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Chapter 1. 

Introduction 

Precis and LRID Reflection 

1.1 History of the Jefferson Lab 

The Thomas Jefferson Lab (JLAB) is a US Department of Energy-funded National 

laboratory in Newport News, Virginia. The history of the laboratory culminates many 

interests proposed by the Nuclear Science Advisory Committee (NSAC) “Long Range 

Plan” [1] in 1979. It called for a new accelerator facility that satisfied multiple interests 

within the community: It was argued that an accelerator facility with a high duty factor 

(~100%) and operation luminosities of 1035 cm-2s-1 [13] could allow for continuous 

acceleration of energies greater than 2GeV, stating that this would be significant enough 

energy to probe internal nucleon structure. A continuous beam satisfied the conditions to 

perform exclusive and semi-inclusive measurements, making coincidence experiments 

possible [1]. These specifications enable interactions between scattered products to be 
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identified, providing deeper studies into elastic and inelastic scattering [2][13]. Facilities 

such as The Stanford Linear Accelerator Facility (SLAC) could perform acceleration at 

sufficient energies to investigate this scattering but with current accelerator limitations. 

SLAC had a lower kinematic range due to the accelerator’s linear structure,  and could 

only operate in short bursts, as its low-duty (<1%) factor Linacs would melt under 

continuous applied current. By 1973, the SLAC group had performed 8 major experiments 

[3] and sufficient insight into deep inelastic e-p, e-d, and e-n scattering. This confirmed 

the existence of quark structure within the Nuclear Physics Community, contributing to 

NSAC’s proposition.  In 1987, construction of the Continuous Electron Beam Accelerator 

Facility (CEBAF) began. Since its activation in 1995, the laboratory has performed 

hundreds of experiments in its four experimental halls. In 2012, CEBAF ceased operation 

in preparation to upgrade from 6GeV energy maximum to 12GeV. One major modification 

from this increase is the upgrade of CLAS in Hall B to account for the 12GeV beam energy. 

The upgrades were completed in December 2017, and experiments  

 

1.2  Physics at CEBAF 

In the time around the proposition of the Long-Range Plan, a new theory for 

Nuclear Strong Interaction known as Quantum Chromodynamics (QCD) had found 

further success. Non-perturbative QCD describes interacting particles as “single-bound 

states of permanently confined constituents called quarks” [4] that carry electric charge, 

with gluons interactions between quarks. Colour-carrying “flux tubes” connect these 

gluons and determine their interactions. QCD is imperative for assisting pre-existent 

colour theory, as it states they must remain confined in bound states, allowing for the 
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important prediction of colour confinement. It was predicted that at higher four-

momentum Q2 (multi-GeV), gluon interactions would become weakened, behaving under 

free field theory as a liberated quark-gluon plasma. This state would allow for greater 

observation of the prediction of quark colours and quark confinement [4][5]. A Higher 

kinematic range, and fully inclusive measurements would provide optimal conditions for 

observing and extending current QCD distributions [6] and allowing for high Q2 form 

factor measurements.  

 

1.3 Nuclear Form Factors 

In the non-perturbative regime, the Elastic and Magnetic form factors can describe 

the spatial distribution of charge, current, and magnetization within nucleons. These form 

factors provide insight into the scale of nucleon internal structure and the total 

contributions from each constituent quark [18]. Form Factors are measured from the 

Fourier transforms of the cross sections of protons and neutrons produced in polarizable 

electron scattering experiments.  The Elastic and Magnetic form factors of the proton 

(𝐺𝑀
𝑝 , 𝐺𝐸

𝑝) are relatively well-understood, along with the neutron elastic form factor (𝐺𝐸
𝑛). 

Measurements of the Neutron Magnetic form factor (𝐺𝑀
𝑛 ) provide agreeable values using 

different methods at low Q2, yet there is conflict over the value at higher energies. The 

Jefferson Lab has optimal facilities for extracting the value of 𝐺𝑀
𝑛 , an experiment to 

measure is currently approved. This experiment measures the ratio of inelastic electron-

proton (e-p) over electron-neutron (e-n) scattering events and thus requires measuring 

neutrons.  
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1.4 Accelerator Facility Overview 

CEBAF is a recirculating electron accelerator at JLab, built from the specifications 

laid out by NSAC in 1979, running with a ~100% duty factor, allowing for continuous 

acceleration up to 12GeV. A comprehensive layout of CEBAF is shown in Figure 1.41 (See 

Appendix C for additional plots outlining CEBAF subsystems). A 100keV photocathode 

within CEBAF’s electron gun emits electrons, split into 499MHz bunches by a radio-

frequency chopper[12] at an 85% polarization [9]. These bunches are phase separated by 

120 degrees, in preparation for arrival at each of the individual halls A, B, C, and D. They 

are accelerated up to 123MeV within the electron gun and are injected into the Northern 

Figure 1.41: Rendition of the Continuous Electron Beam Accelerator 
Facility (CEBAF). Showing an overview of the general facility structure, a 
picture from [8], hall D has been edited in for fullness. 
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Linac to begin recirculation through CEBAF. Two superconducting radiofrequency (SRF) 

Linacs, north and south, provide electron acceleration of up to 12GeV. Each Linac 

contains 200 5-cell 1497MHz Niobium cavities, matching the frequency of the electron 

bunches. Each cell has a length of βπ/2, so a magnetic field accelerates electrons applied 

each half radio frequency period [10][11]. A 17000-gallon refrigerator circulates liquid 

helium throughout sets of cryo-modules and cryo-units. Between each cryomodule is a 

set of quadrupole magnets that apply a transverse magnetic field to the electrons, which 

direct and focus the beam, and assist in retaining a low halo. These various corrective 

procedures are continuously performed along the Linac, maintaining a high duty factor 

(~100%), and continuous acceleration by keeping the cavities at a temperature of 2K[11].  

