25)

The double-polarisation observable E can then be presented in this form:1320

EΣ− =
1

PγP⊕

[(
N total

1
2

(1 + C 1
2
)
−

N total
3
2

(1 + C 3
2
)

)
/

(
N total

1
2

(1 + C 1
2
)

+
N total

3
2

(1 + C 3
2
)

)]
. (4.26)

This corrected for of the E double-polarisation observable is used to provide1321

the final results shown in the coming chapter.1322
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Chapter 51323

Extraction of Polarisation1324

Observables1325

This chapter outlines the extraction of the double-polarisation observable E for1326

the reaction γn→ K+Σ− from the g14 experimental data.1327

5.1 Angle and Energy Bin Choice1328

The extraction of the E observable from the γn→ K+Σ− reaction is considered1329

as a function of Eγ (lab frame) and cosθCMK+ (centre-of-mass frame).1330

Figure 5.1: Diagram showing the kinematics for the γn→ K+Σ− in the centre-of

mass frame [23].
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5.1. Angle and Energy Bin Choice

The binning of each of these must be carefully chosen. There are were two1331

possibilities considered:1332

• Bin according to some standard spacing of bin centres.1333

• Bin according to equal bin statistics.1334

In the first case, some bins can suffer from very low statistics and therefore1335

be of little use in terms of analysing power. In the second case, bins are1336

often asymmetric and may be problematic when integrating over large intervals.1337

Therefore, it can be seen that there is a balance to consider between these two1338

binning methods.1339

5.1.1 Eγ Binning1340

The binning in Eγ, was chosen to be 200 MeV . This was chosen after considering1341

the total statistics available to the channel. Although more bins are preferable,1342

this would mean that the errors within each Eγ bin would be considerably1343

larger. Fortunately, the E observable does not evolve quickly in terms of photon1344

energy and at the scale of 200 MeV there is limited movement. The theoretical1345

predictions of the observable are considered explicitly in Section 5.4.1346

The full photon energy spectrum is shown in Figure 5.2.1347

Figure 5.2: Photon energy spectrum, after all event selections have taken place.

The binning is shown in red.
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5.1. Angle and Energy Bin Choice

The photon energy bins chosen are shown in Table 5.1, along with the1348

respective statistics of each bin.1349

Eγ Bin Energies Percentage of Events

(GeV ) (approx. %)

1 1.1-1.3 13.1

2 1.3-1.5 23.6

3 1.5-1.7 24.3

4 1.7-1.9 15.5

5 1.9-2.1 12.9

6 2.1-2.3 10.6

Table 5.1: Energy bins (200 MeV width) used for the polarisation observable
measurement.

5.1.2 cosθCMK+ Binning1350

The binning in cosθCMK+ was selected using symmetric bins over the complete1351

angular range of θCMK+ (cos θCMK+ ) = [−1, 1]. Again, due to statistics a relatively1352

small number of angular bins were selected. Five angular bins per photon energy1353

were used to extract the measurement of E. The distribution of cos θCMK+ over all1354

energies is shown in Figure 5.3.1355
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5.1. Angle and Energy Bin Choice

Figure 5.3: Centre-of-mass angular distribution for K+. The binning is shown in

red.

From this distribution, it is clear that it is the central bins which contain most1356

of the events, and although this is roughly symmetric, it is skewed towards the1357

backward angles. An equal bin width was chosen in order to maintain the good1358

statistics in the central bins. The bins were chosen to be of width 0.4 in cos θCMK+ ;1359

these are shown explicitly in Table 5.2.1360

cos θCMK+ θ Bin Values Percentage of Events

(approx. %)

1 (−1.0)-(−0.6) 7.3

2 (−0.6)-(−0.2) 19.7

3 (−0.2)-0.2 36.0

4 0.2-0.6 31.1

5 0.6-0.8 5.9

Table 5.2: Angular bins (of width 0.4) used for the polarisation observable
measurement.
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5.2. Extracting Observables for Kaon Photoproduction

5.2 Extracting Observables for Kaon Photopro-1361

duction1362

The three parameters to consider in the extraction of the E observable are the1363

beam-asymmetry (A), the polarisation of the photon (Pγ) and the polarisation1364

of the target (P⊕).1365

The beam-asymmetry is calculated as shown in Equation 1.5, while the target1366

polarisation was calculated using NMR measurements during the run and are1367

shown in Table 2.3. The photon polarisation however, is calculated on an event1368

by event basis.1369

The circularly polarised photons are produced using a longitudinally polarised1370

electron beam, incident on a bremsstrahlung radiator. The degree of polarisation1371

depends on the ratio of energies, x = Eγ/Ee− . This ratio allows for calculation1372

of the polarisation of the incident photon [26]:1373

Pγ = Pe−
4x− x2

4− 4x+ 3x2
. (5.1)

The degree of photon polarisation is considered separately in each energy1374

bin as there is a photon energy dependence that must be accounted for. So1375

the mean value of photon polarisation is taken for each bin. The evolution of1376

photon polarisation with photon energy is shown in Figure 5.4, while the photon1377

polarisation for each energy bin is considered in Table 5.3.1378
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5.3. Combining Period Results

Figure 5.4: Photon energy (Eγ) vs photon polarisation.