Five arc magnet layers are positioned at each Linac's poles and recirculate electrons 

through the accelerator. Spreading magnets bend electron paths vertically at each Linac's 

ends and are recombined upon re-entry. The Electrons receive no acceleration through 

the arcs and all travel at the same speed, independent of energy. Electrons are recirculated 

through CEBAF up to five times (five and a half for hall D, see figure 1.41), reaching a 

maximum of 12GeV, at which point a beam switchyard allocates a path to the halls. 
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1.5       The CLAS12 Detector 

Located in Hall B is the CEBAF large acceptance spectrometer at 12GeV (CLAS12). 

Formally known as CLAS in the 6GeV era, it was constructed upon the 12GeV upgrade in 

2016. With a continuous electron beam, the Detector design followed the many major 

prospects NSAC proposed for deepening the current understanding of nuclear physics: 

An extension of Hadron and Meson spectroscopy at CLAS12 allows for greater 

understanding of QCD distributions, confinement, alongside studies of higher mass 

baryon final states and mesonic states [14]. The Design additionally permits an extension 

FTOF 

CD 

DCs 

HTCC

LTCC 

ECAL/PCAL 

Figure 1.51: Diagram of CLAS12, depictions of each subsystem are shown. Beamline 
enters from the left, forward detector and central detector placements are shown. 
Picture from [19], labels are edited in. 
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of past and current GPD, QCD, and form factor data, due to a higher kinematical range 

and a greater maximum Q2. The Detector captures most of the scatter products from an 

event over a large portion of the 4π solid angle. It is separated into two major sub-systems 

surrounding a polarizable target: the Central Detector (CD) and the Forward Detector 

(FD). Two superconducting magnets; a toroid and a solenoid provide a continuous 5T 

magnetic field that bends the paths of particles through CLAS12, and a zero field is 

generated around the target to allow for polarization [15]. 

 

1.5.1   Central Detector Overview 

Electrons that collide in greater proximity to the target nuclei are strongly 

deflected, and the scatter products spread over greater angles, these are captured by the 

CD. The CD surrounding the target, covering a polar angle of 35º < θ < 135º, with 360º 

azimuthal angle coverage. This is provided by the CD’s Central time-of-flight (CTOF) 

detector [13], and Central Neutron Detector (CND). These subsystems assist with charged 

particle identification performed by subsystems in the FD. Tracking in the CD is 

performed by the Silicon Vertex Tracker (SVT) and the Barrel Micromegas Tracker 

(BMT), combined into what is known as the Central Vertex Tracker (CVT). Furthermore, 

a Central Neutron Detector (CND) is placed as the outermost layer to the CD to detect 

neutrons and other neutral particles with a ~10% efficiency [20]. 
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1.5.2 Forward Detector Overview 

As electrons retain their forward momentum, most of the scatter products are 

weakly deflected by the torus and are captured by the FD. These FD lies farther down the 

beamline to capture these scatter products, covering a polar angle of 5º < θ < 45º. A 

forward tagger (FT) is used to cover the internal 2.5º < θ < 4.5º. Particles that pass 

through the FD are tracked and identified using 6 subsystems: High/ low Threshold 

Cherenkov Counters (HTCC/LTCC) and the Forward time-of-flight (FTOF) provide 

particle identification and timing information in conjunction with the 

Electromagnetic/Pre-shower Calorimeters (ECAL/PCAL), which also measure energy. In 

addition, the Ring Imaging Cherenkov Detector (RICH) provides further identification 

for heavier charged Pions/Kaons with energies > 3GeV [13]. As particles above this energy 

are discarded by the HTCC and LTCC and cannot be captured by the resolution of the 

FTOF. Drift Chambers (DCs) track the path that individual charged particles take through 

the FD and are pivotal for the final reconstruction.  

Figures 1.52, 1.53 : CTOF (left), adopted from [13], CND (right) additionally showing 
the solenoid, adopted from [20]. Figures visualize the polar and azimuthal coverage of 
the CD. (See Appendix B, figure B.2 for more geometric information) 
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1.5.3 Particle Tracking and Identification 

Electron collisions with CLAS12’s target create a reaction, where products are 

scattered throughout the FD and CD. Each product is tracked and identified from data 

processed by each subsystem, and its path through the detector is reconstructed, named 

an “event”. FD’s HTCC. The HTCC spans 5-35º over the polar angle [16] and fully covers 

the azimuthal angle, and is used to identify electrons, pions, and Kaons at low energies 

(<3GeV). It utilizes Cherenkov radiation produced by high-speed electrons moving 

through a CO2 gas medium and focuses the light through a series of 48 mirror panels. This 

is collected by light cones into PMTs and processed into a coordinate cluster. Drift 

Chambers (DC’s) are used to reproduce particle tracks and map particle trajectories 

through the forward detector's toroidal magnetic field. There are three layers of six sector 

regions, each divided into two superlayers containing 6 sublayers of wires recognized as 

hexagonal cells. A six-dimensional “cross” is placed between the two superlayers of each 

of the three DC regions. A distance of closest approach (DOCA) method for each 

Figures 1.54, 1.55: Superlayer Cross placement and result (left), adopted from [13] and 
adjusted. Hexagonal wire cross section and DOCA method (right), adopted from [21]. 

Superlayers 

Cross 
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hexagonal wire cross-section is employed to track the path through the superlayers shown 

in Figures 1.54, and 1.55. This portion of particle tracking incorporates the drift time of 

electrons through the chambers and is part of CLAS12’s Time-Based-Tracking (TBT), (see 

section 2.1.2). The LTCC mimics the functions of the HTCC and works in conjecture with 

it, providing particle identification instead at greater energies (>3GeV). Two panels 

within the FTOF identify particles using two-layer sets of scintillator bars with PMT 

readout channels. Particles can be recognized through their Pion/kaon/proton separation 

thresholds using two panels - 1a and 1b. Panel 1a covers 5º < θ < 35º polar angle at a time 

resolution of 80ps, with additional coverage >35º at a lower 150ps resolution from panel 

1b [19]. The Electromagnetic/Pre-shower calorimeters (ECAL/PCAL) are positioned at 

the frontmost end of the FD, they measure the energy of particles and assist with particle 

identification. Three tri-directional overlapping layers of scintillator bars separated by 

thin lead sheets create a readable surface of the calorimeters. A particle collision is 

measured by 3 sets of PMT readout channels, culminating in the layered signals creating 

a “pixel” on the surface. From this readout, a coordinate for a particle’s “hit” can be 

calculated 
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Chapter 2. 

Methodology 

2.1 CLAS12 Software Framework 

CLAS12 contains more than 100,000 readout channels from its combined 

subsystems, each outputting significant amounts of raw data information, which must be 

processed to identify the particles and reconstruct their path through the detector. This 

process can be separated into data acquisition and event reconstruction, Figure 2.11 

shows this graphically. CLAS12’s reconstruction and analysis processing framework 

(CLARA), is the overarching software that provides users with an easily scalable service-

oriented architecture. Within this framework lies CLAS12’s dedicated reconstruction 

software named the CLAS Offline Analysis Tools (COATJAVA). This structure provides 

users with common tools that make navigation and reconstruction more easily accessible. 

Additionally, it includes a series of software packages each with direct and specific 

functionalities for reconstruction. 

• Talk about relevant software packages 
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2.1.1 Raw Data Acquisition 

Initial raw data processing within CLAS12 goes through three stages to be 

processed into a format the software can analyse. Firstly, the time-to-digital converters 

(TDCs) and analogue-to-digital converters (ADCs) process signals into a digital form. This 

form easily and efficiently stores data into information such as signal strength, position, 

and time in the calorimeters and FTOF, or the number of photoelectrons in the Cherenkov 

counters [21].  

 

2.1.2 Event Reconstruction Process 

A three-stage Trigger system is used for data collection and is the preliminary 

action taken for reconstruction. An initial Global Trigger maps particle locations and 

trajectories through Geant4 simulations of CLAS12’s geometry, topology, and readout 

channels. The first stage collects the ADC information, performing reconstruction based 

on hits and clusters generated by each subsystem’s software algorithm. Stage 2 uses 

information from the TDCs to match coincidence clusters, timing, and geometry between 

detectors, and subsystems. The final stage collects the previous trigger bits into a single 

stream to be sent to the Data-acquisition-system (DAQ) [22]. Raw data collected by the 

DAQ is stored in the collaboration’s Event Input/Output (EVIO) data format and 

compressed into a dedicated high-performance output (HIPO) file type. This file type has 

special indexing features, allowing the files to be easily differentiated based on the event 

particle information. Banks store and sort this data to then be processed by dedicated 
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algorithms within each detector subsystem. Firstly, hit-based tracking (HBT) is 

performed: where tracks are reconstructed based on hit positions on each subsystem, and 

information such as particle timing, momentum, and energy is matched to the track. This 

is sent through the event builder (EB), which sorts this information into Reconstruction 

(REC) banks based on which process it was generated by, as shown in Figure 2.11. Finally, 

time-based tracking (TBT) is performed: where the REC banks are sent back through the 

EB and are given an event “start time” [21], which assists with calibrating more accurate 

tracks and timing information through the reconstruction process. Additionally, the EB 

functions as a generalized particle identifier: allocating and storing information such as 

three momentum (px, py, pz) and energy deposited under particle IDs (PIDs) for each 

particle in an event. 