Eγ Bin Average Photon Polarisation

(GeV ) (approx. %)

1.1-1.3 60

1.3-1.5 68

1.5-1.7 76

1.7-1.9 82

1.9-2.1 86

2.1-2.3 87

1.1-2.3 76

Table 5.3: Summary of how average photon beam polarisation relates to the
selected photon energy bins.

5.3 Combining Period Results1379

The Gold2 and Silver periods were combined into one complete dataset in1380

order to improve the statistics for calculating the beam-asymmetry and therefore1381

the errors of the observable E. It is important to ensure that these periods1382
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5.4. Current Theoretical Model Prediction

are appropriately weighted when they are combined as each will have differing1383

statistics. This can be thought of as weighting the value of the polarisation1384

observable in accordance with the error on the value; i.e. imprecise values with1385

large errors are thought of as less reliable while more accurate values with smaller1386

errors are weighted more heavily.1387

A weighted mean was used when periods were combined to ensure that1388

contributions from each target period are appropriately accounted for. For a1389

set of data, [x1, x2, ..., xn], the weighted arithmetic mean is written as:1390

x̄ =

n∑
i=1

wixi

n∑
i=1

wi

, (5.2)

where wi is the variable which is being used to weight the data1.1391

5.4 Current Theoretical Model Prediction1392

The two models used as a first comparison were KaonMAID, and Bonn-Gatchina.1393

The plots of the polarisation observable E, use two theoretical predictions for each1394

model. These show the predictions from the extreme values of each bin which are1395

relatively wide (200 MeV ) due to the low statistics available. The predictions at1396

the high Eγ end of the bin are shown in red and the lower in blue.1397

5.4.1 KaonMAID1398

Predictions from the KaonMAID model [27] as a function of photon energy are1399

shown in Figures 5.5 and 5.62
1400

1In our case, the number of events in the target period is used to represent the analysing
power of each period.

2Predictions received from Terry Mart, of the Universitas Indonesia, in October 2016.
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5.4. Current Theoretical Model Prediction

Figure 5.5: Predictions from KaonMAID for E in the reaction γn → K+Σ−.

These are plotted every 200 MeV : 1100, 1300, 1500, 1700.
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5.4. Current Theoretical Model Prediction

Figure 5.6: Predictions from KaonMAID for E in the reaction γn → K+Σ−.

These are plotted every 200 MeV : 1900, 2100, 2300.

We see that at low energies (< 1700 MeV ), the prediction is largely featureless1401

with only a minimum at backward angles (cosθCMK+ ∼ −0.8). As the energy1402

increases, the minimum widens and becomes more pronounced, as well as a second1403

minimum developing at central angles (cosθCMK+ ∼ 0). As photon energy continues1404

to increase a maximum develops at small backward angles (cosθCMK+ ∼ −0.6). As1405

the energy limit of the KaonMAID model is reached, the backward minimum1406

has become more pronounced and a very wide minimum at central angles has1407

developed.1408

5.4.2 Bonn-Gatchina1409

Predictions from the Bonn-Gatchina model as a function of photon energy are1410

shown in Figures 5.7 and 5.8. These predictions were requested from the Bonn-1411

Gatchina group specifically for this analysis and include the most recent data on1412
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5.4. Current Theoretical Model Prediction

resonances3.1413

Figure 5.7: Predictions from Bonn-Gatchina for E in the reaction γn → K+Σ−.

These are plotted every 100 MeV : 1050, 1150, 1250, 1350, 1450, 1550, 1650.

3Predictions received from Andrey Sarantsev of the Universität Bonn in May 2016.
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5.4. Current Theoretical Model Prediction

Figure 5.8: Predictions from Bonn-Gatchina for E in the reaction γn → K+Σ−.

These are plotted every 100 MeV : 1750, 1850, 1950, 2050, 2150, 2250, 2350.

Similarly to KaonMAID, at low energies Bonn-Gatchina is largely featureless1414

with a minimum at central angles, although this is much wider in the BoGa1415

case. As the photon energy reaches ∼ 1450 MeV the prediction begins to see an1416

additional minimum develop at very backward angles, as the central minimum1417

thins. At photon energies of ∼ 1750 MeV the central minimum begins to shift1418

towards backward angles while a central maximum begins to evolve, with a1419

corresponding minimum at very forward angles.1420

It is clear that the KaonMAID and Bonn-Gatchina models are not currently1421

in agreement for the E observable in the γn→ K+Σ− channel.1422
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Chapter 61423

Results and Discussion of the1424

Double-polarisation Observable E1425

This chapter will present the results of the analysis, describing the results of the1426

polarisation observable E for the γn → K+Σ− reaction. E will be compared to1427

predictions from the KaonMAID model and the Bonn-Gatchina model, as these1428

are the only theoretical models currently available for this channel.1429

6.1 E Observable Results Compared with Model1430

Predictions1431

The results obtained for the E observable must be compared to the available1432

theoretical models in order to be able to draw any conclusions from the analysis.1433