 

Figure 2.11: Graphical representation of the reconstruction process,  showing processing of 
data from the Input/output package, through databanks, software packages and finally 
through the event builder into relevant reconstruction banks and output files.  
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2.1.3 Additional Cuts 

Throughout reconstruction, certain are applied to particles through each 

subsystem within CLAS12 for optimal data selection, these cuts are taken from [23].  

Electron vertex cuts on the target ensure electrons that scatter outside the target window 

are discarded. Photoelectron cuts select any photoproductions within the HTCC and 

LTCC that produce more than 2 photoelectrons. Fiducial cuts on the Calorimeters ensure 

hits are within either 9cm, 14cm or 19cm of the edge of each sector. The Drift Chambers 

also follow this sector edge cut, with the cut being made on the chi-squared (χ2) 

distribution through the tracks. 

 

2.2  Neutron Detection Efficiency 

Neutrons produced pass through CLAS12 undetected as they cannot be tracked by 

the majority of the components in the CD and FD. These Neutrons are only fully 

recognized upon reaching the calorimeters (ECAL/PCAL) at the forward end of the 

detector. Neutrons are detected through reconstruction of the particle shower created 

upon a neutral collision with the PCAL, and after applying cuts and selection criteria. This 

study shows that CLAS12 detects and recognizes neutrons at less than 100% efficiency 

and that this Neutron Detection Efficiency (NDE) must be further investigated. The NDE 

is calculated from the ratio of expected over-detected neutron hits, given by equation 1.41: 

𝑁𝐷𝐸 =
𝐻(𝑒, 𝑒′𝜋+𝑛)

𝐻(𝑒, 𝑒′𝜋+)𝑛
   (1) 
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2.2.1 Event Selection 

The Event Builder provides a “train” process [21] that translates particle 

information into a final output format named data summary tapes (DST). This train is a 

shortcut for physics analysis as it applies filters to recognize different final states in the 

detector. The reaction chosen to determine the NDE is:  𝑒− + 𝑝 → 𝑒′ + 𝜋+ + 𝑛, this is 

labelled the final state e’π+n, as seen in equation 1.41. This event choice assumes an 

electron colliding with a hydrogen target, producing a scattered electron, positive pion, 

and neutron. This reaction suggests that these particles are the only possible products, 

and the only neutral hit must be a neutron (discarding any possible photons as neutral 

hits ).  This process works internally by iterating over all events in a dataset, selecting only 

events with the PIDs for these particles, and discarding any events otherwise. 

 

2.2.2 NDE Method 

Information on particle positions and momenta provided by the detector’s event 

reconstruction process allows for the charged products to be “swum” from the hit 

coordinate back to the locate at which the target was struck (the electron target vertex). 

As the charged particle momenta is known, a missing momentum bin for the neutron is 

calculated. Using this information, a virtual neutron track is swum and extrapolated from 

the target vertex, and the coordinates of the hit on the calorimeter are measured. The hit 

location is labelled an “expected” neutron, and denoted by H(e,e’π+n). Neutral hits 

measured on the surface are labelled as “detected” neutrons, denoted by H(e,e’π+)n.  
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2.2.3 Difference in Direction Cosine 

To extract both the expected and detected neutron hits on the calorimeter, a 

difference in direction cosine cut is applied, as shown in Figure 3.21. The coordinates are 

such that the z-frame is the direction of the expected track, so the cut applies the 

transverse x and y momentum for each neutral. The Momentum in x and y of detected 

neutrals within a region around the expected hit are recorded as detected neutrons A cut 

is applied around the central region calculated from√𝛥𝐶𝑥2 + 𝛥𝐶𝑦2, and controlled by the 

parameters in Table 2.22. The detected neutron with the smallest value from this cut is 

selected, discarding all other hits, this process is repeated fo r each event 

Cut Applied Dataset 

<0.1174 (11.74%) Inbending 10.6GeV 

<0.1308 (13.08%) Outbending 10.6GeV 

<0.1195 (11.95%) Inbending 10.2GeV 

Table 2.21: Providing information on applied cuts for the √𝛥𝐶𝑥2 + 𝛥𝐶𝑦2 

calculation. Each of the three datasets shown uses a slightly different cut. 
From [22]. 

Figure 1.41: Difference in direction cosine from the electron vertex, showing the total yield of 
all combined events. All three datasets used are shown. The red circle is the cut applied to 
eliminate significant background noise. Taken from [22]. 
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2.3 Neutron Missing Mass Spectra 

The e’π+n reaction used for measuring the NDE is sorted into many separate 

histograms in the HIPO file format, which can be obtained and viewed through a CERN-

developed framework called ROOT. The applicable histograms for this study place the 

neutron signal over its Missing Mass (MM), producing a missing mass spectrum. The 

Expected and Detected neutron signals are extracted from the same dataset and hence the 

same parent histogram. As Energy increases at CLAS12. the spectrum contains 

more background noise beyond and within the MM peak centralized around the neutron 

massing mass (0.9354MeV). 

 

2.3.1 Alternate Datasets 

• Talk about all 3 datasets here and how important they are 

• CB only has in bending 10.6 as at the time of fitting it was the only dataset 

with appropriate magnetic corrections applied 

 

2.3.2 Missing Momentum 

Due to the large kinematical range and large background noise produced at 

CLAS12, the missing mass spectra are separated into separate Missing Momentum bins 

spread from 0.375-7.5GeV. The Data does not reach the maximum 10.2-10.6 GeV 

(depending on the dataset used from Table 2.21) due to the background being 

indistinguishable from the neutron signal at higher energies (See Appendix C.1/C.2 for 
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validation). We use 36 Missing Momentum bins sorted for CLAS12, each with a varying 

range of momenta and producing MM spectra that can be individually fitted. 

 

2.3.3 Extracting the Neutron Signal 

The goal of fitting these spectra is to extract the Neutron signal separate from the 

background signal intruding upon the missing mass, this is to eliminate any noise and 

ensure the only products within the yield are neutrons. To do this we fit a function to the 

MM histograms and measure the total neutron yield this function produces. We apply a 

Definite integral within a user-defined range over the function and measure the 

background signal independently from the neutron signal peak. By fitting the background 

as a separate polynomial from the function, we can summate them and produce separate 

signals that can be extrapolated and subtracted. Expected and Detected fits are performed 

Figure 2.31: Missing Momentum bins 2, 12, and 25, taken from the raw ROOT 
file of Inbending 10.6GeV data, these histograms are used in the function fitting 
in the upcoming sections. 
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separately from one another and are analysed separately to obtain individual yields. We 

can then compare the expected and detected yields from equation 1.41 to determine the 

NDE across the missing momentum distribution. 

  

2.4 Histogram Fitting Procedures 

The Core of a Missing Mass spectrum follows the characteristic symmetric “bell-

curve” shape of a normal distribution. From this judgment, fitting with a Gaussian or a 

Gaussian-like function is appropriate. Currently, the NDE has been fitted with a Gaussian 

Function and a Crystal Ball function. This study investigates the comparable differences 

between these functions and a Double Crystal Ball Function (see sections 2.4.1, 2.4.2, 

2.4.3). From Figure 2.31, it is expected that the parameters of a fitted function should vary 

smoothly and increase with missing momentum, as we see the signal shift right, and 

the background increases.  

 

2.4.1 Higher order Polynomial Background 

All fits are done with a fourth-order polynomial background as this provides the 

minimum number of turns needed. Higher-order polynomials are also suitable for fitting, 

as they provide adequate turns, however, too many turns raise the number of degrees of 

freedom and can lead to poor results, see section []]]]]]. The Gaussian Parameters must 

be obtained before proceeding with more complex functions as they are the purest form 

of these parameters before additional terms are introduced. 
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2.4.2 The Reduced Chi-Squared  

When fitting to histograms, the suitability of the fit depends on the Reduced Chi-

squared statistic, measured as chi-square (χ2) per degree of freedom ν. 

𝜒𝜈
2 =

𝜒2

𝜈
      𝑤ℎ𝑒𝑟𝑒 𝜒2 =∑

(𝑁𝑖 − 𝐶𝑖

𝜎𝑖
2  

𝑖

,   𝜈 = 𝑛 − 𝑚      (2.41) 

𝑤ℎ𝑒𝑟𝑒 𝜒2 =∑
(𝑁𝑖 − 𝐶𝑖)

𝜎𝑖
2  

𝑖

,     𝜈 = 𝑛 −𝑚     (2.42) 

Where N is the fit observation, C is the calculated data, σ2 is the variance, n is the 

number of observations and m is the number of fitted parameters. The consistent goal 

when fitting is to retain the lowest possible reduced chi-square value, as this proves the 

“goodness” of the fit. If the reduced chi-square is abnormally large, this suggests the fit 

has failed somewhere, or is inaccurate at some point within the fit range 

 

2.4.3 Starting Point - Gaussian Function  

A parametrically extended Gaussian is the purest fitting procedure possible for 

extracting the yield as the only variable parameters are the mean (µ), width (σ), and 

amplitude. It is used as no additional systematic uncertainty arises from increasing the 

function’s complexity with additional terms. The procedure for fitting a Gaussian is as 

follows: 
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• Begin with a reasonable starting point for the mean and width parameters, 

the most appropriate being the Neutron missing mass (0.9395MeV). This can 

either be from prior understanding or an initial fit. 

• Fit the lowest missing momentum detected neutron bin first, this is for two 

reasons: the detected bins will be the most accurate to the real neutron hit on 

the calorimeter. The lowest missing momentum contains the least background 

intrusion, and therefore, the purest fit. 

• Fit each subsequent detected bin using the previous bin’s parameters 

generated as the starting point for the current bin’s parameters, providing 

reasonable limits. At this point, it is appropriate to provide very wide limits as 

this gives the fitting procedure the most time to find the correct parameters. 

Figure 2.41: Plots at three different missing momenta of fitting the NDE data using a 
Gaussian Function, the top row is expected, and the bottom row is detected. The blue 
line is the Gaussian, the green line is the polynomial background, and the red line is 
the sum of the two. 
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• Reproduce the same steps for fitting for each expected bin, except use the 

values of the completed 36 detected bins as the parameters for each bin. 