As discussed in Section 1.3, the available models for this thesis are KaonMAID1434

and Bonn-Gatchina and in the absence of available data with which to compare1435

the results, model predictions are used1.1436

6.1.1 KaonMAID1437

KaonMAID predictions for the E observable are compared with the K+Σ− data1438

in Figure 6.1. These KaonMAID predictions are shown for the extreme bin1439

end points, corresponding to each bin of the experimental data2. This gives1440

1 Only statistical errors are presented in this these final plots.
2The end point energies are indicated by blue for the lower edge and red for the upper edge.
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6.2. Summary

an indication of the variation in the model predictions over the bin.1441

The experimental data for E generally shows a positive asymmetry for most1442

of the measured photon energy range. The data near threshold has somewhat1443

poorer statistical accuracy due to the smaller cross section. At the lower photon1444

energies, the backward kaon angle data indicates a small or possibly negative1445

asymmetry.1446

The KaonMAID model gives a reasonable description of the experimental data1447

within statistical uncertainties up to photon energies around 1.5 GeV . Above this1448

energy the model gives poorer agreement, predicting a smaller (and generally1449

negative) asymmetry at backward and central angles than indicated in the data.1450

Despite these discrepancies at backward and central angles, forward angles see1451

reasonable agreement at these energies.1452

A clear point of interest is the poor agreement in the 1.5-1.7 GeV Eγ bin. It1453

will be interesting to see the effects on the fit when new data is included.1454

6.1.2 Bonn-Gatchina1455

Bonn-Gatchina predictions for the E observable are compared with the K+Σ−
1456

data, in Figures 6.2. Once again the predictions are included for the bin end1457

point energies.1458

The Bonn-Gatchina predictions do not show very significant variation across1459

the experimental bins, with predictions from the bin edges indicating similar1460

trends and magnitude. The Bonn-Gatchina model predicts more negative1461

asymmetries than KaonMAID for photon energies below 1.7GeV . This behaviour1462

is not well reflected in the data, as we see a clear difference in sign between1463

the model and data at central kaon angles. At higher photon energies the1464

smaller predicted asymmetries show better general agreement with the data1465

within uncertainties. The Bonn-Gatchina model is constrained by a much larger1466

database including recent meson photoproduction data, so this poorer agreement1467

is interesting.1468

6.2 Summary1469

The first measurement of the E observable for γn→ K+Σ− has been extracted.1470
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6.2. Summary

F
ig

u
re

6.
1:

R
es

u
lt

s
fo

r
th

e
E

d
ou

b
le

-p
ol

ar
is

at
io

n
ob

se
rv

ab
le

in
cl

u
d
in

g
th

e
b
in

en
d

p
oi

n
t

p
re

d
ic

ti
on

s
fr

om
K

ao
n
M

A
ID

.

158
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6.2. Summary

The results were compared with the latest available reaction models for1471

the process. These give divergent predictions for this observable for certain1472

regions of photon energy and kaon angle. The KaonMAID tends to give better1473

agreement in the lower photon energy ranges while at higher photon energies, both1474

KaonMAID and Bonn-Gatchina give similar, although imperfect agreement. The1475

sign difference seen, particularly in the 1, 5-1.7 GeV energy bin, provides some1476

interesting insight in the data.1477

The new experimental data will provide valuable constraints on these models1478

and the properties of nucleon resonances contributing at these photon energies.1479

Definitive physics conclusions will await the new data being incorporated into1480

the database for these models and systematic studies of the effect on resonance1481

properties.1482
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Chapter 71483

Conclusions1484

A measurement of the double-polarisation observable E has been presented for1485

the K+Σ− channel from the g14 (HDice) run period at CLAS. These results1486

were presented in the photon energy (Eγ) range 1.1-2.5 GeV and the complete1487

range of the cosine of the kaon centre-of-mass angle (cos θCMK+ ). The modest1488

statistics of the data allowed for a bin width of 200 MeV in Eγ and 0.4 in cos θCMK+ .1489

This measurement represents the first measurement of the E double-polarisation1490

observable for the K+Σ− channel.1491

The data were compared with the current solutions of two theoretical models,1492

KaonMAID and Bonn-Gatchina. These gave divergent predictions for the1493

observable and the new data gave better agreement with KaonMAID at low Eγ1494

(< 1.5 GeV ), and showing broad agreement with KaonMAID and Bonn-Gatchina1495

at higher Eγ. The new data will be an important new constraint on these models.1496

More definitive physics conclusions regarding nucleon resonance properties will1497

await the new data being incorporated into the theoretical predictions, for1498

example probing which resonances could contribute to the sign difference noted1499

between 1.5-1.7 GeV . This will occur after the data is published.1500

Future analysis of the channel would benefit from the capability of achieving1501

a sufficiently large data sample in which the final state neutron is also detected.1502

This would allow cleaner event identification (removing the largest systematic1503

error in the current analysis) and also allow more restrictions on the spectator1504

proton momentum to reduce potential contributions from final state interactions.1505

However, the current data is an important first step.1506
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