• Look for the reduced chi-squared (χ2), and adjust the parameters mean (µ), 

width (σ), and amplitude until the lowest value for the χ2 between the expected 

and detected bins is produced.  

 

2.4.2 Gaussian Parameter Shift  

Figure 2.41 shows 3 expected and 3 detected bins performed using a Gaussian 

Function and fourth-order polynomial background. They consistently fit the histograms 

in Figure 2.31, however, it becomes apparent that the mean should shift to higher missing 

mass as missing momentum increases. The parameters mean (µ), width (σ), and 

amplitude vary smoothly, where the mean lies within 0.94-0.96MeV and the width lies 

within one standard deviation. However, with increasing missing momentum, the mean 

was observed to gradually increase away from the neutron missing mass (0.9395MeV) 

and the width increased to greater than one standard deviation. This observed variation 

is caused by minute errors in the drift chamber’s (DCs) magnetic field mapping, these 

errors have been corrected by adjusting the electron and pion momentum information 

accordingly. Due to the low systematic uncertainty of the Gaussian fit, its parameters are 

used as the starting points for the fitting of any Gaussian-like functions, so the 

Parameterization shown on the plots in Figure 2.42 must be optimal.  
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Figure 2.42: Parameters mean (µ), width (σ), and amplitude plotted after fitting with 
a Gaussian function and fourth-order polynomial background. Showing smooth 
variation of parameters and the mean/width shift. Ranges are fixed hence there are 
no error bars present. 

Figure 2.43: Parameters mean (µ), and width (σ) plotted after fitting with the same 
conditions as Figure 2.42, making parameter range loose to reveal expected and 
detected independent parameter shift. 
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The comparable background yield from neutron yield in the expected fits in Figure 

2.41 is noticeably larger at the same missing momentum than the detected bins, 

suggesting the mean shift altered slightly for the expected bins. This is observed in Figure 

2.43, where the parameter range has been allowed to vary largely, causing the expected 

and detected Gaussian parameters to differ by up to 3%. This difference alone causes the 

NDE ratio results in section 2.2 to be poor. This is shown by Figure 2.44, where the 

originally smooth NDE becomes inconsistent.  

 

 

  

 

 

 

Figure 2.44: NDE ratio plotted after fitting using a Gaussian with fourth order 
polynomial. (left) NDE using fixed Gaussian parameters (Figure 2.42), (right) NDE 
using loose parameters (Figure 2.43), showing poor fit. 
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2.4.3 Crystal Ball Function  

The Crystal Ball Function—named after the Crystal Ball Collaboration—was 

formulated in 1979 by the Stanford Linear Accelerator Facility (SLAC) group as a viable 

function to model lossy effects in high-energy particle physics. It consists of a Gaussian 

core component with a power-law tail stitched onto either side, at low or high missing 

mass, this is user-defined.  

𝑓(𝑥: 𝑥̅, 𝜎, 𝛼, 𝑛) = 𝑁

{
 
 

 
 exp(
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𝑛

𝑒𝑥𝑝 (−
|𝛼|2

2
)     (2.44) 

𝐵 =
𝑛

|𝛼|
− |𝛼|     (2.45) 

 This functional form determines whether to fit a Gaussian component (top) or 

power-law component (bottom), depending on the location of the tail parameters. 

Parameter α determines the point at which the tail attaches to the Gaussian core, 

measured in standard deviations from the mean, parameter n is the amplitude of the tail. 

Giving the parameter α a negative value places the tail at high MM and using a positive α  

value places the tail at low MM. This function is then multiplied by some normalization 

factor N; this is typically a corrective value to account for the amplitude of the fit. Figure 

2.41 shows An oversimplified Crystal Ball Function that is plotted with varying tail 

parameters to show their effects. 
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2.4.4 Double Crystal Ball Function 

The Double Crystal Ball Function is similar, with the addition of another MM tail 

on the other side of the Gaussian core. Equation 2.42 shows that it is mathematically 

identical to the Crystal Ball function, with variability from two additional tail parameters 

αL, and nL, which provide the function with two additional conditions. Due to this, the 

Double Crystal Ball Function requires further parameterization of the ith tail for constants 

A and B and the overall fit. This function can be in Symmetric or Asymmetric form. It is 

predicted that the symmetric function should have a lower chi-squared (χ2) due to having 

more degrees of freedom. 

Figure 2.41: Simple Crystal Ball Function Plotted with 4 different sets 
of arbitrary parameters shown in the legend, each with a 
corresponding color. 
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𝑓(𝑥: 𝑥̅, 𝜎, 𝛼, 𝑛) = 𝑁

{
 
 
 
 

 
 
 
 exp(

(𝑥 − 𝑥̅)

2𝜎𝑅
2

2

) ,           𝑓𝑜𝑟 
𝑥 − 𝑥̅

𝜎
≤ 𝛼𝑅

exp (
(𝑥 − 𝑥̅)

2𝜎𝐿
2

2

) ,        𝑓𝑜𝑟 
𝑥 − 𝑥̅

𝜎
≤ 0

𝐴𝐿 (𝐵𝐿 −
𝑥 − 𝑥̅
𝜎 )

−𝑛𝐿
,      𝑓𝑜𝑟 

𝑥 − 𝑥̅
𝜎𝐿

< −𝛼𝐿

𝐴𝑅 (𝐵𝑅 +
𝑥 − 𝑥̅
𝜎 )

−𝑛𝑅
,             𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

     (2.42) 

𝐴𝑖 = (
𝑛𝑖
|𝛼𝑖|

)
𝑛𝑖

𝑒𝑥𝑝 (−
|𝛼𝑖|

2

2
)     (2.42) 

𝐵𝑖 =
𝑛𝑖
|𝛼𝑖|

− |𝛼𝑖|     (2.43) 

  

 

 

Figure 2.42: Simple Symmetric Double  Crystal Ball Function Plotted 
with 3 sets of arbitrary parameters shown in the legend, each with a 
corresponding color. Shows how the parameters αL/αR and nL/nR 
affect the fit shape. 
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2.5 Double Crystal Ball Fitting Procedure 

We use the same histograms to fit the MM data, so fitting with a double crystal ball 

function begins with fitting the Gaussian function in section 2.4.2. We retain the Gaussian 

parameters and keep them fixed for the Double Crystal Ball fitting procedure, except the 

amplitude can vary as the tails may alter this slightly. The tail parameters αL, αR nL, and nR 

are the additional terms we must account for.  

 

2.5.3 Power-law Tail Parameterization 

Similarly to the Gaussian parameters, from Figure 2.31, we expect the tail terms 

to vary smoothly as missing momentum increases as they are attached to the Gaussian 

core. Due to this, the fitting procedure is similar and is as follows: 

• Begin with reasonable tail values for the first detected bin, these can be 

assumed from your detected Gaussian parameters mean (µ), and width (σ). 

Provide them with a loose range, allowing ROOT to find suitable parameters. 

• Use the previous bin’s tail parameters as starting points for the upcoming 

detected bin, repeat this for each bin. 

• Use the 36 detected bin parameter values as starting points for each parameter 

in the expected bins, repeating the previous step. 

• Reiterate as necessary to produce the lowest reduced chi-square value possible 

for both expected and detected fits. 



36 
 

2.5.4 Alternative Fitting Procedures 

In Sections 2.4.2 and 2.4.3, the procedure for fitting the Crystal Ball and Double 

Crystal Ball Functions is shown, this method has been used consistently and is found to 

be the most appropriate. However, there are alternative ways to perform this fitting which 

could be accounted for in future applications: forced iterative fitting and Preparatory 

background fitting. Force iterative fitting makes use of Python looping functionalities, 

where you provide the fit with an array of 36 percentage ranges and iterate over the full 

36 bins. I found this method to be suitable for automating the fitting process, as although 

it takes significant time, ROOT eventually finds the most appropriate parameters, this is 

explored more in section []]]]. Preparatory background fitting is performed by fitting the 

polynomial background within its appropriate range before fitting any functions in the 

signal region, this can provide the user with a pure background fit before any effect from 

fitting functions, which can be more appropriate, see section []]. 

 

2.5.5 Fitting Goals (temporary) 

• Comparing Gaussian parameters between fits 

• Comparing influence of additional parameters / tails / functions on signal 

yield, NDE, and the parameters between functions (CB and DCB) 

• Find the most optimal function (and background) for extracting the NDE 
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Chapter 3. 

Validation and Results 

3.1 Double Crystal Ball Fitting Results 

Fitting, and comparing the Double Crystal Ball Function to previously 

accomplished NDE fits is the main goal of this study, and in the upcoming sections, these 

results of the fitting are discussed in detail.  

Figure 3.11: Missing Mass fits for a Double Crystal Ball Function with a fourth-order 
polynomial background. The Missing momentum bins have the same properties as Figure 
2.41. 
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3.1.1 Tail Parameter Trends 

As Missing Momentum increases, the tail parameters shift, similarly to the 

Gaussian Parameters. We expect this as the tails are dependent on the location and shape 

of the Gaussian, from equation 2.42. Additionally, the Gaussian parameter shift (see 

section 2.4.2) indicates the tail parameters should also shift by a similar degree, 

increasing gradually with missing momentum.  

Figure 3.12: Tail Parameters aL, aR (top), and nL, nR (bottom) plotted as a function 
of missing momentum Pmm, the red points are detected neutrons, and the black 
points are expected neutrons. 
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 Parameters aL, and aR, vary gradually over the missing momentum range as we 

expect, however, they prove to be sporadic and unstable, where their positions are 

inconsistent, and ROOT struggles to find the most appropriate location to place them. 

The parameters nL, and nR, however, is kept consistent for all fits when determining the 

best chi-square, remaining at ~100, and not being varied. ROOT also does not object to 

these values and changing them has little effect on the fitting procedure. It is important 

to note that, unlike the Gaussian Parameters, it is appropriate to have different tail 

parameter values between the expected and detected fits (see section 3.1.3) 

 

3.1.2 Symmetry and Asymmetry 

A Double Crystal Ball function has functional symmetry and asymmetry, which is 

dependent on the tail parameters chosen. Symmetry – tails determined by aL, aR, and nL, 

nR will be the same size on either side of the mean (nL, nR will be the same). Asymmetry – 

the tails will be different sizes on either side of the mean (nL, nR can be different). 

However, aL, aR can be different or the same for both of these cases, the values of which 

affect the chi-square significantly. It is expected that symmetric fits should have a lower 

reduced chi-square, as from equations 2.41/2.42 there are more degrees of freedom, this 

is discussed in section 3.1.3. 
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3.1.3 Reduced Chi-squared Results and Dependence 

Similarly to the Gaussian Parameters, the tail parameters marginally affect the 

reduced chi-square of our fit based on their final values. They have a specific range where 

they are appropriate and placing them outside of this range can instead cause a large 

variation in the chi-square or cause the fitting procedure to error.  

 

Figure 3.13: Reduced chi-square (left) shown to vary based on the position of 
parameters aL and aR (right). Top plots show the effect when tail parameter aL 
is made to equal aR, where expected and detected points are kept equal, bottom 
plots show the effect when the parameter position aL is made to equal aR alone. 
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The reduced chi-square consistently increases from its optimal value in all of the 

above cases, where both tail position and expected/detected points cause an effect. 

However, the increase is more significant and more apparent when forcing the 

parameters to have the same expected and detected points. This is due to this change 

forcing the parameters away from their optimal values, reducing the fit quality, so it is 

imperative to adjust the tail parameters to have the most accurate values.  

[FINISH THIS SECTION BY TALKING  ABOUT GENERAL CHI-SQUARE RESULTS] 

Figure 3.14: Reduced chi-square (left) shown to vary based on the position of 
parameters aL and aR (right). Top plots show the effect when tail parameter AR 
is made to equal aL, where expected and detected points are kept equal, bottom 
plots show the effect when the parameter positions AR is made to equal aL alone. 
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3.1.4 Universal Signal Increase 

Figure 3.15 shows the total signal produced by each fitting method. The total 

signal changes by a predictable amount as you would assume each tail captures more 

yield within the definite integral. The Crystal Ball shows ~5% more yield than the 

Gaussian and the Double Crystal Ball shows ~23% more yield than the Gaussian. The 

Increase differs between the two, showing that the low MM tail captures less 

background than the high MM tail that is introduced from the Double Crystal Ball 

Function. This is very consistent for low missing momentum, but the difference 

consistently loses effect as missing momentum increases. We can imply that the tails are 

very prevalent at low missing momentum but negligible at higher missing momentum. 

 

 

 

Figure 3.15: Plots showing the signal extracted from the background, produced by the 
definite integral between the ranges given in figure [][]][][][. Shows that the DCB and CB 
tails introduce more signal to the NDE ratio. 
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3.1.5 Higher and Different Order Polynomials 

It is well understood that fitting with a fourth order polynomial background best 

represents the background signal in the missing mass spectrum, and it is th 

• Discuss how 3rd order is possible but expected bin is strangely off 

• Discuss how 5th order works just as well as 4th order 

• Prediction that any order higher than 4th should work based on these results 

 

3.1.6 NDE results 

• Plots of NDE comparison go here 

• Plots of difference between two go here, talk about appropriate limits 

 

 

3.1.7 Forced Iterative Fitting 

• This method is great for getting lowest chi square possible and great for getting 

best MM spectrum fits 

• Takes a long time and require some solid basic assumptions 

• Only real change is in the chi-square, which is expected as the expected/detected 

bins reach their individual most accurate points 

• Not acceptable with the current method to use for the NDE due to this 
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3.1.8 Preparatory Background Fitting 

• This fits the background a lot better than when fitting it with the function 

simultaneously 

• Although the polynomial terms vary significantly from original 

• This means when extrapolating back into DCB function they just return to their 

original values 

• Additionally when fixing them to the good values from the background fitting, the 

fits fail as the range is updated and the polynomial is now inappropriate for that 

new range. 

• Should test further by limiting ranges on new fits more...... WORK STUFF 

 

 

Chapter 5. 

Discussion and Conclusion 
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Appendix B: CEBAF/CLAS12 additional figures 

Figure B.1: Top-down figure of CEBAF. Showing in-depth the recirculation performed by 
the layers of magnetic arcs. Injections, Linacs, and beam switchyard are shown. The 
path that the electrons take is indicated by the numbers on each arc, the path that they 
follow proceeds as; 1E-1R-2E-2R-3E-3R-4E-4R-5E-5R-6E-6R-7E-7R-8E-8R-9E-9R-9T(if 
fully recirculated). 

Figure B.2: Central Neutron Detector (CND) and 
Central time-of-flight (CTOF) detectors shown 
in poisition around the solenoid, behind the 
HTCC. from [13]. 
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Appendix C: Additional result plots 

 

Figure C.1: All 36 Expected bins on one pdf canvas, used for overall viewing of fits and 
general diagnostics when performing parameterization. 
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Figure C.2: All 36 Detected bins on one pdf canvas, used for overall viewing of fits and 
general diagnostics when performing parameterization. 


